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ABS℡RÅC℡  

The mechanisms of sexualisolation were behaviourallY   

and genetically analysed in the species of the Drosophila 

auraria complex of the montium species subgroup in the 

melanogaster species group. There is strong reproductive 

i801ation between sympatric species of the D・auraria  

complex′ both sexual（Pre－mating）isolation and hybrid  

male sterility（POSt－matingisolation）． To analyse the   

SPeCiation of the complex′ the cause and development of   

SeXualisolation was studied． The present study has   

attempted to revealbehaviouralfactors now maintaining  

SeXualis0lation between sympatric species and theh to   

analyse the genetic basis of those factors・  

Observation ofinter－ andintra－SPeCific crosses   

Showed that although males occasionally attempted to   

I COPulate heterospecific females，females strongly re〕eCted   

COurting heterospecific males． This evidence suggests   

that female discrimination plays a moreimportant role   

than male choice．  

Crossability tests were made to clarify the role of   

COurtShip songin sexualis01ation． Wing（the courtship   

SOng generatOr）removalfrom males or arista（七he   

COurtShip song receptor）rernovalfrom females decreased   

insemination frequencyin conspecific crosses，SuggeSting  

ー 1 －   
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that the conspecific courtship song raises female   

receptivity． Those operations．however，increased the   

inseminationin heterospecific crosses，SuggeSting that a   

heterospecific courtship songinhibited female receptivity   

l and elicited female re〕eCtion．  

The courtship songs were recorded and analysed for   

five species of the complex． Theinter－Pulseintervalwas   

SPeCies－SPeCific between sympatric species，but the other   

ParameterS － SuCh as burstlength，number of pulses per   

burst andintra－Pulse frequency － Were nOt． Anidentical   

inter－Pulseintervalwas foundin two allopatric species   

Itis suggested thatinter－Pulseintervalis a species   

discriminator in females．  

Three types of artificially synthesized courtship   

I SOngS Were glVen tO females with wingless antennaless   

males of D．biauraria． under the conspecific type of  

inter-pulse interval song copulation frequency was 

highest，and rejection frequency10WeSt． Under the   

heterospecific types ofinterppulseintervalcopulation   

frequencies werelower and re〕eCtion frequencies were l   

higher． The controIcondition of random noise and silence   

Showedintermediate copulation frequency and re〕eCtion l   

frequency between conspecific and heterospecificinter－  

Pulseintervalsongs・ Thusinter－Pulseintervalappears   

to be the species discriminator．  

Theinter－Pulseintervalof a11inter－SPeCific hybrids  

ー 2 －   
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between the five species except for two showed   

intermediate values，SuggeSting autosomalcontr0lof   

species－SPeCificinter－Pulseinterval・The chromosomal  

analysis between D・auraria and D・biauraria revealed that  

ll the two maコOr autOSOmeS had quite slgnificant effects on  

the determination ofinter－Pulseintervalbut the sex  

chromosome and cytoplasm had no effect・Since no  

interaction between chromosomes was detected，itis   

concluded that each autosome acts additivelyin the   

determination of species－SPeCificinter－Pulseinterval・  

This is the first report that a heterospecific 

courtship song elicits female re〕eCtion・                                                                                                                        I  

－ 3 －   
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Understanding the mechanisms of speciation brings us   

important knowledge concerning bio10glCalevolution．                                                                                                                                            1  

1 BiologlCaldiversity requires speciation；the formation of   

two species from one speciesis the source of variation of   

life forms． Not only divergence withinlineages but also   

the splitting oflineagesis a mostimportant phenomenon   

in ev0lution（Dobzhansky1940）． The mechanisms of   

SPeCiation havelong attracted much attention but still   

remains as a fundamentalproblemin evolutionary biology，   

l   The bi010glCalspecies concept defines species as   

POPulations that are reproductivelyisolated from other   

POPulations（Dobzhansky1951；Mayr1969）． Formation of   

reproductiveisolating mechanisms which prevent gene flow   

between populations is a prerequisite to complete 

SPeCiation（DobzhanskY1937，1951）．After the completion   

of reproductive isolation, species evolve independently. 

Owing to reproducti・Veisolation，divergence within  

lineages cannot ordinarily be disturbed by other lineages 

through gene flow・ 工n thelight of the concept of a   

l biologlCalspeciesr the study of speciationis narrowed to   

that of development of reproductiveisolating mechanisms．  

Reproductive isolating mechanisms are categorized into 

two：Pre－mating and posトmatingisolation（Mayr1969）．  

－ 4 －   
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The post－matingis0lation generally obeys Haldane′s rule   

（Coyne ＆ Orr1989b）JWhen one ＄eX Of a species hybridis   

Sterile orlethal，the sexis heterogametic． This rule   

foundin severalanimalspecies suggests that there are   

SOrne SPeCialgenes or some specific rnechanisms that   

PrOduce hybrid sterility／inviability（Dobzhansky1940J   

Coyne ＆ Orr1989b）． Hybrid sterility and hybridlethality   

Should arise from the developmentaldiscordance． Posト   

matingi＄Olating mechanisms should be ultimately   

understoodin terms of developmentalbiology． Now the   

Study of post－matingis01ation at the molecularlevelis   

PrOgreSSing（Perez et al．1993）．  

In contrast thereis no generalrule for pre－mating   

isolation． Although differences between closely related   

SPeCies are often morph0loglCa11y and behaviourally I  

recognized，nOt a110f them areinstrumentalin their pre－   

matingisolation． We need to specify characteristic   

differences that play a slgnificant rolein pre－mating l  

土solat土on．  

Sexualisolation，One Of the types of pre－mating  

isolation, is the most important mechanism preventing the 

gene flow between sympatric species especialiYin animals   

（Dobzhansky1951；Bush1975）．Itis the main mechanism   

maintaining reproductiveisolation between someincIPlent ll   

SPeCies of Drosqphila（Ayala1975）． When both sexes from   

different species meet（they willnot succeedin  

－ 5 －   
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copulation・Each sex playsits courtshipin the way of  

its own species. The reason both sexes cannot succeed in 

l copulationis theincompatibility of communication slgnals  

between the two species・Theintersexualcommunication  

includes precise species discrirnination through courtship・  

To understand species discrimination it is easy to divide 

itinto two sides，the male and female． Thus the study of   

sexualis01ationis，at first approximation，equivalent to   

the study of male discrimination and female   

discrimination．  

Female discriminationis the rnostimportant behaviour   

that preventsinter－SPeCific matingr especially at the  

early stages of speciation（VOn Schilcher ＆ Dow1977）・  

The female acceptance／rejection of a courting male plays   

animportant rolein the establishment of sexual  

isolation． ＝n order to understand the mechanisms of   

sexualisolation，We Should specify the characteristics of   

l reコeCted males．  

The phenomenon of sexualisolation has been known   

before establishment of the biologlCalspecies concept and l   

the thought ofisolating mechanisms． Females do not  

prefer to mate with males of different speciesin birds，  

pigeons and fowIs（Darwin1875）．Darwin also pointed out  

that although female preference within species is not 

marked，a female makes a choice for mate．Choices can be  

looked at from two sides：aCCePtanCe and rejection（Fisher  

－ 6 －   
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1930）． Fernale rejection（Fisher used，discriminationr，in   

his b00k，but ＝ use the term′ rdiscrimination，，in a   

broader sense）is favoured when both sexes encounter   

different populations that arein the process of fission   

into two species． He predicted that the rejection   

（discrimination，his word）and the acceptance（Preference，   

his word）wi11be enhancedin such a situation． This   

COnSiderationled to the emergence of the，reinforcement   

modelr of 8eXualis0lation（Dobzhansky1951）． After the   

l establishment of the biologlCalconcept，the   

′reinforcement model（of sexualisolation was refined and   

reconstructed into the／reinforcement modell and the   

′reproductive character displacement model，． The former   

is the enhancement process of sexualis01ation between   

POPulations，not・，completingisolating mechanisms・ The   

latter is the enhancement process of sexual isolation 

between species or populations completing●is01ating   

mechanisrns（Butlin1989）．  

Severalev0lutionary processes can bring about pre－   

matingisolation（Endler1989）：a by－PrOduct of genetic   

divergence between populationsr habitat choice and genetic   

Predisposition，reinforcement，rePrOductive character   

displacement，SeXualselection，and sensory drive．These   

PrOCeSSeS are nOt mutually exclusive． Thus more than one   

PrOCeSS Can OPerate and usua11y doesin the establishrnent   

Of sexualis01ation during speciation． Pre－mating  

－ 7 －   
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isolation between sympatric species has evolved more   

rapidly than that between allopatric ones in Drosophila 

（Coyne ＆ Orr1989a）．Coyne ＆ Orr concluded that this   

evolutionary phenornenon can be brought about only by a   

reinforcement model． Thus sexualisolation observed   

between sympatric speciesis of greatinterestin   

SPeCiation study・  

Although there is genetic differentiation between 

SPeCiesrit does not mean that al10f the genetic  

differences between populations reflect reproductive   

isolating mechanisms． The accumulation of a certain   

amounヒ Of genetic differences between populations does not   

automatically bring about reproductiveisolation．For   

example，although reproductiveisolation between the   

Semispecies（incipient species）of D．paulistorum has been   

COmPletedlthe degree of genetic differentiation between   

Semispecies does not slgnificantly differ from those l  

between non reproductivelyisolated subspecies（Ayala   

1975）． LitヒIe genetic differentiation observed between   

reproductivelyis01ated populations suggests ヒhat a small   

number of genetic changes brought about speciationI． Thus   

the number of genes contr011ing the characters of   

reproductiveisolationis als0 0finteresヒin the   

evolutionary geneヒic conte｝：t．  

Sexualisolationis due to theincompatibility of   

COmmunication signals between both se：くeS． Sexual  

－ 8 －   
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communicatioh slgnals are maintained within species during l   

speciation and they diverged between species during  

speciation・Thus ev01ution of pre－matingisolation should  

be also examinedin the context of evolution of   

l COmmunication slgnals．  

Female recognition for conspecific males has been  

knownin severalanimalspecies・Vocalcomrnunications are   

wellstudiedin severalspecies using played back or   

artificially synthesized sounds． Songs were used as a   

sexualcommunication signalsin birds（Searcy ＆ Marler  

1981；Searcy ＆ Brenowitz1988），the ca11ing songin frogs  

（Ryan1980，1983；Ryan et al．1990JRyan ＆ Rand1993；  

Simmons et al．1993），the calling songin crickets（Hoy et  

al．1977；P011ack ＆ Hoy1979），the courtship songin  

lacewings（Henry1985；Wells ＆ Henry1992a，1992b）and the  

COurtShip songin Drosqphila（Bennet－Clark ＆ Ewing1969；   

Kyriacou ＆ Hal11982；Crossley ＆ Bennet－Clark1993）・   

These studies demonstrated that a female ch00SeS her   

appropriate partner based on the vocalslgnalemitted by l  

males．  

Some parameter（S）of courtship songin many sYmPatric   

SPeCies of Drosqphila are ＄PeCies－SPeCific（e・g・，Bennet－   

Clark ＆ Ewing1969；Ewing1969；Miller et al・1975；  

Kyriacou ＆ Hal11980；Crossley1986；Ewing ＆Miyan1986；   

Hoikkala ＆ Lumme1987；Hoy et al．1988；Wheeler et al・  

1988；Hoikkala et al．1989）． Courtship songis expected  

－ 9 －   
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to be a spcく：i（モS discriminator for females・ Experirner止S Of   

amputation of mnl．（三、・I．ings（SしUTしevanし19ユ5；Ewing1964；   

Narda1966JGro5S君主eld1968JBまⅩ1er et al．1992ダ   

Ⅰ．iimatainen eヒJli．1992；I！oikkala ＆ Aspi1993）and giving ■   

artifjci．alsol叩（llE7nn〔！トC：Lnrk ＆ドwirlglt！69；VOn Schilcher  

1976翫 Kyどまacou ＆舶1ユ1982JCご0鰯＄1eyふ 馳nneモーCユarkl錮剥  

ごeVeaユ．ed ＝1at・〔：いul‥lMSll・i・P SO∫叩 ごi・S（川r≡ nf 川仁 一盲一口St二・L－t一匹Ⅰ・しant   

Si・gnals for maし・ilng SuCCeSS With・i・r－ a SFleL：ies・l10WCVer・  

■ 七hose experまmen亡ぶ d土d not reveaユ Whethe∬ 若色males どeヨeCt  

まnappごOPrま批e males throughもhe dまぶCごまmまn紙まon o蒼   

COurヒShまp song．  

Sfle（：二if・！ご；r）f－iIい …て〕ぶqPJ▲J・ヱ√一 帯！汀dと・J∂ CO汀や1・eXi＝ ＝γ一   

丁ロリJlと．ium spe二‥ies s－1‡）ワrOt叩 く）ゴご tIl〔－ meJ封一叩∂〇亡er specj・eS 可rOし‡p   

aごe dLsヒribtlしed．i．王・ミ・ご1Sし ムsia′i三1：：1udi．riqJ叩an．Korea and  

China．These sibユi叩 SPeCies show sヒro：一？SeXualisolat二ion   

もO eaCh o七heご（Kurokawa 且960f Kurokawa eも al．1982ト   

Cou蛇油ip b紬忍野ま0闇r Of each ＄PeC且eぶ 土n も翫e 凱 8ur8rヱ8  

COmpユex esse醜ふa且まy ぎ01ユows 抽e de＄Cripもまon o至飢 8ur∂rヱ∂   

by Spieヒh 持952）． 困hen a ma且e 雷ユy 宮上nd＄ a 蜜emale′ he  

〇ニュenこS 亡0 ミミeご′ モ：1づ ミニヒeo fつニニe∵S a：ミd ヒaps！1eご bcdさ・・ 冨ing   

v£br紙iom wa霊 地BerV憩8du訂i明 君o且ユ0融訂喝′ 紙 抽e鳥me of   

己ミニeTロPted c〔、‡－ミニ1ミミニ三っ∴ 己∴ゴ et・eニ かユニ土n冒 C〇‡：・ユニaこ土〇ニ・（〇写コに己 et   

責ニ．1；eてト ー：、ミ：‘モ ∵・て：三ごtFIlユp 土s ごreごミリenこユニ■ 土：1こeごご；jF亡ed aミニ a  

c雷汀ヒ三三コ コしミュ㌻て・・，ざ1トミ ご亡I・：ご・ぎき∴㌻ ごご・さこ；こニミラニさごe∴ 三＝ 土；ミミ・e＝－SPeC土fまc   

こ三一亡ミニeご′ ざ－′：・rウ：∵∵三・∴よ・ご′ 卜∫・rよコ！、．ミ■ミニノウ：ごモ：き・さニナ∴∴・：、‥ こ‡ニ bゞコ＼薫ニeご‘ ▼   

ごて二・ご‡＼：・「ミ：ミ・フ†・．1；・三、；！∴ 六‥八一：ご▲モー・ニ er；・・さドさて・；ニニ；て1（：－1ニ？：くご！二正nくヨモ上「こi申ヒ  
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be 土nvoユved まn ヒhis まnヒer£uPもまon．  

Sexuaエisoエaヒion まs one of ヒhe pre－matエng まsoユ∂t土ng   

mechanisms；POtenヒialmat・eS meet but．dc）nOt rnate．   

Although species oE Lhe L）．auraria（ニOmPiex usedin this   

紙udy aどe Sympa七£まだ′ ヒhey a£e dま若君erenも £どOm eaCh oヒheご まn   

microhabitFlじf；（Kuruk～1Wa L96■7；Kl．nlll．t：f11叩●J）．】王owever these   

－nlcroIlal）1tnじ 山上rel－eIl〔：tユS ∂lorle（riir川いし‡、l・一丁VeIlti．11しモ1r－   

SPeCific gene flow． We can colユecし 削1y O．r tWO SPミ⊃Cies at   

the same tinle・f：rom the same site using a bait ヒrap． This   

means しhal・．if t＿hcr〔？is some suit～1ble ferlnenしed substance   

in naしur〔モ．rユ．ir？ミ；havし‥ n ChElnCC t二O meet Other species and   

IlyI汀う（‾＝・ア〔∴ 八Illゝ川一軒＝mll－〔、†1・／b†－L（1rnこ11es alごe 5ter．i．1e′Ilybrld   

貢ご！11aミロs al－e rr、i．しiいさ（‡てi．ml】ra ユ9モミ■り 昂Ild（：封11）el）aCkcrossed   

ぞHara 姦 馳どOk忍Wa19日項仁 王f ヒhere were no pヱ：e－ma七in轡   

まぶ01紙まon′ 五紙ど0響reSSまon couユd be acceユeraもed and then two   

SPeCiesl］C｝uユこぅ f－jSe tC）⊂tne． Thl」S Se＞こualisolationis o：1e   

Of 亡ねe 抒－OS虻 ま澗POごと忍胱 mecわan且sms ヒわaも now maまnとaエm the   

gene poGユ 〇亡 e～ミ〔．：三こ S‡ごe〔二jes 土：1L…1e β．占＝Jヱ・さエゴ∂ COmPleニく． The   

Wing vエ加納且o刑 責蜜紬仁恵芯 m挑まmg ＄ⅦCごe＄S W互恵ねin spec且eぶinβ・   

亡rJ占リr∂rゴヨ（ごご〇ごごf土手ヨユd エコ∈5）√ S・．：冒号eSこエコ芋 ヒヒぅt ヒhe   

COurヒS丑一土p son撃m忍y Pユ盈聾r 盈mimpoどもa琉 ro且e まn sexuaユ   

ユsclaヒ土こ：1エコ ミニナミe ご・占！jご薫・ご上蓋 CCニFエe｝∴  

鼠e卵どぬimg 抽璧 野方eぶen缶 Siもぴa軋£Dm men虹i¢me8 above，‡   

：ミし－j已三・ミさこミ て・とこミヱ：二√一千・、きミ1；：ミ．ご丁：1・二「－：T ニ？：・：1ニモ1i芋ここaし三．っ：1i〕3．ミ、∴冒 Sブmp己tr土c   

ニ；′モご三宅ご・てご ÷二ざ・‘、∴ ぺ・：ご‥←ご・：●′… ∵・∵て、ミ・ウニー‥！：さ・と）ミ‥さこモ・∴i・〇uご丑1まnd   

・言〇こ亡ミニミ・∫二‥ 耳目・：‥、1丁ミ∴ごご． こ：こ；、こ：・二ニ ュー．・．h：、Se：・：㍗ござこ1ご！一三 Fこミン・S tさ1ミコ  
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important rolein sexualisolationis clarified・In Part   

＝I，the essentialrole of courtship songin sexual   

isolation between sympatric speciesis shown・In Part   

I＝I，the courtship songis described and shown to be a  

species discriminator・＝n PartIVlthe species－SPeCific  

inter－Pulseintervalof courtship songis shown to be a  

SPeCies discrirninator・ ＝n Part Vlthe genetic basis of  

species－SPeCific courtship songis examined・Finallyin  

GeneralDiscussion，the evolutionary forces operating on   

the species discriminating system are discussed・  
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Courtship Behaviourin ＝nter－ and＝ntra－SPeCific Crosse8  

ェntroduc七土on  

Sexualisolationis brought about by the failure of  

courtship success between heterospecific pairs・Courtship  

is alwaysinitiated by a male；a male orients a female・  

The male f01lows her，taPS her body，Vibrates his wing to   

herr and attempts to copulate・In this behavioural   

SequenCe the female does not always play a passive role；   

She sometimes stops her movements，Walks rapidly′ and   

accepts／rejects him during attempted copulation・If there   

is sexualisolation between the sexes，the courtship   

generally breaks off，due to theincompatibility of   

COmmunication signals between the sexes・ Although   

COmmunicationinvolves both sexes，itis verylikely that   

One SeX Plays a more slgnificant r01e than the otherin l  

the behaviouralsequence． ＝n the early stages of   

SPeCiation，female mate choiceis moreimportant than male   

One and the weight of mate choice willalter from females   

to males（von Schilcher ＆ Dow1977）．1n order to   

understand the process of development of sexualisolation，   

it is thus important to clarify which sex plays a more 

l Slgnificant r0lein sexualis0lation．  

－ 13 －   
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Observations ofinter－ andintra－SPeCific matings were   

conducted to draw the distinction between the roles of the   

males and females，and to find the most criticalcourtship   

element operatingin sexualisolation．Allexperiments   

Were deslgnedin the，no choice，condition；i．e・．eaCh sex I  

WaS from only one species．  

Me七hods  

か∫0βqPムエユa S七OCk8  

ll   AllDrosophila strains orlglnated fromisofemales   

which have been maintainedin ourlaboratory forrnOre than   

lO years・The strains and their collection sites were as  

follows：D．biauraria（B16 and B18，Tokyo）．D．subauraria   

（ONM－29，Onuma；KT4，Kitakami），D．triauraria（T544，  

Tsukuba；T748，Miyazaki）and D．auraria（A662′ ObihiroJ  

A12．Tokyo）．The strains were maintainedin glass vials  

（3 cm diarneter XlO．5 cm high）containing standard  

Drosqphila sucrose －yeaSt － COrnmealmedium at 24・5 ＋ 0・5  

0c under alight dark cycle of14（7：00 － 21：00）：10h・All  

flies were sexed without anae＄thesia，Within12 h of their   

emergence・Flies were keptin groups of tenin a vialfor  

four or five days． Flies were transferred once to new   

Vials before observation．  
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Ob8erVa七土on of Cour七8bip  

A pair of flies were introduced into a glass mating 

Chamber（15mmin diameter x 3mm high）．with an aspirator．   

After theintroduction of fliesinto a mating chamber，   

COurtShip behaviour withinlO min was noted．Courtship   

latency（time to start courtship afterintroducing the   

fliesinto the mating chamber），COurtShip elements   

（Orientation，taPPing，Wing vibration，attemPted  

copulation，fluttering，and kicking）′ COurtShip time（time  

SPentin a11courtship elements except copulation）and   

COPulationlatency（time to copulate afterintroduction）   

Were reCOrded． Fluttering and kicking were treated as   

l reコeCtion behaviour．  

Allstrains from four species of the complex were used   

and twelve pairs of flies for pairs of each strain were   

observed． Observations were made within the first half of   

thelight periods（8：30 －13：00）．Courtship behaviour   

betweenintra－／inter－SPeCific crosses of allpossible   

Pairs were observed． Orderings of the observation for   

Strain pairings were randomized．  

Courtship index calculated in this study was defined 

as the time spentin courtship divided by the total   

Observation time（10 min），Or bY COPulationlatency（for   

COPulated pairs）． ＝n statisticalanalysis，the courtship   

index of pairs showing no courtship was ornitted・  

－ 15 －   
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Re8ul七き  

Male courtship behaviours observedin all   

SPeCies／strain pairs are representedin Fig．1．A male   

Oriented to a female，taPPed and vibrated his wings，and   

then attempted to copulate・ Courtship elementsin the   

inter－SPeCific crosses did not differ from thosein the   

intra－SPeCific crosses． However，COurtShip did not always   

COntinue onto the next stage fol10Wing each courtship  
J’  

elements． For example′ Orient．ation，taPPing and wing   

Vibration were observed even when males did not attempt to   

COPulate． Tapping and wing vibration are the courtship  

elements that f0110W Orientation．However，taPPing and／or   

wing vibration were not observed after orientationin some   

Pairs． The courtshipindex provided the quantitative   

information about courtship（Tablel）．  

Males of most species courted more conspecific females   

than heterospecific ones．1n some species（e・g．，D・   

auraria），the number of courting males（Orientation）in   

inter－SPeCific crosses were more than thoseinintra－  

SPeCific crosses（Fig．1a）．Courtshipindices also showed   

that D．auraria males courted more heterospecific females   

andless conspecific females（Table ＝）． Tapping and wing   

Vibration wereless than the orientation（Figs．1b and   

lc）． The reduction was more extreme forinter－SPeCific   

Pairs than for theintrapspecific pairs（Figs．1b andlc）・  
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Attempted copulation was observed bothinintra－SPeCific   

CrOSSeS andininter－SPeCific crosses． There were more   

attempted copulation pairs withinintra－SPeCific pairs   

than betweeninter－SPeCific pairs（Fig．1d）． These   

Observationsindicate that thereis male discrimination，   

males court conspecific females more than heterospecific   

OneS．  

Table II summarizes the observation of inter－ and   

intra－SPeCific crossing experiments．Courtships were   

Observed bothinintra－SPeCific crosses andininter－   

SPeCific crosses． The nurnber of pairs with orientation   

did not slgnificantly differ betweenintra－SPeCific I   

CrO＄SeS andinter－SPeCific crosses（Xc・2＝1・810，df＝1・  

P＞ 0．1）．However，COurtShipindicesinintra－＄PeCific   

I CrOSSeS Were Slgnificantly higher than thoseininter－   

SPeCific crosses（Mann－Whitney′s U＝ 24888．5，P＜ 0．001，   

Chi－Square aPPrOXimation withldf）． Many attempted   

COPulationsinintrarspecific crosses and someininter   

SPeCific crosses were observed． There were significantly   

more attempted copulations compared to orientationin   

intra－SPeCific crosses thanininter－SPeCific crosses  

（Xc′2ニ70・625′df＝1′P＜0・001）・Althou殖many土ntra－  

SPeCific copulations were observed，Only oneinter－   

SPeCific copulation was observed． The copulation   

frequency and frequency of attempted copulation were   

l Slgnificantly different betweenintra－SPeCific crosses and  
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inter－SPeCific crosses（Ⅹc，2＝66・212′df＝1，P＜0・001）t  

indicating that thereis female discriminationininter－   

SPeCific crosses．  

Di8Cu8Sion  

Sexual isolation is brought about by mate 

discrirnination． Observations of courtship behaviourin   

theinter－ andintra－SPeCific crosses revealed that sexual   

is01ation between the species of the D．auraria complex   

involves both male discrimination and female   

discrimination． Although a male orient＄ tO a fernale who   

is conspecific or heterospecific（he attempts to copulate  

less with a het・erOSPeCific female than with conspecific  

one． Thus male discriminationis one of the effective   

mechanisms of sexualis0lation． Since sex pheromones   

alter male courtshipin some Drosophila species（Jallon   

1984；Cobb ＆Jallon1990JOguma et al．1992）′ male  

discrimination will depend on sex pheromone in species of 

the D．auraria complex．   

1   The female accepted a conspecific male but re〕eCted a   

heterospecific one・ Species－SPeCific mating signals from  

the male are likely to be the species discriminator used 

by females・Visual（Chemica10r auditory signals are used  

as species discriminatorsin other species（Ewing1983）・  
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l Morpho10glCaldifferences or c0lour patterns of the male   

body are possible visualslgnals for species l  

identification． However，thereislittle male   

morphologicaldifferences except genitalia（Bock ＆ Wheeler   

1972；Kimura1987）and no differencein c010uration．   

Although some behaviouralpatterns can also be used as a   

Visualsignal，they are not species－SPeCific（Oguma et al・   

1987）． Thus visualcharacteristics does not appear to be   

a species discriminatorin this complex．  

Sex pheromones identified in three Drosophila species 

arelinear hydrocarbons（Jallon1984；Oguma et al・1992）・   

If thereis sex pheromonein the D．auraria complex，it   

Willalso be a hydrocarbon・ Gas chromat・OgraPhic analYSis   

Of hydrocarbonsin the complex suggests that although   

there are variations between the species of the complex，   

those differences are not qualitative but quantitative   

（Oguma，unPublished observations）． This fact suggests   

that hydrocarbons may facilitate another sex．but are not   

the species discriminator．  

Female re］eCtion was observed during the attempted ■   

COPulation moreininter－SPeCific crosses thaninintra－   

SPeCific crosses（Table ＝＝）． No rejection behaviour wa5   

0bserved before the male attempted to copulate，SuggeSting   

that the female fly makes the decision to accept or to   

reject him during his attempted copulation． ＝f so′ Since   

the male fly vibrates his wing during the attempted  

－ 19 －   
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COPulations，itis possible that the female uses an   

auditory slgnalfrorn wing vibration as a species l   

discriminator．A wingless male succeededlessin   

COPulationinintra－SPeCific cross of D．triauraria   

（Grossfield1968），SuggeSting that wing vibrationis an  

essentialsignalfor rnating success・The courtship song   

has species－SPeCific parametersin many sympatric species   

Of Drosophila（Bennet－Clark ＆ Ewing1969；Ewing1969；   

Mi11er et al．1975；Kyriacou ＆ Hal11980；Crossley1986；   

Ewing ＆ Miyan1986；Hoikkala ＆ Lumme1987；Hoy et al・   

1988；Wheeler et al．1988；Hoikkala et al．1989）．  

F0110Wing sections revealthat wing vibrationis a 8PeCies  

discriminator in sexual isolation between species of the 

8．aur∂rヱa complex．  
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The Role of the Courtship Songin Sexual＝solation  

エn七rodue七ion  

Two roles of courtship song of Drosqphila have been   

l PrOPOSed namely′ aS StimuliglVing rise to female   

l receptivity，and as a species discriminator slgnal   

（Bennet－Clark et al．1976；VOn Schilcher1976b）． The   

auditory slgnalis the prime candidate of species l  

discriminator for femalesin the D．auraria complex（Part   

I）． Since females reject heterospecific males more than   

COnSPeCific ones（Part ＝），itis possible that courtship   

SOngS PrOduced by heterospecific males elicit female   

rejection orinhibit females to accept males． ＝f so，the   

male－Wing removalwould reduce the female discrimination；   

Wingless（mute）heterospecific males willsucceedin   

mating more than winged ones．Male wing removal   

experiments and artificialsong experiments revealed that   

l the courtship songis a stimulus that glVeS rise to female   

receptivity（Ewing1964；Bennet－Clark ＆ Ewing1967，1969；   

Narda1966；Grossfield1968；Eastwood ＆ Burnet1979；   

Kyriacou ＆ Hal11982；Robertson1982；Bixler et al・1992J   

Liimatainen et al．1992JCrossley ＆ Bennet－Clark1993；   

Hoikkala ＆ Aspi1993）．If songs play a r0le as a  
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facilitating slgnalfor females to accept courting males l   

alsoin the D・auraria complex．wingless males willfail  

to copulate with conspecific females．In additionif the   

SOngis not a species discriminator，the degree of the   

failurein copulation of wingless conspecific males will   

be the same as for winged heterospecific males・  

Insemination rates of the cross between female and   

normalconspecific males were higher than those of the   

cross between females and normalheterospecific males   

（Kurokawa1960，Fig．2a）．Because of sexualis01ation   

heterospecific mating hardly occurs・In the present  

studyr crossability tests under no choice conditions were  

deslgned to clarify the role of courtship songin the D・ l   

auraria complex・Two crossability tests were designed to  

reveal whether a heterospecific courtship song elicits 

female re〕eCtion：Crossability Tests of Females x Wingless t   

Males and Crossability Tests of Aristaless Females x   

Males．A crossability test was composed with four tYPeS  

of mating tests（Fig．2b）JCrOSSeS between females and  

normalwing conspecific males（2 wings），CrOSSeS between  

females and wingless conspecific males（No wing），CrOSSeS   

between females and wingless heterospecific males（No  

wing），and crosses between females and normalwing  

heterospecific males（2 wings）・Three nullhypotheses for  

insemination rates were made（Fig．2b）． Testing these  

null hypotheses provides a measure of the role of wing 
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Vibrationininter－ andintra－SPeCific crosses．  

Wingless males mayloose their courtship activity   

because of thein〕ury Of wing－remOValin Crossability l   

Tests of Females x Wingless Males． This possibility was   

tested in Crossability Tests of Aristaless Females x 

I Males． Since femaleJs aristae that extended from antennae   

Were the sound receptor（Manning1967；Burnet et al・   

1971），the remova10f aristae made females deaf． Thereis   

another pre－matingisolation，a meChanicalisolation，   

Where physicalnon－COrreSPOndence（e・g・，genitalia）   

PreVentS SPerm tranSfer． Theinsemination was as＄umed to  

reflect copulationin cros＄ability tests・A mechanical  

isolation could not be detected under this assumption．   

However，itis verY unlikely that thereis mechanical  

isolation in the cross between females and normaL wing 

males whereas there is not in the cross between females   

and wingless males. Thus results of null hypothesis 

testing will provide the efficiency of wings in sexual 

土solat土on．  
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Method8  

♪∫0βqPムエユa Stock8  

ll   A11Drosophila strains orlglnated fromisofemales   

which have been maintained in our laboratory for more than 

lO years． The strains and their co11ection sites were as  

follows：D．biauraria（B16 and B18，Tokyo）′ D．subauraria   

（ONM－29，Onuma；KT4，Kitakami），D．triauraria（T544，   

Tsukuba；T748，MiYaZaki）and D．auraria（A662′ ObihiroJ  

A12′ Tokyo）．The strains were maintainedin glass vials  

（3 cm diameter xlO．5 cm high）containing standard  

Drosophila sucrose －yeaSt － COrnmealrnedium at 24・5 ＋ 0・5  

0c under alight dark cycle of14（7：00 － 21：00）：10 h・A11  

flies were sexed without anaesthesia，Within12 h of their   

emergence・Flies were keptin groups of tenin a vialfor  

four or five days． Flies were transferred once to new   

Vials before crossability tests．  

Surgery of FlieB  

Wings of male flies were removed with a pair of  

microscissors under carbon dioxide anaesthesia within 3   

min， About half of the anaesthesised flies had their  
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Wings removed；the rest were used as 2－Wing male controIs．   

Thus there should be no anaesthesia bias on the   

experiments．Aristae of female flies were amputated，and   

PreParation of controlflies made′ Similarly．  

Croききab土1土ty℡e8t8  

＝   Two crossability tests were deslgned：Females x   

Wingless Males and Aristaless Females x Males．   

Crossability Tests of Females x Wingles＄ Males were   

COnStruCted with four types of mating tests（Fig．2b）；   

females x winged conspecific males，females x wingless   

COnSPeCific males，females x wingless heterospecific   

males，females x winged heterospecific males． These tests   

PrOVide wing effects for females within a strain（null   

hypothesisl），male discrimination（nullhypothesis 2）′   

and wing effects on sexualisolation between the two   

SPeCies／strains（nullhypothesis 3）． Every type of cross   

WaS madein parallelwith others；five or more   

replications were made for each set of four types． When   

two replications were made simultaneously and ＝ failed to   

SeParate SeXeS，the other seven vials were used for the   

test・ Thus the sample size of one type differed from the   

Other type of the crossin some crossability tests．  

Crossability Tests of Aristaless Females x Males were  
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COnStruCted with four types of mating tests；2－arista   

females x homotypIC males（aristaless females x homotypIC Il   

males，aristaless females x heterotypIC males，2－arista L  

females x heterotypic males． Every type of cross was made   

in para11elwith others，and six or more replications of   

the sets of four types were made． Since the aristais the   

COurtShip song receptor，these crosses provide the effects   

Of the courtship songin sexualis0lation． Both two   

CrOSSability tests，Females x Wingless Males and   

Aristaless Females x Males，PrOVide theimportance of the   

COurtShip songin sexualisolationin the D．auraria   

COmplex．  

Ten females and ten males were introduced into a food   

Vial． After 2′ 6，24，Or 48 h of confinement，these   

females were dissected and their spermatheca and seminal   

receptacles were examined for sperm． The flies with sperm   

Were COunted asinseminated． Allcrossability tests were   

Carried out from 9：00 －13：00．  

S七at土stical Pro亡母dure8  

The chi－Square teSt for contingencY table was applied   

for detecting the difference betweeninsemination rates of   

two different types of the testsin crossabilitY teStS．   

The chi－Square teSt With Cochran correction for the 2 Ⅹ 2  
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COntingency table was applied for pairwise comparisons   

（Zar1984）． When any of the cells of expected frequency   

WaSless than 5，the Fisher exact probability test was   

used．  

R点Sult8  

Cro88ability Te8tS：Females x Wingless Malesl・ ＝nter－   

8peCエf土c Cross  

Significant differences were observed in insemination 

rate between the cross of females x 2－Wing conspecific   

males and that of females x 2－Wing heterospecific malesin   

allcrossability tests（TableIII）．Allpairs of species   

Showed sexualis0lation． Statisticaltesting of the three   

nullhYPOtheses revealed the effective role of male wing   

in insemination rate．   

1   Nullhypothesisl：2－Wing males showed slgnificantly   

higher insemination rate than wingless males in 22 

crosses． There were15 crosses where the insemination   

rate of 2－Wing male and that of wingless male were not   

Significantly different． Female species of the non－   

Slgnificant cross cases were D．biauraria and D・ I  

Subauraria．In D．triauraria and D．auraria females，   

Slgnificant differences were observedin allcrosses・     l  
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Wingless males showed slgnificantly higherinsemination l   

rates than 2－Wing malesin the cross between D．subauraria   

KT4 and D．triauraria T544in a 2h experiment．  

Nullhypothesis 2‥ Malesinseminated more oftenin  

conspecific crosses thanin heterospecific crossesin 21  

crosses． There were16 crosses where the insemination   

rate of conspecific males and that of heterospecific males  

were not significantly different・The cross of D・auraria  

A662 females x D．triauraria T748 males in 2h showed a   

slgnificantly higherinsemination ratein heterospecific l  

males thanin conspecific males．  

Nullhypothesis 3：The results of the hypothesis  

tested were dividedinto four categories． First，Wingless   

malesinseminated slgnificantly higher than winged males； 1   

15 crosses werein this category・The crossin this  

category indicates that the heterospecific courtship song 

elicits female rejection． Second，there were some number   

Ofinseminated females and non－Slgnificant differences t  

were found；10 crosses werein this category． The cros   

in this categoryindicates that the effect of   

heterospecific song was the same as under no song  

COnditions．Third′ Wing・1ess males showed significantly   

lowerinsemination rates than winged ones；the cross of D・   

triauraria T544 females x D．auraria A662 malesisin this   

CategOrY． The crossin this category showed that a   

heterospecific courtship song gave rise to female  
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receptivity． Fina11y there were no or nearly no   

inseminated females；11crosses werein this category．   

Crossesin this category providelittleinformation for   

the effect of heterospecific songin testing nu11   

hypothesIs 3・  

Crossability Te8tS：Females x Wingless Males 2■ ＝ntra－   

8p¢C土fic Cross  

Noisolation was foundin fiveintra－SPeCific crosses  

（Table ＝V）．Significant positiveisolation was foundin   

the cross of D．biauraria B18 females x B16 males and the   

cross of D．triauraria T544 females x T748 rnales，Whereas   

negativeisolation was also foundin the cross D・auraria  

A662 females x A12 males（Table ＝V）．No 2－Wing male   

showed slgnificantlylowerinsemination rate than wingless l   

malesin anyintra－SPeCific crosses，eXCePt for the cross   

of D．subauraria ONM－29 females x KT4 males（TableIV）．  

Cro8Sability Tests：Aristale8S Females x Males  

If the wing removaldid not affect male activity and   

the arista removaldid not affect female activity，reSults   

of Aristaless Females x Males tests were expected to  
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parallel those of Female x Wingless Males tests. In 

Aristaless Females x Males tests D．biauraria females and   

D．subauraria females（Table V）showed essentially the   

same results as the Female x Wingless Males tests（Table   

III）．In conspecific crosses（nullhypothe＄isl）the  

arista removaldid not affect theinse！llination rates   

compared to the insemination of intact arista females. 

Conspecific rnalesinseminated slgnificantly more often l   

than heterospecific malesin 4 0ut Of 5 crosses（nu11  

hypothesis 2）．Normalarista females wereinseminated  

slgnificantlyless often than aristaless fernalesininter－ 1   

SPeCific crosses（nullhypothesis 3）・  

＝n D．triauraria females 2－arista females showed   

Slgnificant．1y higherinsemination rates than aristaless l  

females（nullhypothesisl）． Theinsemination rate for   

the conspecific cross was slgnificantly higher than that l  

for the heterospecific crossin aristaless females（null   

hypothesis 2）． Normalarista female did not show   

Significantly differentinsemination rates compared to ■  

aristaless femalesin the heterospecific cross．In the   

Female x Wingless Males tests，theinsemination rates from   

the crosses with wingless heterospecific males were   

l Significantlylower than those from the crc）SS With winged   

heterospecific males（TableIII）．  

In D．auraria females 2－arista females showed   

l Significantly higherinsemination rates than aristaless  

ー 30 －   



タ∂r亡 ∫∫  

females（nullhypothesisl）． Theinsemination rate of the   

COnSPeCific crossin aristaless females did not differ   

from that of the heterospecific crossin aristaless   

females（nullhypothesis 2）．In the heterospecific   

CrOSSeS，theinsemination rates of aristaless females and   

that of normal arista females did not differ．In the   

Female x Wingless Males tests, the insemination rates from 

the cross with wingless heじerospecific males were   

l Significantly higher than those from the crosses with   

Winged heterospecific males（TableIII）．  

DiBCuBさエon  

Results of crossability tests are summarizedinto four   

groups． Table VIschematically represents results of   

testing the three nullhypotheses．（1）A conspecific   

COurtShip songincreasesinsemination rates of females   

COmPared to those females under no song condition． This   

result came from testing nullhypothesisl．（2）   

Conspecific wingless males succeeded betterin mating   

COmPared to heterospecific wingless males（nullhypothesis   

2）．（3）A heterospecific courtship song decreases   

insemination rates of females compared to those of females   

under no song condiヒionin most cases（nullhypothesis 3）．   

（4）A heterospecific songincreases theinsemination rate  
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in one species pair，D．triauraria females x D．auraria   

males（nullhypothe－Sis 3）．  

Crossability tests were deslgned according to the l   

three nullhypotheses． Severalinterpretations shown to  

be slgnificant by nu11hypothesis testing haveimportant l   

implicationsin the present study．Nu11hypothesisI   

Stated that the insemination rate of the cross of fernales   

X COnSPeCific 2－Wing males and that of the cross of   

females x conspecific wingless males does not differ．   

Nullhypothesis 2 stated that theinsemination rate of the  
l  

CrOSS Of females x wingless conspecific males and that of   

the cross of females x wingless heterospecific males does   

not differ． Nu11hypothesis 3 stated that the   

insemination rate of the cross of females x wingless   

heterospecific males and that of the cross of females x 2－   

Wing heterospecific male does not differ．  

When 2－Wing conspecific males show higherinsemination   

rates than wingless ones and nullhYPOthesislis   

Statistically reコeCtedr crossabilitY teStS Can declare l  

that the conspecific courtship songincreases female   

receptivity． when wingless conspecific males show hiqher  

insemination rates than heterospecific ones and null  

hypothesis 2is statistica11y re］eCted，CrOSSability tests I  

Can declare that male flies discriminate conspecific   

females from heterospecific ones． When wingless   

heterospecific males show higher insemination rates than 
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winged ones and null hypothesis 3 is statistically 

re〕eCtedr crossability tests can declare that the         ●  

I heterospecific courtship song elicits female re］eCtion・  

When wingless heterospecific males show10Werinsemination  

rates than winged ones and null hypothesis 3 is 

Statistically reコeCted，CrOSSability tests can declare l   

that the heterospecific courtship songincreases female   

receptlvlty．  

Amputation of the wing and arista may decrease male  

COurtShip activity． Crossability tests showed no  

influence on courtship by the＄e OPerations（Which can be  

explained by the fol10Wing two reasons・Firstr although  

wingless males showed lower insemination rates than normal 

wing males in conspecific mating, wingless males showed 

higher rates than normalwing malein heterospecific  

matings for many cases・For exampler wingless D・  

triauraria T544 males showed lower insemination rate than 

winged onesin conspecific crossesIWhile wingless ones  

showed higherinsemination rates than winged onesin the  

heterospecific crosses with D．biauraria females（Table  

＝＝＝）． Second，Crossability Tests of Aristaless Females x   

Males showed similar results（TablesIIIand V）．  

＝n allbut two conspecific matings（theinsemirlation  

rateincreased when the male，s wings wereintact compared   

to when the male，s wings were removed（Table ＝V）・  

Although there were some crosses where the insemination 
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rates with wingle＄S COnSPeCific males were not  

ll Slgnificantly different from10r SlgnificantlY higher  

thanr that with winged conspecific males，PO01ed data for   

each female speciesindicated that the conspecific   

COurtShip song effectiveiyincreased rnatingin D・  

biauraria，D．triauraria and D．auraria（nullhypothesis   

l，Tables ＝rI，IV，and V）． These results confirm several   

reports ofintra－SPeCific crossing experiment using   

Wingless males；the mating frequencyincreased under the   

existence of male wing or conspecific type of artificial   

COurtShip song（Ewing1964；Narda1966；Grossfield1968；   

Eastwood ＆ Burnet1979；Kyriacou ＆ Hal11982JRobertson   

1982；Bixler et al．1992；Liimatainen et al．1992；   

Crossley ＆ BennetMClark1993；Hoikkala ＆ Aspi1993）．  

Wingless D・biauraria males succeededin copulation at   

a very high rate（P001ed，79．8％，Table ＝＝＝），Whereas D．   

triauraria males and D．auraria males succeeded less in   

COPulation（POOled，9．8％ and13．0％ respectively′ Table   

＝II）． D．subauraria wingless males copulated at the same   

rate as winged ones（TableII＝）． These differences of   

mating successin wingless malesindicate that D．   

triauraria and D．auraria females need the conspecific   

SOng tO aCCePt males but that D．biauraria and D．   

Subauraria females do not necessarily need a conspecific   

SOngin a cross of 2h orlonger．  

＝nsemination rates of the cross between females and  
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Wingless conspecific males were slgnificantly higher than l  

those between females and wingless heterospecific malesin   

most cases；Whereas those between fernales and wingless   

COnSPeCific rnales were not slgnificantly different from． 1   

0r Slgnificantlylower than，those between females and l  

Wingless heterospecific maユesin some cases（null   

hypothesis 2′ Tables ＝＝r and V）． Since differences   

between these two types of the mating tests depend on male   

SPeCies，the comparison of two types・reVeals male   

discrimination． Significant differencesindicate that   

there is effective male discrimination involvedin sexual   

isolationin the D・auraria complex．Male discrimination   

COincided with the observation ofinter－SPeCific crosses   

（Part ＝）．It might be due to species differencesin   

female sex pheromones． A male can discriminate a  

heterospecific femaleif she belongs to a certain species，  

but he cannotif she belongs to another species．Thusr  

male discrimination is not enough to maintain sexual 

isolation between sympatric species of the D．auraria  

COmplex．  

Null hypothesis 3 of the crossability test provides 

information only when one of the cross types（Wingユes  

heterotypic male or2－Wing heterotypic male）has some  

inserninations・If a cross type brought noinseminated  

femalesr testing nullhYPOthesis 3provideslittle  

information・In other words，When bothinsemination rates  
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l1 0f wingless heterotYPIC male and2－Wing heterotypIC male  

are nearly zero／thereis no res0lution of differencesin  

female rejection． Thus thereis noinformation for the   

effect of heterospecific songin the crosses of；D・  

ぶu上）∂uヱ・∂rエ∂ⅩWl叩1ess 上）・亡rJ∂ur∂rエ∂′ か・βuわ∂uエ・arJ∂Ⅹ  

Wingless Dlauraria（D・triauraria x wingless D・   

biauraria，D．auraria x wingless D．auraria，and D・   

auraria x wingle＄S D．subauraria． The conspecific   

COurtShip songis an effective ＄1gnalfor the female to l   

accept malesin D．triauraria and D．auraria，indicating   

that acceptance of a male with a conspecific songis also   

animportant mechanism to maintain sexualisolation・   

l    Fernales of the D．auraria complex reコeCt   

heterospecific winged males． This evidenceis the mos   

important finding of the present study andis the first   

report that clearly demonstrates female reコeCtion under l  

the existence of a heterospecific courtship song． An   

artificialcourtship song of the conspecific type   

effectively acts as a signalto elicit matings（Benneト   

Clark ＆ Ewing1967，1969；Kyriacou ＆ Hall1982；Crossley ＆   

Bennet－Clark1993）． Present results are consistent with   

those other studies（nullhYPOthesisl）． Mating speed   

decreased under heterospecific songs butit was sti11   

faster than that under no song（Bennet－Clark ＆ Ewing1967，   

1969）or under random song（Kyriacou ＆ Hal11982）  

COnditions・Although the results of this study varied  
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under the heterospecific condition（nullhypothesis 3），   

results of testing null hypothesis 3 indicated active 

rejection of heterospecific winged males． Rejection of   

heterospecific winged malesis stronger than wingless（no   

SOng）males． A parameter of courtship song that elicits   

l female reコeCtion willbe estimatedin PartIIland willbe   

Clarified in part ＝Ⅴ． ＝t is unknown whether the female   

● re〕eCtion elicited by a heterospecific songis generally   

Observedin DrosQPhila．  

Although antennaless D．persimilis females accept D．   

PSeudoobscura males，D．persimilis females withintact   

antennae reject D．pseudoobscura males（MaYr1950）．Mayr   

SuSPeCted that since an antennaless D．persimilis female   

CannOt reCeive the chemicalslgnals from males，She cannot l   

discriminate whether courting males are conspecific，SO   

then she accepts a heterospecific male． There are   

Chemoreceptors on the third segment of antenna and also   

SOund receptor as aristae，Which extend from the third   

antennalsegment′ andJohnstonrs organ within the second   

antennalsegment（Manning1967）． Courtship songs of D．   

PerSimilis differ slgnificantlY from those of D． 1   

PSeudoobscuraininter－Pulseintervalandin song patterns   

（Waldron1964；Ewing1969）． The remova10f antenna   

prevents females from receiving both chemical and sound 

Signals・Results of the D・auraria complex suggest that  

D・PerSimilis females rnight judge an appropriate mate from  
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COurting males with courtship song（but not with chemical  

signals. There is a report that male wings do not affect 

SeXualisolation between D．persimilis fernales and D．   

PSeudoobscura males（Mayr ＆ Dobzhansky1945）． Since the   

male choice method was usedin that studyr theinteraction  

between females or that between sexes may play a more  

significant role than wing effects. It is worth examining 

the wing effects againin the sexualisolation between D．   

PerSimilis and D．pseudoobscura under no choice   

COndlt土ons．  
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Ånaly8土s of Courヒ8hip Song  

工n七roducti．on  

To analyse the occurrence of pre－matingisolation，We   

need to specify the characteristics of the relevant   

isolating mechanisms． A character that has animportant   

rolein sexualisolation 8hould be speciespspecific． ＝f   

no male characteristics were species－SPeCific，SeXual   

isolation that depends on the female discrimination，   

especially at the early stages of speciation（VOn   

Schilcher ＆ Dow1977）．would beineffective．  

Female re〕eCtion was animportant behaviourin sexual l  

isolation between sympatric species of the Drosophila   

auraria complex（PartI）． Females rejected heterospecific   

Winged males but accepted wingless males（Part ＝Z）′   

indicating that the slgnalfrom male wings was a species l  

discriminator for females． Wing vibration generated   

COurtShip songs，Which are species－SPeCificin many   

DrosQPhila species and each species has one or two types   

Of song． The courtship songs probably play a rolein   

SeXualisolation between closely related species（Ewing   

1983）． The species differences are characterized by one   

Or mOre ParameterS SuCh asinter－Pulseinterval，  
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fluctuation ofinter－Pulseintervals，intra－Pulse   

frequency，Sine song frequency，number of pulses per   

burst，burstlength and the number of cycles per pulse   

（e．g．，Shorey1962；Ewing ＆ Bennet－Clark1968JBennet－   

Clark ＆ Ewing1969；Ewing1969；Miller et al．1975；Chang   

＆ Miller1978；Ewing1979；Lakovaara ＆ Hoikkala1979；   

Ikeda et al．1980JKyriacou ＆ Hal11980JRobertson1983；   

Crossley1986；Ewing ＆ Miyan1986；Hoikkala ＆ Lumme1987；   

Hoy et al．1988；Wheeler et al．1988；Cobb et al．1989；   

Hoikkala et al・19弓9；Bernstein et al．1992）．One or more  

SOng ParameterS may eXhibit specie＄－SPeCificity depending   

On the specles．  

In the present section the courtship song of sympatric   

and a1lopatric species of the D．auraria complexis   

described・Inter－Pulseintervalr burstlength，number of   

Pulses per burst andintra－Pulse frequency were measured   

to determine the species－SPeCific parameters． The  

SPeCiesqspecific parameter（S）wi11be a prime candidate  

for a species discriminator．  
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M烏thods  

pr¢parat土on of Flieさ for Record土ng■  

ll   AllDrosophila strains orlglnated fromisofemales   

which have been maintalned in our laboratory far more than 

lO years． The strains and their collection sites were as   

follows：D．auraria（A541，Tsukuba；A662，ObihiroJA12．   

Tokyo）′ D．biauraria（B16 and B18′ TokyoJB660，Obihiro）′  

D．triauraria（T544′ Tsukuba；T748，Miyazaki），D．   

subauraria（ONM－29，Onuma；KT4，Kitakami），D．quadraria   

（Q，ChiTou，Taiwan，Texas stock No．3075．1）． The strains   

Were maintainedin glass vials（3 cm diameter xlO・5 cm   

high）containing standard Drosophila sucrose － yeaSt h  

cornmealmedium at 24．5 ＋ 0．5 0c under alight dark cYCle   

Of14（7：00 － 21：00）：10 h．  

Allfiies were sexed without anaesthesia，Within10 h   

Of their emergence・ Males were reared singly；females  

were keptin pairsin a vialfor 4 days for recording the  

COurtShip song，eXCePt for four ONM－29 flies which were 5  

days old． Flies were transferred once to new vials before  

recording． For most recordings a single pair of flies was   

introducedinto the mating chamber with an aspirator・1n   

some cases two or four females were introduced into the   

mating chamber with a single male to reduce courtship   

latency．  
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t Recording Equipment  

A glass mating chamber（15 mm diameter x 5mmin deep）   

WaS Placed on a Sony ECM－55B Condenser Microphone with a   

frequency response of 30 －18000 Hz． The rnicrophone was   

covered with stainless steel mesh and settled in a plaster 

recording apparatus（6．5 cm diameter，6・5 cm high）． The   

gap between the chamber and the apparatus was filled with   

dentalwax to cut off extraneous noises． The recording   

apparatus was putin the box（27．5 Ⅹ 27．5 x 27．5 cm）and   

WaS hung from a clear acrYlic board to avoid vibrations   

from the floor． Courtship song was transmitted from the   

microphone to a Nihon Kohden BiophysicalAmplifier AVB－11   

and monitored on a Nihon Kohden Memory Oscil10SCOPe VC－11．   

Amplified song was recorded on a Sony L－830 EG－HG tape   

using a sony sL－HF 3000 VTR and a Sony PCM－501ES PCM   

Processor，the frequency response of which was almost flat   

from 20 to 20000 Hz． Allrecordings were made underlOO －   

300 Ix from a Nikon Fiber Optic Light Source in a 

temperature controlled room（24．5土0．5 0c）・Under  

recording conditions the temperatureinside the box was   

between 24 and 25 Oc for more than 2h，SO the temperature   

in the mating chamber，Which was not monitored，WaS   

estimated to be 24 － 25 0c． The behaviour of the flies   

WaS SimultaneousIY reCOrded on another channeiof the same   

tape・ Each recorded song was digitized at 44100 Hzr16  
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bit using an analogue to digitalconverter（Canopus Sound   

Master）and was stored on an ＝tec ＝T RL－100 hard disk． As   

the Nyquist frequency，a half of the sampling frequency．   

WaS higher than the frequency response of the microphone   

（18000 Hz），there was n0loss ofinformation when   

digitizing（SamPling theorem）． Since the digitized songs   

Were directly processed and computed on a NEC PC－9801RS21   

PerSOnalcomputer，nO nOise mixedinto the song when the   

l SOngS Were manlPulated．  

Analysi＄ Of Courtship Song  

J月亡e∫rPuユβe j乃亡erv∂ユ  

Theinter－Pulseintervalwas defined as the time  

interval from one peak of the pulse to the next. Since 

the peak－detecting program was too sensitive to run  

automaticallylthe peak－tOPS Of pulses on the cathode ray  

tube（CRT）display were visually checked to exclude the  

misdetection of a peak／for example a ghost peak because  

of baseline noise（Fig．3a）． The meaninter－Pulse  

intervalwas calculated from 30inter－Pulseintervals per   

male（three bursts per male）．  
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ざPeC亡r∂ユ ∂刀∂ユyβユβ  

The fast Fourier transform（FFT）spectrum was derived   

from each pulse． Firstr the digitized courtship song was   

PrOCeSSed to single pulses（Fig．3b）． The width of the   

PrOCeSSed pulse differed between species because each   

SPeCies has a different pulse duration・ Courtship song  

was automaticaliy processed to single pulses，Which were a  

half of the pul＄e Width for each ＄PeCies（Table ＝X）on  

either side of thelogged pulse（Fig．3b），uSing the   

slgnalof the peak－tOP Of the detected pulse while I   

COmPuting theinter－Pulseinterval・ ＝n the program   

developedr the FFT was directly performed on each  

processed single pulse（4096points）to obtain the  

frequency spectrum／after detecting the pulse and  

calculating theinter－pulseinterval・ Theintra－Pulse  

frequency was defined as the frequency showing maximum  

POWerin the spectrum′ f01lowing Wheeler et al・（1988）・   

The smoothing and differentiation method（Savitzky ＆ Golay   

1964）was used to detect the maximum power spectralpeak．   

The range of detection ofintraMPulse frequency was   

restricted according to the width of the pulse・ The   

lowest frequency of the available detectioninintra－Pulse  

frequencyis theinverse of the pulse width（1／pulse   

Width）． The highest detectable frequency range was18000   

Hz． When the frequency with maximum powerin the spectrum  
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WaS OutSide the detectable range，it was not treated as  

intra－Pulse frequency and so there were fewerintra－Pulse  

frequencies than the calculated pulses．  

5亡∂亡ユβとユc∂ユproceduヱ・e5  

Iused analysis of variance（ANOVA）with the   

l recIPrOCaltransformation to detect species differences，   

fo110Wed by Tukey multiple comparison testing（Zar1984）．   

When a Bartlett test revealed heteroscedasticity，in spite   

Of severaltransformations before analysis，a Kruskal－   

Wallis test was applied，f0110Wed by non－Parametric Tukey－   

type multiple comparisons． For testing species  

differencesininter－PulseintervallmeanS Per fly were   

Calculated and an ANOVA was applied．  

Re8ults  

Court8hip Son9S  

Courtship behaviour of each speciesin the D．auraria  

COmPlex essentially follows the descrlPtion of D・auraria l   

by Spieth（1952）．When a male finds a female，he orient   

to her，then follows and taps her body・Wing vibration  
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WaS Observed during fo110Wingin most cases；this   

behaviour produces courtship songin the form of bursts of   

SOund pulses（Fig．4）． Allmale flies vibrated a wing   

during attempted copulation and copulation． Males   

PrOduced courtship songless before copulation and at   

attempted copulation，and more during copulation．   

Although wing－amPutated males can produce almost normal   

COurtShip songin some species（Waldron1964JMiller et   

al．1975），COurtShip songin the D．auraria complexis   

PrOduced by male wing movement during wing vibration and   

transmitted through the air；nO COurtShip song could be   

detected when wingless males were tested for recording．  

Each species produced only one sort of song，rPulse   

SOng，． Figure 4 shows the typicalwave patterns of the   

COurtShip songs． The pulsesin each species consisted of   

two or three cycles． Other sorts of song，for exarnple，   

Sine song（D．melanogaster），Were nOt Observed． Although   

the wave pattern of courtship song changes together with   

the behaviour of the malein sorne species（＝keda et al．   

1980JCrossley1986；Cobb et al．1989），this was not   

Observedin species of the D．auraria complex． Only pulse   

SOng WaS Observed during following，attemPted copulation   

and copulation．  
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エnter－pu18e 工nterval  

The frequency distributions ofinter－Pulseintervals  

（Fig・5）did not differ between before copulation／during   

attempted copulation and during copulation． Theinter－   

Pulseintervaldid not alter during courtship（Fig．5）．  

＝nter－Pulseintervals slgnificantly differed between l   

Strains（ANOVA，FlO，64 ＝165・37，P＜0・001；Table VI＝）・  

Multiple comparison revealed no slgnificant differences I   

Within the species and slgnificant differences between l  

SPeCies except for D．triauraria and D．quadraria，the   

Only allopatric species（Table V＝＝）．  

Bur8t 工伯n甘th and Pul＄eS Per Bur8t  

Courtship song consisted of several bursts of pulse 

trains・ The burstlength did not differ significantly  

between species（Table V＝＝＝）． The number of pulses per   

burst before copulation and during attempted copulation  

al＄O did not differ slgnificantlY between speciesr but l   

there were more pulses per burst during copulationin D．   

biauraria thanin the other three species（Table VZII）．   

However，the number of pulses per burstin D．biaurariais   

unlikely to be species－SPeCific because before copulation   

and during attempted copulation they showed the smallest  
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Value of allthe species（Table VI＝I）．  

Spec七ralAnaly8i8  

Frequency spectra were derived froTn a Single pulse  

（Figs 3 and 6）．Allspectra of each species were L－Shaped  

and their peakslay from 50 t01000 Hz・ High frequency   

Slgnals were not observed． 1  

The spectrum of each species had severalpeaks（Fig・  

6）． Some were harmonics of the main peak and others were  

ghosts that cannot be excludedin the spectralanalysis，  

because measurement over an infinite observation time is 

impossible・The power of harmonics cannot ever exceed  

that of the main peak・Background noise superimposed on  

each spectrum were weaker than the maximum powers in 

absolute units of the spectra from the song・ tntra－Pulse  

frequency should not be altered even if the shape of 

spectrum might be affected by noise and harmonics  

lntra－Pulse frequency was determined from the  

frequencY SPeCtrum derived from single pulses（Fig・6）・  

Averageintra－Pulse frequencies differed between strains  

（Table ＝XJKruskal－Wa11is test，H＝ 362．60，P＜ 0．001′   

assuming chi－Square distribution withlO df）・ Non－  

parametric multiple comparisons showed that theintra－  

pulse frequency of D・Subauraria ONM－29was slgnificantly                                                                                                                                                           l  
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larger thanin the other strains and that the other   

Strains were overlapping（TableIX）． Thereis no species   

SPeCificityinintraqpulse frequency，and slgnificant l   

intra－SPeCific variation was observed．  

D土scus8土on  

Znter－Pulseintervalwas the only parameter that   

COnSistently shows slgnificant differences between the l  

＄ymPatric species of the D．auraria complex；the   

COrrelatedinter－Pul＄eintervalparameters（burstlength   

and number of pulses per burst）were not species－SPeCific．   

The other parameters of courtship behaviour do not show   

qualitative or quantitative differences（Oguma et al．   

1987）． Althoughinter－Pulseintervals of some species   

OVerlap or have alarge coefficient of variation（e・g．，   

Miller et al．1975；Cowling ＆ Burnet1981；Crossley1986；   

Ewing ＆ Miyan1986），inter－Pulseintervalof each   

SPeCies of the D．auraria complex showsless overlap and   

little variation（maximum coefficient of variation was   

lO．5％）． This evidence strongly suggests that female flies   

useinter－Pulseintervalas a species discrirninator． This   

Will be clarified in Part ＝V．  

Sexualisolation between D．triauraria and D．   

quadrariais very weak（Kurokawa et al．1982）． Since  
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inter－Pulseintervals of these two species are not   

l Slgnificantly different，female flies might not be able to   

detect whether the courting males are homotypIC． 1  

Asymmetricalmating observedininter－SPeCific crosses   

（Kurokawa1960；Kurokawa et al．1982）cannot be explained   

On the basis ofinter－Pulseinterval，Since the difference   

Ofinter－Pulseintervaldoes not correlate with mating   

SuCCeS＄． Though thereis a strong pre－matingisolation   

between the species of the D．auraria complex．inter－   

SPeCific hybrids can be producedin thelaboratory． Since   

intra－Pulse frequencies of species within the complex were   

Similar（TableIX）and the range ofinter－Pulseintervals   

Of the species overlapped（Fig．5），a female fly may not   

be able to detect a homospecific malein a confined vial．  

Many winged males mated with femalesinintra－SPeCific   

CrOSSeS；Wingless ones did not mate so often（Part ＝I，   

Grossfield1968）． Thus courtship song also has a r0le as   

a sexualstimulusin the D．auraria complex． The   

COurtShip song has two functions as a sexualstimulus and   

a species discriminator，and these functions are shared bY   

different wave patternsin some species（ⅤOn Schilcher   

1976b；＝keda et al．1981′ Ewing ＆ Miyan1986）． Since the   

COurtShip song of the D．auraria complex shows only one   

kind of song（Fig．4），the pulse song of the D．auraria   

COmPlex might play a role as a sexualstimulus and as a   

SPeCies discriminator．  
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Theinter－Pulseintervals of D．triauraria and D．   

quadraria did not differ significantly（Table VII）． The   

morphologicalevidence（Bock ＆ Wheeler1972）and the study   

Of protein electrophoresis and ofisozymes（Ohnishi＆   

Watanabe1984）show that D．triaurariais the most closely   

related species to D．quadraria． ＝ conclude that the time   

Of divergence between D．triauraria and D．quadrariais   

notlong enough for theirinter－Pulseintervals to have   

diverged．  

The arista（a bristle－1ike extension of the third   

antennalsegment）is considered to be a sound receptor，   

Which responds to frequenciesless than 450 Hzin D・   

funebris（Ewing1978）． ＝ntra－Pulse frequencyin the D．   

auraria complex（TableIX）lies within the response   

frequency of aristae． Sinceintra－Pulse frequency was not   

SPeCies－SPeCificin the D．auraria complex（Table ＝X）．it   

might play alessimportant rolein species recognition．   

The courtship song of the D．auraria complex did not   

COntain high frequency sounds（Fig．6）which supports the   

View that only some of the Hawaiian Droscphila species   

developed the means to produce high frequency songs after   

C01onizing the Hawaiian ＝slands（Hoy et al．1988；Hoikkala   

et al．1989）． Wheeler et al．（1988）used spectralpeak   

Width as one of the parameters showing species－   

SPeCificity． Sincein the system used here the pulse   

Width differed with the same sampling frequency′ the peak  
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Width depended on pulse width・ The wider the pulse，the   

Sharper the spectralpeak・ Thusr peak width cannot be a   

Parameter Of courtship song・  

The X chromosorneis responsible for determination of  

SPeCies－SPeCificinter－Pulseintervalin some Drosophila  

SPeCies（e．g．，Hoikkala ＆ Lumme1987），and the autosomes  

are responsiblein other species（e・g・，Ewing1969；   

Cowling ＆ Burnet1981；・Kawanishi＆ Watanabe1981）・The  

underlying genetic control of species differences in the 

D．auraria complex willbe revealedin Part V．  
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Art土fエc土alSon曹Exper土ments  

エn七roduction  

Previous sections（Parts r － ＝＝＝）reported three main   

results：first，a female discrimination plays animportant   

role in sexual isolation between sympatric species of the 

D・auraria complex（Part ＝），SeCOnd，the courtship songi＄  

a species discriminator（PartlI）′ and third′ a SPeCies－  

SPeCific parameter of courtship songis theinter－Pulse  

interval（Part ＝＝＝）． ＝n Part ＝Ia simple but a quite  

powerful approach to detect the role of courtship song was 

developed：Crossability Tests between Females x Wingless   

Males・ These clarified that female rejectionis the most  

important mechanisms of sexualisolation． Theselines of   

evidence suggest that the species－SPeCificinter－Pulse  

intervalis a species discriminator；When a female   

receives the heterospecific type ofinter－Pulseinterval／  

l She re］eCtS COurting males．  

An artificial song experiment must be one of the most 

direct methods to prove whether a heterospecific type of  

inter－Pulseintervalelicits femaie rejection．When   

● females are glVen heterospecific types of songs  

Synthesized artificially，they willre〕eCt COurting                                                                                                                         I  
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Wingless males；When females are glVen COnSPeCific types 1  

0f songs，they willeasily accept males・ ＝n the present   

Part，tWO kinds of experiments were performed．  

The first one is to test the same framework of   

CrOSSability tests of PartI工in a shorter crossing time：  

l、observation of Female x Wingless Malein30Min：r sinceit  

is difficult to performlong－time observation under an   

artificialsong，a female re］eCtion that can be observed l   

in a shorter period is a prerequisite for artificial song 

experirnents・  

The second oneis artificialsong experiments．   

Artificia11y synthesized songs were glVen tO a female with l  

a wingless antennaless male． Four different types of   

SOng，COnSPeCific typeinter－Pulseinterval，10ngerinter－   

Pulseinterval，Shorterinter－Pulseintervaland random   

noise，Were Synthesized． A random noise song and silence   

（no song）were used as controIs．Artificialsong  

experiments ca．n prove whether theinter－Pulseintervalis   

a species discriminator．  
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M台七hod8  

βroβ呼ムエユa Stocks  

D．biauraria B16（Tokyo）was used as the tester female   

Strain，because this strain wasinseminated by   

heterospecific wingless males but rarely by heterospecific  

Wingeg ones（PartII），and theinterppulseintervalof D．  

biaurariais theintermediate value（12 －13 ms）within   

the complex（PartI＝I）． ＝n crossability testsin 30 min   

（Females x Wingless Malesin 30 Min），D．triauraria T544   

（T＄ukuba）was used as a heterospecific male strain．   

Wingless males of this straininseminated wellwith D．   

biauraria B16 females within 2 h（PartI＝）． The strains   

Were maintainedin glass vials（3 cm diameter xlO．5 cm   

high）containing standard Drosqphila sucrose －yeaSt－  

COrnmealmedium at 24・5 ＋ 0・5 0c under alight dark cycle   

Of14（7：00 － 21：00）：10 h． A11flies were sexed without   

anaesthesia，Within12 h of their emergence． Flies were  

keptin groups of tenin a vialfor four or five daYS・  

Flies were transferred once to new vials before   

Observation or artificialsong experiments．  
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Sur甘ery Of Flle8  

Wings of male flies were removed with microscissors   

under carbon dioxide anaesthesia within 3 min． About half   

Of anaesthesised flies had their wings removedJand the   

rest were used as 2－Wing male controIs． Thus there might   

be no anaesthesia bias on the experiments． ＝n artificial   

SOng eXPeriments antennae of flies were also removed with   

forceps．  

Observation of Female x Wingless Malein 30 Min  

A pair of flies were introduced into a glass mating 

Chamber（15mmin diameter x 3mm high）′ With an aspirator．   

After theintroduction of fliesinto a mating chamber，   

COurtShip behaviour was observed over a 30 min period．  

Courtship elements（Orientation and attempted copulation）  

and copulationlatency（time to copulate after   

introduction■）were recorded． Observations were made   

Within the first half of thelight periods（9：00 －13：00）．   

Four types of cro＄SeS Were made；CrOSSeS With winged D．  

biauraria males，With wingless D．biauraria males，With  

Wingless D・triauraria males and with winged D．triauraria  

males． The framework of these crosses wereidenticalto  

thatin part＝＝・The same number of pairs were always  
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Observed simultaneously for each four cross types within   

the same day．  

Arヒ土f土cま・alSong Expe正ments  

l Equipment to produce artificialsong  

Mating chambers（15 mminside diameter x 6．5 mm   

height）for the artificialsong experiments were made with   

acoustically transparent nylon mesh floors and roofs（Fig．   

7a）． Recorded artificialsongs were played back by a Sony   

CaSSette taPe reCOrder WM－R707 and transmitted to a   

loudspeaker（90 mm diameter）via a power amplifier． Six   

mating chambers were settledin a circle（Fig．7b）on a   

stainless steeL mesh placed 25 mm above the loudspeakes 

（Fig．7b）． Artificialsongs were played back at a sound  

pressurelevelof120dB above2 Ⅹ10－5pa．  

旦y乃亡ムeβJzed8r亡Jfヱcヱ∂ユ soJつ卵  

A burst of artificial song was synthesized as a train 

Of single sine waves（Fig．8a）．The frequency of the sine  

WaVe WaSllO・2 Hz and burstlength was 400 ms；both   

ParameterSlay within the range of the D．auraria complex  
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（Part ＝＝工）・Artificialsongs consisted of regularly   

repeated bursts with 50 msinterval（Fig．8c）． Three   

types of pulse song were sYnthesized（Table X）． The  

inter－Pulseintervals of each pulse song were13msT16ms   

andllms，Which correspond to mean values of D．biauraria，   

D・triauraria and D．subauraria，reSPeCtively． Random  

noise song was synthesized as a burst of data points   

randomly distributed along the tirne axis（Fig．8a）． A   

SOng Synthesized on a MS－DOS machine was transmitted to a   

Sony cassette tape recorder WM－R707 via a Canops digital   

to analogue converter Sound Master，and was recorded on a   

HitachiMaxellUS ＝Itape．Osci110graPhic patterns of   

Played back artificialsongs are shownin Figs．8b and 8c．   

There were some additional pulses with the main pulses 

（Fig．8b），inter－Pulseinterval＄ Of played back artificial   

SOng Were nOt altered（Table X）．  

0わβeヱ・Ⅴ∂とJo刀 U月deヱ・∂r亡Jfユcユ∂ユ 古OJつダ  

A pair of fユies wereintroducedinto the mating  

Chamber for artificiaユ song experiments，With an  

aspirator・ rmmediately after theintroduction of fユies  

into a mating chamber，artificialsongs were gェven to the l   

pairs and courtship behaviour was ohserved for during 30 

min・Courtship elements（orientation，attemPted  
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COPulation，fluttering and kicking）and copulationlatency   

Were reCOrded． Fluttering and kicking were treated as   

rejection behaviour． Observations were made during the   

light periods（9：00 －16：30）． Since the equipment to   

PrOduce artificialsong can produce only one kind of song   

at the same time，nOt Only song conditions but also the  

tirne Of experiment may affect the results・To avoid thisr   

five types of song experiments were madein the same day   

and orderings of song types were randomized by three   

different 5 Ⅹ 5 Latin squares．  

Re8ults  

Observation of Female x Wingless Malein 30 Min  

Numbers of pairs showing orientation．attempted  

COPulation and copulation are shownin Table X＝・ Chip   

Square analyses of 2 Ⅹ 4 contingency table were performed   

to revealheterogeneity between four male types・ The  

numbers of pairs with orientation and without orientation   

across four male types were sLgnificantiy heterogeneous l   

（X2＝9．81，df＝3，P＜0．025）．The numbers of pairs with  

attempted copulation and without attempted copulation（but   

Showing orientation）across male types were also  

significantly heterogeneous（X2 ＝10．21，df＝3，P＜  
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0．025）． The male discrimination may cause these   

l Slgnificant heterogeneitiesin orientation andin   

attempted copulation． To diminish male discrimination   

and to extract female responses for male wings，data of   

Pairs without attempted copulation were omitted．  

Mating frequencies of different cross types were   

Summarizedin Fig．9a． No heterospecific（D．triauraria）   

Winged males copulated with a D．biauraria female′ Whereas   

more than 60％ of D．triauraria wingless males showing   

attempted copulation had successfulmatings． Numbers of   

Pairs with copulation and without copulation（but showing  

atternpted copulation）were significantly heterogeneous（X2  

＝ 71．81，df ＝ 3，P ＜ 0．001）． Pairwise comparison（Table   

X＝I）revealed the significant excessin mating frequency   

for conspecific winged，COnSPeCific wingless and   

heterospecific wingless males compared to heterospecific   

Winged males． This means that sexualisolation between D．   

biauraria females and D．triauraria males were established   

bYintersexualcommunication mediated by wing vibration．   

＝t also indicates that observation time of 30 min i＄   

Sufficient to detect female reコeCtion．                                                                                                                 ●  
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Arti・fieialSon冒Experlmen七S  

＝n artificialsong experiments（itis expected that  

the female behaviour willchange under different songs．  

Different song conditions may affect not only female  

behaviour but also male behaviour． When a male courts a   

female，he alters his behaviour according to the female   

behaviour． For examplein normalcourtship，a male   

f01lows a female moving around the mating chamber．When   

She stops her movements for along time，heinterrupts and   

abandons his courtship． The numbers of pairs showing   

SeVeralcourtship elements are shownin Table X＝I＝．Chi－   

Square analy・Sis of 2 Ⅹ 5 contingency tableindicated that   

the number of pairs showing orientation and those without   

Orientation was slgnificantly heterogeneous across the l   

song types（X2＝15．18，df＝4，P＜0．005）．The numbers  

Of pairs with attempted copulation and that without   

attempted copulation（but with orientation）was also  

significantly heterogeneous across five80ng tyPeS（X2＝  

18．72，df ＝ 4，P＜ 0．001）． Pairwise comparison revealed   

that the number of pairs with attempted copulationin   

Silence was slgnificantly rnore than the other song tYPeS l   

（Table X＝V）・ Significant heterogeneities observedin   

Orientation andin attempted copulation suggest that the   

male behaviour was altered under different types of   

artificialsong．  
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Mating frequencies under various song conditions are   

Summarizedin Fig．9b． The chiMSquare analysis comparing   

the number of mated females and unmated ones（though some   

attempted copulations were observed）across the five  

experimentalconditions was significant（X2＝20・61，df＝  

4，P ＜ 0．001）． Pairwise comparison between any of two   

COnditions（Table XV＝）revealed that mating frequency   

under13 ms．song conditionsis slgnificantly higher than l  

that under a11the other conditions except under random   

SOng・ Mating frequencies under random song did not   

l Slgnificantly differ from those under the other four types   

Of song． This factindicates that mating frequency under   

random song was no greater than that under13 ms and also   

nolower than under16 ms orllms song．  

Longer confinement with heterospecific winged males   

brought some heterospecific matings（1．8％ with D．   

triauraria T544 males，Table 工Z＝in Part ＝＝），Whereas this   

WaS nOt Observed over a short time（Fig．9a）． This   

l evidence suggests that although a female reコeCtS a   

heterospecific winged male at first，She accepts him after   

experiencing many courtships． Thus female responses   

during the first attempted copulation willprovide more   

PreCiseinformation for the effects of each song． Female   

responses during attempted copulation were categorized   

into three classes：COPulation，re〕eCtion and failure l   

Without rejection． The class of copulation mayinclude  
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behaviour such that a female first responds with   

fluttering（One Of rejection behaviour）but atlast she   

accepts a courting male． Pairs of failure without   

lll．ヽヽ■■1tヽl reコeCtion were those where females showed no reコeCtion   

behaviour（fluttering or kicking），but pairs did not   

COpulate．   

1   As mentioned above，Slgnificant heterogeneity was   

Observedin the number of pairs between attempted   

COPulation and not attempted copulation across song type8．   

The relative frequency of three types of fernale responses   

Per number of atternPted copulations during first attempted   

COPulation was shownin Fig．10． Differentialresponses   

Were found in the first 5 min and continued to the end of   

30 min observation． The number of female responses during   

the first attempted copulation were shownin Table X＝II．   

Pairwise comparisons between copulation and non－COPulation   

and those between reコeCtion and non－reコeCtion were l－1ヽl  

Performed（Tables XV＝ and XVI＝）． A13 ms songinterval   

l WaS Slgnificant compared to the other types of song   

COndition，eXCePt COmPared to random songin copulation．   

1 The other of song type pairs were not slgnificant．  
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D土scu88土on  

Heterospecific wingless males never copuiated but   

heterospecific wingless male were able to copulate within   

30min．If females reject males under heterospecific  

COnditions，mating frequency under heterospecific song   

Willdecrease compared to under conspecific song，random   

noise or silencein 30 min． 0bservation of courtship will   

PrOVidernOreinformation than testinginseminationin part   

II．Behaviouralresponses for artificialsong revealed  

how females reject courting heterospecific males. This is 

the female responses that actually play animportant role   

土n sexual土solatlon．  

Theinter－Pulseintervalwas shown to be a species   

discriminator． Artificialsong experiments demonstrate   

that（1）a conspecific typeinter－Pulseintervalincreases   

mating frequency，and（2）a heterospecific typeinter－   

pulse interval decreases mating frequency and elicits 

female rejection． A female received artificia11y   

Synthesized courtship songs and accepted a courting male   

depending on theinter－Pulseinterval．  

Since a heterospecific type ofinter－Pulseinterval   

l elicits female re］eCtion，theinter－Pulseinterval   

functions as a species discriminator；and since successful   

COPulations are more common under a conspecific type of   

inter－Pulseintervalthan under a random song or no song，  
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the conspecific type ofinter－Pulseintervalfunctions to  

increase female receptivity・Under random noise and  

Silence′ frequencies of female responses（COPulation and   

rejection）wereintermediate between frequencies under   

COnSPeCific and heterospecific types（Figs．7b and 8）・   

Assuming that female responses observed under random song  

and under silence represent initial responses without any 

Stimuli．，a COnSPeCific type ofinter－Pulseinterval  

inhibits re〕eCtion，and a heterospecific type ofinter－ 1   

puユseintervaユaccelerates rejection．The courtship song  

has two functions as a se：（ualstimulus and as a species   

discriminator and these functions are shared by different  

wave patternsin some specie＄（ⅤOn SchiLcher1976b；Ikeda  

et al．1981；Ewing ＆Miyan1986）・Artificialsong  

experiments demonstrate that the pulse song of the D・  

auraria complex plays a role as a sexualstimuユus and also  

as a species discriminator，and the criticalparameteris  

theinter－Pulseinterval・  

When a male attempts to cOPulate′ a female spreads her  

wingsin some Drosophila species（Spieth1952）・This  

behaviour wa＄thought to be a receptive posture whichis a  

stimulitoinform a male that sheis now receptive（Spieth  

1952）． Receptive postures of females wereinduced bY  

male wing vibrationin D・merCatOrumin a double cell  

experiment（Ikeda et al・1981）・When a male vibratesin  

theisolatedinner cellwith twc｝ females，SOme femalesin  

－ 65 －   



且凱H：∫Ⅴ  

the outer cellstop movement and spread their wingsin   

′receptive posturesr．Ikeda et al．（1981）showed that   

COnSPeCific song elicits a female receptive posture   

without a male． Artificialsongs could not elicit such a   

female receptive posturein D．biauraria・  

Artificial song experiments were carried out in D. 

melanogaster and D．simulans．BenneトClark ＆ Ewing（1969）  

revealed that theinter－Pulseintervalis the critical  

parameter．Kyriacou ＆ Hall（1982）claimed that theinter－  

pulseintervalitselfis notimportant but the rhythmic  

fluctuation ofinter－Pulseintervalsis critical・ Those  

two reports wereinconsistentin theindicated female  

reception factor. Although synthesized courtship song in 

this study had alteredinter－Pulseinterval，they had a   

COnStant Value ofinter－Pulseintervalfor each song・  

Inter－Pulseintervals wereless variablein the D・auraria  

complex（PartII＝），SuggeSting that there are no rhythmic  

fluctuations．  

Although heterospecific winged male did not copulate   

within 30 min，many heterospecific wingless males could  

COPulate（Fig．7a）． Since songs fromintact wings  

inhibitedinter－SPeCific copulation completely within 30   

min，it was expected that heterospecific types of   

artificialsong alsoinhibit copulation・Howeverlin more   

than 20％ of pairs，COPulations were observed under   

heterospecific types of artificialsong（Fig．7b）・ The  
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inhibition of heterospecific types of artificialsong were   

less than that of realsong produced by heterospecific   

Winged males． There are severalreasons why the   

artificialsong could notinhibit mating completely．   

Sound or electric noises willrnake females receptive．   

Rejection wasless observed under random noise than   

Silence（Table X＝＝I）． Some cornmon noise superimposed on a   

Synthesized song may affect female receptivity． Secondly′   

the artificial song may fail to reach the female at the 

appropriate time． Although artificialsongs were   

COnStantly repeatedin bursts of pulse song，SOngS   

PrOduced by males were not constantly produced：SOngS Were   

PrOduced repeatedly during attempted copulation but seldom   

during the other courtships． Hence，different timings   

al10W Wingless males to copulate even under the   

heterospecific type ofinter－Pulseinterval．  

Thirdly．the soundlevelmay have beeninsufficient；   

too large or too small to completely inhibit copulation. 

When various sound levels of artificial song are examined 

in D．parabipectinata，male movements and courtship   

interactions between males were observed under the sound   

levelbetween 66 and120 dB（Crossley ＆ Bennet－Clark   

1993）． Successfulcopulations of wingless males were   

Observed under sound levels of 84 and lOO dB in D．   

melanogaster，D・Simulans and D．parabipectinata（Bennet－   

Clark ＆ Ewing1969；Kyriacou ＆ Hall1982JCrossleY ＆  
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Bennet－Clark1993）． Estimated sound pressure of real   

COurtShip song received by femaleisl19 dBin D．   

melanogaster（Bennet－Clark ＆ Ewing1969）．Although   

artificialsong experiments with altered soundlevelare   

needed to examine the effectivelevelin D．biauraria，   

SOundlevelof artificialsong was almost sufficient to   

test the effectiveness ofinter－Pulseinterval．  

Synthesized artificialsongs were fixed for burst   

length andinter－burstinterval（50 ms）． Thus the number   

Of pulses glVen tO females differed from each other；11ms I  

SOngSincluded 40％ more pulses than16ms songs did   

（Table X）． A female may reject a courting rnale because   

the number of pulse＄ reCeived by her were t00 Small． This   

hypothesis cannot explain the fact that theincreased   

fernale receptivityis greatest with theintermediate   

inter－Pulseinterval（13 rns）′ Whereaslonger（16ms）or   

Shorter（11ms）inter－Pulseintervals elicit female   

rejection． The number of pulses per burstis also  

detectable・Ho幣Ver，Sinceitis not a speciesuspecific  

Parameter（Part ＝＝＝），it cannot act as a species   

discriminator．  

Copulation frequencies of wingless D．biauraria male  

〝ll in Female x Wingless Malein 30 Min did not differ from  

that under silent conditions（Xc・2＝0・778・df＝1，P＞  

飢25）． Although male flies hadintact antennaein  

】l  
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notin artificialsong experiments．Male′s antennae did   

not affect female acceptance and rejection・Although size  

Of the mating chamberinqObservation of Female x Wingless  

Malein30Min蝉differed from thatin artificialsong  

experiment，Chamber size may not affect behaviours of both   

SeXeS．  

Since conspecific types of artificialsong alter male   

behaviourin D．melanogaster（von Schilcher1976a）and D．   

Parabipectinata（Crossley ＆ Bennet－Clark1993），this may   

also be observedin D．biauraria． Sound pressure of   

COurtShip song sways the arista，Which transrnits   

information of air vibration toJohnston，s organ   

mechanistica11y（Manning1967）． TheJohnston，s organis   

the mechano－reCePtOr that responds to vibration（Manning   

1967）．Males usedin artificialexperiments had their   

antennae removed from the base；the second segments   

includingJohnston，s organinside and the aristae were   

COmPletely removed from males． ＝tis unlikely that a male   

heard the artificialsong and that he altered his   

behaviour by receipt of the song．In addition，data of   

Pairs showing attempted copulation were analysed and those   

not showing attempted copulation were neglected・Analysed   

data were already corrected by omission of pairs not  

Showing attempted copulation・Thus results of artificial  

song experiments show female responses for differential   

SOng COnditions．  
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The number、Of pairs showing attempted copulation was   

I Slgnificantly morein no song conditions thanin the other   

four artificialsong conditions（Table XIV）．Itis   

Plausible that female behaviour under artificialsong   

COnditionsincludes slgnals to enhance or toinhibit l  

males，attempting copulation． Light dependency of matings   

SuggeStS that the visualslgnals are one of theirnportant l   

Stimulifor mating success（Grossfield1971；Oguma et al．   

1987）． Female movernentis one of theimportant stimulito   

elicit male courtshipin the D．auraria complex（Oguma et   

al．in preparation）． Femaie behaviour maY Change under   

the artificialsong． Female behaviourinfluences male   

behaviourin severalways（Ewing1983）． Allfemales moved   

around during the 30 min observation periods． Although   

the quantitative data of female behaviour was not   

recorded，the number（and possibly also quality）of female   

movements changed under the artificialsong． A female   

Withless movement may beless courted bY a male．   

Artificialsongs may reduce female rnovements．  
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GQnetle Baぬs of Specle8－Spec土f土c エnter－Pu18e ェnt紀Val  

エntroduction  

Genetic analysis of species－SPeCific characters can   

revealthe evolutionary slgnificance of species l   

differences．If a species－SPeCific characteristic   

involved reproductiveisolation，the process of speciation   

Should be traceable by means of genetic analysi＄．The   

inter－Pulseintervalof the courtship songis the onlY   

Parameter Of the courtship elements thatis consistently   

SPeCies－SPeCific between the sympatric species of the   

Drosqphila auraria compユex（PartI＝I）． The species－   

SPeCificinter－Pulseintervalwas shown to be a species－   

discriminatorin D．biauraria females（Part ＝V）′   

SuggeStinq thatit plays animportant rolein sexual   

isolationin D．auraria complex．  

Hybrid左nd chromosomal（backcross）analyses were used   

to clarify the genetic basis of species－SPeCific   

COurtShip・ Zouros（1981）observed that the species－   

SPeCific courtship behaviour of different sexesin D．   

arizonensis and D．moブaVenSis were controlled by different ∫   

Chromosomes；male behaviour was affected by the Y  
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Chromosome and one autosome whereas female behaviour was   

affected by two other chromosomes・In D・melanogaster and  

D．simulans，the X chromosome（VOn Schilcher ＆Manning  

1975）or the autosomes（Kawanishi＆Watanabe1981；Cowling  

＆ Burnet1981；Kyriacou ＆ Hal11986）play a significant   

r01ein the determination of courtship song，and the X   

Chromosomeinfluences the mating success of females   

（Kawanishi＆ Watanabe1981）． ＝nter－SPeCific genetic  

controlof courtship song was also studiedin species of  

the D．virilis group（Hoikkala．＆ Lumme1984，1987，1990；   

Ho土kkala1985）．  

Inter－SPeCific hybrids are viable for both sexes，and  

allcourtship elements －thatisr orientation，followingl  

tapplngr Vibration，atternPted copulation and copulation－ 1   

are also observed in male hybrids. Although male hybrids 

are sterile′ females can be backcrossed with the male  

parental strain. The chromosomes of the D. auraria 

COmPlex consist of an acrocentric X chromosome，tWO  

metacentric autosomes，a dot－1ike fourth chromosome．and   

the Y chromosome． Atleast one marker mutationis found   

On eaCh maコOr Chromosomein D．auraria． 1  

＝n the present part，inter－SPeCific hybrids between  

species of the complex were generated and their courtship  

SOngS Were analYSed． The analYSis of the backcross  

progeny a1lowed us to map the chromosomes on which the  

gene（S）controlling the differencesininter－Pulse  
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intervalwere located．  

Metbods  

Fly Stoek8 and Croき8e5  

The Drosophila strains used as parentsin the hybrid   

analysis and their collection sites were as follows：D・   

auraria（A541，Tsukuba；A662，Obihiro）′ D．biauraria（B16   

and B18，Tokyo），D．triauraria（T544，Tsukuba）′ D．   

Subauraria（ONM－29，Onuma），D．quadraria（Q，ChiTou，   

Taiwan，Texas stock No．3075．1）． The strains were   

maintainedin glass vials（3 cm diameter xlO．5 cm high）   

COntaining standard DrosQPhila sucrose － yeaSt － COrnmeal   

medium at 24．5 ＋ 0．5 0c under alight dark cycle of   

14（7：00 － 21：00）：10 h． Ten to twenty virgin flies which   

Were either severalhours old or severaldays old were   

mated freely． Flies were transferred to new vials after   

five or ten days． A11hybrid flies were sexed without   

anaesthesia withinlO h after their emergence，With an   

aspirator・Three to seven day－Old flies were used for   

recordings．  

The marker stock sn；Cn；ba2 0f D．auraria was usedin   

the chromosomalanalysis． The recessive mutant markers   

usedin the present study were as fo110WS：Sn（Singed，  
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twisted′ Short bristles）for the X chromosome；Cn   

（cinnabar，eye CO10ur）for the A chromosome；and ba   

（balloon2，blistered wings）for the B chromosome．   

1 RecIPrOCalhybrids between wild type strain A541and   

mutant sn；Cn；ba2 were used to exarnine the effects of   

markers． To examine the effects of the wing mutation，  

flies carrying only ba20r Cu（curled，Wing curved  

upward）′located on the B chromosome，Were also analysed．   

The hybrid females from a cross between female D．   

biauraria B16 and male D．auraria sn；Cn；ba2 were   

backcrossed to male D，auraria sn；Cn；ba2（Fig．11）．   

Since reciprocalhybrids（female D．auraria sn；Cn；ba2Ⅹ   

male D．biauraria B16）in the parentalcross were not   

easilY Obtained，Only a few backcross progeny were   

Obtained． The progeny contained eight different   

COmbinations of the maコOr Chromosomes，and thus the l   

COurtShip song of the males offeredinformation on the   

COntributions of the X chromosome and different autosomes   

Since the cytoplasm shows the maternalinheritance，a   

l recIPrOCalparentalcross enables comparison of the   

CytOPlasmic differences between D．auraria and D．   

biauraria・ No crossing－0Ver between the chromosomes of   

the two speciesin hybrid females has been detected（Har   

＆ Kurokawa1984）． Flies from this cross were sexed and   

SeParatedinto each genotYPe under carbon dioxide   

anaesthesia． Flies showing phenotypically weak ba2  
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mutation were usedin mutant strains and backcross   

PrOgeny・ Three to ten day－Old males were recorded．  

Son曾Record土nq and Analyslき  

The detailed methods of recording and analysing the   

COurtShip song can be foundin partIII．Males of each   

SPeCiesin the D．auraria complex produceless courtship   

SOng before copulation but much during copulation． Since   

theinter－Pulseintervals produced during attempted   

COPulation and during copulation wereidentical（Part   

＝＝＝）′ the songs produced during copulation were analysed．   

Females of the same genotype were used as partners for   

each hybrid． ＝n the chromosomalanalysis D．auraria   

females were used．The single pair of copulating flies   

WaS rearedin a glass mating chamber（15mm diameter，5 mm  

in depth）and placed on a Sony ECM－55B Condenser   

Microphone． Courtship song was transmitted from the   

microphone to a Nihon Kohden BiophYSicalAmplifier AVB－11   

and was recorded on a SonY L－830 EG－HG tape using a SonY   

SL－HF 3000 VTR and a Sony PCM－501ES PCM Processor or on a   

TEAC CT－90 tape using a TEAC R－60 Cassette Data Recorder．   

Allflies were recorded during thelight period（L）in a   

room constantly regulated at 24．5十 0・50c・Each recorded   

SOng WaS digitized at 44100 Hz，16 bit，uSing an ana10gue  
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to digitalconverter（Canopus Sound Master）and was stored  

on anItecIT RL－100 hard disk． ＝nter－Pulseinterval，   

which was defined as the time intervalfrom one peak of   

the pulse to the next，WaS meaSured on a MS－DOS machine   

With our song analysis program（PartI＝I）・  

Intra－Pulse frequencies of rnarker mutants were   

Calculated using fast Fourier transformation（FFT）after   

Pulse detection（PartII＝）． ＝ntra－Pulse frequency was   

defined as the frequency glVing the maximum FFT power l   

SPeCtrum．Althoughintra－Pulse frequencyis not a  

SPeCies－SPeCific parameterin the D．auraria complex（Part   

III），Wing mutation may affect sound frequency of the   

SOng．  

Stat土8tical procedures  

Three bursts of song for each fly andlOinter－Pulse  

intervals andllintra－Pulse frequencies from each burs   

Were analysed． The meaninter－Pulseintervaland mean  

intra－Pulse frequency of each flY Were uSedin the  

Statisticaltests．The one－SamPle t test was applied for  

testing the departure of the song of theinter－SPeCific  

hybrids from the midparents． The effect of X／Y chromosome   

and／or cytoplasm was also tested as the difference between   

reciprocalhybrids by a two－tailed t test．The parent  
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strain data were from Part ＝II． The three way analysis of   

variance（ANOVA）was used to test the effect of each   

chromosome and of theirinteractions（Snedecor ＆ Cochran   

1989）．Reciprocalparentalcrosses were constructed as  

the blocksin the ANOVA，Which estimates the cytoplasmic   

effects．  

Re8ult5  

Hybridさ  

Before testing hybrid songsr the power of the hybrid  

analysis to detect the differences in genetic hasis should 

be examined．The one－SamPle t test was applied for  

analysis of the difference betweeninter－Pulseintervalof  

each parent strain and the midparent・Theinter－Pulse  

intervalof allparent strains but two were slgnificantly l  

different from the midparentinter－Pulseinterval（P＜  

0．005）．Non－Significant differences were foundin D・  

triauraria and the midparent（D．triauraria and D・  

quadraria・t6＝1・043・P＞0・2），andin D・quadraria and  

the midparent（D・triauraria and D・quadraria，t4＝0・957・  

P＞ 0．2）． Theinter－Pulseintervalof D．triauraria and  

Of D・quadraria did not significantly differ（tlO＝1・394′  

P＞ 0．05）． The differences between hybrid and midparent  

－ 77 －   



P∂ごと Ⅴ  

Or between hybrid and parent can be detected by t tests．  

Inter－SPeCific hybrids were obtained from20 crosses．   

Allhybrids except two showed anintermediateinterppulse   

intervalbetween the parentalvalues（Table XV＝II）．   

However，inter－Pulseintervalwas slgnificantly shorter l  

than the midparentin thirteen out of 20 crosses．In the   

Other four crosses the shorter interval was not   

Statistically slgnificant compared to the midparent value l  

（Table XV工I＝）． Onlyin the two crosses，D・auraria A662   

female x D．biauraria B18 male and D．quadraria female x   

I D．triauraria male．did hybrid songs have slgnificantly   

longerinter－Pulseintervalthan the midparent value   

（Table XV＝＝＝）． The difference betweeninter－Pulse   

intervalofinter－SPeCific hybrids and parent strains was   

tested by t test． Songs did not significantly differ   

between hybrids from D．quadraria female x D．triauraria   

male and parent D．triauraria，and between hybrids from D．   

Subauraria female x D．biauraria male and parent D．  

βじわ∂u・r∂貢∂′（亡11＝1・409′ タ＞0・1and亡13＝1・490′ タ＞0・1′  

respectively）． Significant differences were foundin the   

Other hybrid－Parent Pairs．  

The effects of the X／Y chromosornaland／or cytoplasmic   

I factor5 Were meaSured by comparing recIPrOCalcrosses・   

Five out of eight pairings showed slgnificantly different l   

inter－Pulseintervalbetween the reciprocalcrosses．（Table   

XV＝＝I）． Four of these showed a deviation towards the  
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Paternalspecies and one deviated towards the maternal  

species. The other three pairs did not reveal significant 

differences between the recIPrOCalcrosses．                                                                                           l  

ChromoさOmalAnaly8is  

The wing mutant markers may influence the courtship 

SOng・ ＝nter－Pulseintervalof the mutant male and   

l recIPrOCalhybrids between sn；Cn；ba2 and wild type A541   

Were meaSured（Table XIX）． Since allmeaninter－Pulse  

intervalslay within the range of D．auraria（18．9r21．4   

ms，Table V＝I，Part ＝II），the chromosomes carrying marker   

mutations showed noinfluence oninter－Pulseinterval．   

The reasonintra－Pulse frequency was also calculated to   

COmPare Wild tYPe and the wing・mutantS′ ba2and cu，WaS   

that different wing morphologY may affect the sound   

frequency． Althoughintra－Pulse frequencies of ba2did   

notlie within the range of the D．aur3ria complex（98．9 －   

184．1Hz′ Table ＝Ⅹ，Part ＝＝I），the other two strains were   

Within the range．  

Eight genotypes of flies，COntaining atleast half of   

the D．auraria sn；Cn；ba2 chromosomes，and with some   

Chromosomes substituted with D．biauraria ones，Showed   

that theinter－Pulseintervalshortened withincreased   

number of D．biauraria chromosomes（Fig．12）． The  
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analysis of variance was performed without transformation   

because of homogeneity of variance between the eight   

genotypes（Bartlett test，P ＞ 0．4）． The two autosomes had   

l Slgnificant effects oninter－Pulseintervaldetermination，   

but the X chromosome had a non－Significant effect（Table   

XX）． The cytoplasmic factor and theinteraction were not   

detected． The factorialeffect mean of cytoplasm′ eaCh   

Chromosome．and eachinteraction was calculated（Table   

XX）．  

D⊥8eu88ion  

＝nter－SPeCific hybrid songs between the D．auraria   

COmPlex showedintermediateinter－Pulseintervalbetween   

that of their parents（Table XVIII），SuggeSting that the   

autosomes plaY maコOr rOlesin the determination ofinter－ 1   

Pulseinterval． AutosomalcontroIofinter－Pulseinterval   

has been foundin severalspecies（Ewing1969；Ikeda et   

al・1980；Cowling1980；Cowling ＆ Burnet1981；Kawanishi＆   

Watanabe1981；KYriacou ＆ Hall1986；Hoikkala ＆ Lumme   

19年7）． Although theinter－Pulseintervalof the hybrid   

from the cross between D．subauraria females and D．   

biauraria males（inter－Pulseinterval ＝ 11．5ms）lay   

between theinter－Pulseintervalof their parents（D．   

βuわ∂ur∂rユ∂ ONM－29′11．1ms；D．ムi∂uヱ・a∫ユ∂ B16′12．9ms）．1t  
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did not differ sユgnificantly from theinter－Pulseinterval ▼  

Of mother エ）．5uわ∂ur∂rユ∂．  

The onlY eXCePtionsin the hYbrid analysis are the   

hybrids between D・triauraria and D・quadraria・Since the   

inter－Pulseintervalof the two parent species did not   

differ significantly（D．triauraria T544，16・1ms；D・   

quadraria Q，15．6ms）′it was expected that reciprocal   

hybrids would also show the same value・However，the  

inter－Pulseintervalof the recIPrOCalhybrids I   

Significantly differed from each other（14・9ms and16・5  

ms，Table XVr＝＝）． One of the hybrids，the cross between   

D．triauraria female and D．quadraria male，also showed  

Slgnificantly differentinter－Pulseintervalfrom their l  

parent stra土ns．  

SignificantlY Shorterinter～Pulseintervalcompared to  

the midparent vaiues was foundin thirteen out of20  

CrOSSeSin the D．auraria complex（Table XVIII）・The   

l direction of deviation observed was slgnificantly more for  

Shorヒthan forlong（S⊥gn test′ n ＝15′ P＜0・005）・  

Dominance for shorterinter－Pulseintervalwas also  

reportedin the virilis phylad（Hoikkala＆Lumrne1987）・  

l   The chromosornalanalYSis revealed that the two maコOr  

autosomes had slgnificant effects oninter－Pulseinterval l  

determination but the X chromosome did not（Table XX）．   

Since nointeraction was detected，the two autosomes act  

additively・This confirmed the autosomalcontroユresult  
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from the hybrid analysist which showed the hybrid song was  

theintermediateinter－Pulseintervalbetween that of   

ParentS（Table XVII＝）． Species differences between D．  

auraria and D・biauraria were controlled by the two maコOr l   

autosomes but not the X chromosome．Although cytoplasmic  

factors did not slgnificantly affectinter－Pulseinterval l   

in the chromosomalanalysis（Tabユe XX）′ reCiprocal  

hybrids，from the cross between D．auraria A662 Ⅹ D．   

biauraria B18，Showed significant X／Y and cytoplasmic  

effects（Table XV＝＝r）． These effects may arise from the   

differences in the strains used． Factors observedin   

every strain are probably moreimportant for speciation   

Studies than those not observedin some strains． since   

the cytoplasmic effect varied between the strains，it may   

not provideimportantinformation to trace speciation．  

The flies of genotype 8 0f backcross progeny（Sn／Y；  

Cn／＋；ba2／＋）producedlongerinter－Pulseintervalthan D．  

biauraria －D．auraria hybrids（Fig．12 and Table XVI＝Z）．  

＝n spite of theidenticalgenotype，different values were  

Obtained from the hybrid analysis and the chromosomal  

analysis・Cytoplasmic factors cannot explain the  

differences，because sn／Y；Cn／＋Jba2／＋ flies from the   

backcross with the D. biauraria cytoplasm showed longer 

inter－Pulseintervalthan hYbrid flies with the same  

genotype and the same cytoplasm・The design of the  

PreSent eXPeriment mlght have some biasin that only songs                                                                         l  
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generated during copulation were recorded．Since a male   

fly copulating with a female was chosen for recording, no 

SOngS PrOduced by males that failed to copulate could be  

recorded． There was some variation between the flies   

Within the same genotype（Table XVIII，Fig・12）・Female   

Preferences caninfluence the result of recordings・  

Althoughin recording hybrids（songlthe female flies used  

as partners had the same genotype as the corresponding  

male hybrid（Virgln D・auraria females were usedin the l   

ChromosomalanalYSis．In D．biauraria fernales，   

Preferences forits own species value ofinter－Pulse  

intervalwas revealedin PartIV．Although thereis no   

emplricaldata about the female preferences forinter－ 1   

Pulseintervalvariationin species hybridsritis  

possible that the preferences of D・auraria female and   

that of hybrid females are notidentical・＝f so′ D・   

auraria females chose the males whose songs were more   

similar to those of D．auraria，and then，these copulating   

Pairs were chosen for recording． The data may have some  

bias due to female preferences. The other possibility is 

that the fourth chromosome with no marker mutation has   

SOmeinfluence on female preference・  

Post－matingisolation generally obeys Haldaners rule，   

Which states that when one sex shows hybrid sterility or   

inviabilityitis heterogametic，SuggeSting that there are   

SOrne SPeCialgenes or some specific mechanisrns that  
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PrOduce hybrid sterility／inviability（Dobzhansky1940J   

Coyne ＆ Orr1989b）． For pre－matingisolation，however，   

generalrules have not yet emerged・ ＝n the D・Virilis   

group，the montana phylad species havelongerinter－Pulse   

intervalthan the virilis phylad species，and the   

differences depend on the X chromosome・The speciesin   

the montana phylad shared the ma〕Or Changesin the X I  

Chromosorne during the separation of the two phylads   

（Hoikkala ＆ Lumrne1987）．Itislikely that the genetic   

elements on the X chromosome are conserved during   

SPeCiationin the montana phylad． For species differences   

Ofinter－Pulseintervalbetween D．melanogaster and D．   

Simulans，there are contrasting reports of X chromosomal   

COntrOl（ⅤOn Schilcher ＆ Manning1975）and autosomal   

COntrOl（Cowling ＆ Burnet1981；Kawanishi＆ Watanabe1981；   

Kyriacou ＆ Hal11986）．If we accept autosomalcontrol   

（See discussionin Cowling ＆ Burnet1981；Kawanishi＆   

Watanabe1981；Kyriacou ＆ Ha111986），We muStinfer that   

the autosomes affect the species differences between the   

SPeCiesin the D．melanogaster species subgroup（Cowling ＆   

Burnet1981）． ＝tislikely that no genetic elements are   

On the X chromosome；they are probably conserved during   

SPeCiationin the D．melanogaster species subgroup．  

In the D．auraria complex′ hybrid and backcross   

analyses showed autosomalcontrolin species differences．   

Thisis the case observedin the D．melanogaster species  
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Subgroup・The common ancestors of the speciesin the D・  

a’uraria complex shared the characteristics of non－Ⅹ－   

Chromosomalcontrolininter－Pulseinterval．Inter－Pulse   

intervaldiverged to be species－SPeCific during  

SPeCiation（but there are no effective genes on the X  

chromosome． The chromosomeinfluencinginterqpulse  

intervalmay be constrained by the ancestor species・  

Since the chromosomes controlling species－SPeCificinter－  

pulseintervalare shared by c10Sely related species but  

not always by distant species in the D. virilis group 

（Hoikkala ＆ Lumme1987）′ the D．melanogaster species  

Subgroup（Cowling ＆ Burnet1981；Kawanishi＆Watanabe  

1981；Kyriacou ＆Ha111986）and the D．auraria complex′it  

is difficult to conclude that the genetic systems involved 

in song parameters are the samein various species・  

However，itis plausible that the genetic elements for  

species differences are shared by members of this group of  

Closely related species．  
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The present study revealed that female discrimination   

Plays animportant rolein sexualisolation between   

SPeCies of the Drosqphila auraria complex（PartI）．The   

interMPulseintervalof the courtship song was species－   

SPeCific between species of the complex（Part ＝II）．A   

l female re〕eCted a courting male，When she received a   

heterospecific type ofinter－Pulseinterval（PartsIIand   

IV）． The species－SPeCificinter－Pulseinterval（Part 工II）   

Were COntr011ed by autosomes（Part V）． The pre8ent Study   

ll revealed a slgnificant role of female reコeCtionin sexual   

isolation． The species discriminatoris the species－   

SPeCificinter－Pulseinterval．  

Here ＝ reported that females reコeCt males with l   

heterospecific courtship song more strongly than males  

Without song（Wing）．This willprovide a good viewpoint   

to clarify ev0lution of the species discrimination system  

土n上〕m皇叩ムjユ∂．  

Crit¢出a of Female Rejee七ion  

Choice experiments are affected by severalfactorS   

SuCh as variationin female preferences（Crossley ＆  

－ 86 －   



GeJほr∂ユ βユscuβ5ユoJつ  

McDonald1979），male－male competition（Partridge ＆   

Farquhar1983）and the replacement of the rnale by another  

male after the female hasindicated her willingness to   

mate（Eastwood ＆ Burnet1979）． The present studY   

attempted to revealthe role of each sex（Part ＝）and to  

clarify the role of male ornaments（PartsIIandIV）in  

the sexualis0lation．Anyinteraction between different   

SPeCies of the same sex willmake the r01e of sexless   

Clear． No choice experiments cannot detect whether   

females use relative mate choice criterion′ and are also   

less sensitive to detect theimportance of male traits   

than choice experiments（Hoikkala ＆ Aspi1993）・  

The heterospecific type ofinter－Pulseinterval   

elicited female re〕eCtionin the no choice situation， l   

SuggeSting that females use abs01ute criteria when they  

reject courting heterospecific males．Courtship and   

mating occur on／near the naturalfood place where many   

flies come together． A female encounters a chance to   

obtain information from several maLe species within a 

Short period． Females of D．melanogaster can remember the   

received stimulifrom courting rnales for some minutes   

（Kyriacou ＆ Hal11984）． Females are able to use both   

abs0lute and relative criteria for mate choicein nature．   

＝tis verylikely that female discrimination for courting■   

malesin absolute and relative criteriais rnore precise   

than thatin only an absolute criterion（Hoikkala ＆ Aspi  

ー 87 －   



GeJつeヱ・∂ユ β上βCUβgユ0月  

1993）． Although female rejection detectedin this studY   

is a minimum estimate′it was the mostimportant behaviour   

Observedin thelaboratory．Female discrimination and   

l●llrlヽ・11 reコeCtion willplay．a slgnificant rolein maintaining the   

SeXualisolation between sympatric species of the D．   

auraria complexin nature．  

Decision Making and ＝ntegration of Received Song8  

The sound frequency of courtship song that can be   

received bY female antennaeisless than 450 拙乙in D．   

funebris（Ewing1978）． The electrophysiologicalstudy   

revealed that an antennalnerve showed action potentials   

in phase to the signal（Ewing1978）．Although action   

POtentials are compound rather than a simple form，their   

intervals correspond to the simulated pulse song・   

Although the meaninter－Pulseintervalof D．funebrisis   

8．3 ms，antennalnerves respond tointer－Pulseintervals   

Of 6 ms，25 ms and 50 ms． This evidence suggests that the   

inter－Pulseintervals of courtship song are sent to the   

Centralnervous system evenif theintervals of the song   

are heterospecific．  

Theintra－Pulse frequencies of each species of the D．   

auraria complexlay between 98．9 and184．1Hz（Table ＝X．   

Part ＝II），Whichis the response range of the sound  
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receptor．If the fundamentalcharacteristics of the   

responses of antennae of femalesin the D．auraria complex  

do not differ from those of D・funebris（theinter－Pulse  

intervals of courtship song are received by female   

antennae and sent to the centralnervous system． Since   

the sound frequency of the courtship song did not differ   

from each other，itis verylikely that theinterqpulse   

interval of heterospecific type is also sent to the 

Centralnervous system．  

When the female received a heterospecific song，She   

rejected a male． But when she received a conspecific   

SOng，She accepted a male（PartsIIandIV）． A female   

hears the male，s song and judges whether she accepts him   

Or nOt・ ＝nformation ofinter－Pulseintervalwillbe sent   

to the centralnervous system and then the decision to   

accept or reject him willbe rnade． Thus   

rejection／acceptance of males should be determined at the   

integrationlevelof neuralcircuits notin the sound   

receptor．  

Female Responきe tO Courtsh土p Song・  

The insemination rate of D．triauraria females in the   

cross with winged D. auraria males is higher than that 

With wingless D．auraria males（TableIII，PartII），  
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SuggeSting that D■ auraria songincludes some appropriate  

l Slgnals for D．triauraria females． ＝n contrast D．  

triauraria females re〕eCt2－Wing D．subauraria males more l   

than wingless ones． Females of D．triauraria showed not   

Only the rejection of males with heterospecific（D．  

Subauraria）song，but also the acceptance of males with  

heterospecific（D．auraria）one． These results can be   

explained by the assumption that female responses for song  

differin each species（Ryan ＆ Rand1993）．The artificial   

SOng eXPeriments with songs of slightly differentinter－   

Pulseinterval（e・g・，1ms differences）wi11clarify how   

females of each species respond for differences ofinter－   

Pulse ⊥nterval．  

Asymmetric matings，differentialinsemination rates   

between recIPrOCalcrosses，Were Observedin the D． I  

auraria complex（Table ＝＝＝，PartII）． Theinsemination   

rates of the cross with wingless heterospecific males were   

in the range between 41．7％ and 53．3％in experiments of 2h   

Or 48h crossing time（Table ＝II′ Part ＝＝）． ＝n these   

CrOSSeS D．biauraria females were seldominseminated by D．   

Subauraria males（2 0r 7％）whereas D．subauraria females   

Were mOreinserninated by D．biauraria males（15 0r 20％）．   

This means that reコeCtion of D．subauraria males by D． 1  

biauraria femalesis stronger than that of D．biauraria   

males by D．subauraria females． The asymmetry between D．   

triauraria and D．aurariais explained similarly・ The  
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l re〕eCtion of D・auraria femalesis stronger than that of  

D・triauraria females：D・auraria A662 fernales re〕eCted l   

Winged D・triauraria T748males slgnificantly more than l   

Wingless males′ Whereas D．triauraria T544 females   

accepted winged D・auraria A662 males slgnificantly more I   

than wingless males（Table ＝I＝，PartI＝）．The asYrnmetric  

mating preferenceis explained by theloss of male trait  

in new species（Kanashiro1976）or by the gain of new male   

traitin new species（Watanabe ＆ Kawanishi1979）． Species   

differences ofinter－Pulseintervalof courtship song are   

quantitative but not qualitative． Theloss／gain of male   

trait should not be simply applied to explain the   

differencesin the D．auraria complex．Itis plausible   

that metric character of males and respon＄eS Of females   

have changed togetherin a continuous fashion．  

Evolut土on of Female Reject土on  

Female re〕eCtionis one of the mostimportant l   

components of the mechanisms of pre－matingisolationin  

the D．auraria complex and rnust have developed during  

speciation．Female rejection and acceptance predicted by  

Fisher（1930）and Sved（1981a，1981b）are clearly  

dernonstrated．Fisher thoughtitisimpossible to specify  

the sensory stimulithat determine differencesin female  
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response・ This study showed that theinter－Pulseintervaユ  

is the sensory stimulus used as a species discriminator・  

The process of development of’female re〕eCtion willbe t   

explainedin the context of ev0lutionary causes of   

reproductiveis01ation． Endler（1989）1isted six   

PrOCeSSeS that can favour the ev01ution of pre－mating  

isolation：a by－PrOduct of genetic divergence between   

POPulations，microhabitat or habitat choice and genetic   

Predisposition，reinforcement of pre～matingisolation by   

POSトmatingisolation，rePrOductive character   

displacement，SeXualselection，and sensory drive．The   

reconstructed speciation history based on habitat  

differences，mOrPhology and molecular phylogeny（Kimura  

1987）tells us that five species of the D．auraria complex  

have been formed by four successive splits of the lineage 

（Fig．13）． The ancestralspecies splitinto two：the   

ancestor of D．biauraria and D．subauraria and the   

ancestor of D・auraria，D．triauraria and D．quadraria．   

Then D・biauraria and D・Subauraria were split from their   

ancestor・ The otherlineage splitinto D．auraria and the   

ancestor of D・triauraria and D・qUadraria・Finally the  

lineage of D・triauraria and D・quadraria split  

allopa亡ご土cally．  

＝tislikely that twoincIPlent SPeCies met and made ll   

SOmeinteractions each other・＝f so／the speciation  

scenario of tke D. auraria complex will essentially follow 
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the，reinforcement model，（Dobzhansky1951；Fisher1930；   

Sved1981a，1981b；Coyne ＆ Orr1989a）．A female who   

l re］eCtS a heterospecific male must have been selected for．   

Theinteraction betweenincIPlent SPeCiesis probably the ll  

mostimportant selective force． Thisis the   

reinforcement，if there were some post－matingisolation．   

11 0r，if the twoincIPlent SPeCies have species status，it   

is reproductive character displacement．These   

interactions would lead female discriminatory criteria in 

the opposite direction to the other species；While   

Criteria for female discrimination and male character had   

altered unidirectionally． Sexualselection has been   

mediated by reinforcement or reproductive character   

displacement． The direction of divergence may be   

initiated by a by－PrOduct of genetic divergence，a genetic   

Predisposition through（micro－）habitat choice．or a   

SenSOry drive．  

Theinter－Pulseintervalof the courtship songis the   

SPeCies discriminator used by females．The direction of   

female preference willbe explainable as the evolution of   

female response for theinter－Pulseinterval．Since the   

l re〕eCtion of males producing heterospecific song was found   

in allfour sympatric species，itis verylikely that the   

ancestralstate was also reコeCtion of rnaユes producing l   

heterospecific song． Outgroup comparisons might clarify  

how this re］eCtion emergedin ancestors of the D・auraria                                     l  
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COmplex．  

In the first speciation theinter－Pulseinterval  

divergedr becoming shorterin the ancestor of D・blauraria   

and D．subauraria andlongerin the ancestor of D・   

triauraria，D．quadraria and D．auraria．In Crossability   

Tests between Females x Wingless Males，D．biauraria and   

D．subauraria females accepted conspecific wingless males   

whereas D．auraria and D．triauraria females seldorn   

accepted（PartII）．Thus two trends － rejection and   

acceptance － Were aCCeleratedin the twolineages after   

the first divergence．Females of ancestors with shorter－   

inter－Pul＄eintervaltended to re〕eCt While females of ●  

ancestors withlonger－inter－Pulseintervaltended to  

accept conspecifics．The present study cannot specify  

Which of six evolutionary forces acted at this splitting・   

Then the shorter－inter－Pulseinterval－anCeStOr SPlit to   

longer（D．biauraria）and shorter（D．subauraria）． Trends   

in female discrimination in D．biauraria have reversed   

from shorter toionger・ Thisled D・biauraria female to   

l● re〕eCt Shorterinter－Pulseintervalbut not to re］eCt   

longerinter－Pulseintervalmales． Evolutionary trends of   

longer－inter－Pulseinterval－anCeStOr SuggeSt the   

acceptance oflongerinter－Pulseintervaland might be   

COnSerVed after the splitting of D．triauraria and D．   

auraria． Then although D．triauraria have had the   

Preference forlongerinter－Pulseinterval，the most  
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Preferableinterqpulseintervalfor D．triauraria female   

is the intermediate oneJD．auraria females have conserved   

a preference forlonger－inter－Pulseinterval． Sexual   

Selection mediated by reinforcement／reproductive character   

displacement might be the evolutionary force． Since   

SeVerallength ofinter－Pulseintervalcan be synthesized，   

the artificialsong experiments can clarify whether sexual   

Selectionis now operating on the variation ofinter－Pulse   

土nterval．  

The femaie response has ev0lved to accept a   

COnSPeCific male but to reject a heterospecific male． The   

response of the present rnay be asymmetrica11y distributed．   

The evolutionary changes were made not in receptor but in 

neuralcircuits． These behaviour and decision making are   

genetically determined． Thus the differences of female   

response between species rnay be detected by methods of   

electrophysiology or by methods of deve10Pmentalbiology   

as differencesin neurogenesisin future．  

Genetic Basis of Sexual Zsolation  

There have been some genetic analyses of male   

Characteristics playlng a rOlein sexualisolation ＝  

reported． Although there are some debates onits   

existence（Crossley1988，1989；Ewing1988，1989；Kyriacou  
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＆ Hal11988JLogan＆Rosenberg1989；BennetqClark1990）′  

the rhYthmic fluctuation ofinter－Pulseintervalof  

COurtShip songin D・melanogaster and D．simulansis the  

Criticalparameter that affects rnating success（Kyriacou ＆   

Hal11982）・ Species－SPeCific ユength of fluctuationis   

determined by the period gene（Kyriacou ＆ Hal11980，1989；   

Kyriacou1990；Kyriacou et al．1990）of particular   

SequenCeS Within the gene（Wheeler et al・1991）・  

The species－SPeCific discrimination systemin females   

has been ev0lving together with a male character・Not  

only malesIcharacteristics but also female discrimination  

isimportant for the evolution of sexualisolation  

（Kyriacou et al．1992）．Genetic analysis revealed that  

the species－SPeCific discrimination for fluctuation of  

inter－Pulseinterval，thatis determined by period，i8nOt  

determined by the period gene（Greenacre1993）・Genetic  

evidence of preference forinter－Pulseinterval   

fluctuation is unknown．  

A D．arizonensis femaleis courted by a D・mOブaVenSis l   

maユe，but she rejects him．Genetic elementsinvolvedin  

female sexual isolation between the two species are on two 

autosomes（Zouros1981）・A D・Simulans male courts a D・  

mauritiana female，but heis rejected by her・Genes  

affecting re〕eCtionin D・mauritiana fernales are on both l   

arms of the second chromosome and on the third chromosome  

（Coyne1989，1992）・Although these studies clearly show  

－ 96 －   



Ge刀eヱ・∂ユ βユβCu55joJl  

that severalgenes controlfemale mate discrimination．no   

Characteristic courtship behaviour stands out．  

Quantitating behaviouris the first and preliminary   

SteP tO detect andisolate behaviouralmutants and further  

analysis（Benzer1973）．＝n addition，although the origin  

of species differences must be mutations in a certain 

SPeCies（these mutations are now playlng（normallalleles I   

of each species・This means that the mutation causing  

abnormalbehaviouris not always the a11ele of the gene  

causing species differences・Female rejection of males  

with heterospecific song will be a good criterion to 

analyse female discrimination・  
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Table VII．  

Inter－Pulseintervalof the D．auraria complex  

Species and strain Mean 土 SD（ms）  

♪．aurarヱa   

A541  

A662  

A12  

0
 
0
 
0
 
 

8
 
4
 
2
 
 

1
 
2
 
1
 
 

6
 
8
 
 
d
一
 
 

a
 
・
a
 
a
 
 

O
 
8
 
7
 
 

9
 
9
 
8
 
 

●
 
 
 
 
 
 
 
 
 
 
 
 
 
 
●
 
 

l
 
1
 
0
 
 

土
 
土
 
土
 
 

♪．わヱaurarエa   

B16  

B18  

B660  

0
 
0
 
0
 
 

0
 
7
 
8
 
 

3
 
2
 
1
 
 

C
 
C
 
C
 
 

1
 
6
 
2
 
 

9
 
 
7
 
 
7
 
 

●
 
 
 
 
 
 
 
●
 
 

0
 
0
 
0
 
 
 

土
 
土
 
土
 
 

0
 
 
9
 
 
6
 
 

1
 
 

β．亡rエaurarエa   

T544  

T748  

b
 
b
 
 

6
 
5
 
 

9
 
 
7
 
 

●
 
 
 
 
 
 
 
 
 
●
 
 

0
 
 
0
 
 
 

土
 
土
 
 

0
 
0
 
 

1
 
5
 
 

2
 
1
 
 

7
 
 
5
 
 

8．β血aurarエa   

OMN－29  

KT4  

11．1土 0．64 d  lO  258  

11．6 土 0．50 d  5  150  

か．耶adraria   

Q  15．6 土 0．68  
b  

5  150  

N：Number of flies recorded．  

n：Number ofinter－Puiseintervals・  

Values with the same superscript letter are not 

significantly different（Tukey multiple  

COmparlson5，P ＞ 0．05）．  

－122 －   
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でable IX．  

Intra－Pulse frequency of the D・auraria complex  

Species and strain  Mean土SD（Hz）  N  Range（H2：） Least（Hz）Width（ms）  

♪．dUrdrヱd  

A541  

A662  

A12  

♪．ムエaurarエa  

B16  

B18  

B660  

♪．とrエaurdrヱa  

T544  

で748  

♪．タ血きびrdrヱa  

ONH－29  

ⅨT4  

♪．q叩adf■rエ8  

Q   

44．1  22．68  

99．9土42．42   

98．9土21．04  

101．2土32．91  

e  160  

de  216  

de  lOl  

53，8 －  323．0  

53．8 －  269．2  

53．8 －  236．9  

67．8  14．74  

b  199  

de  237  

bcd  37  

163．2土86．98  

112．9土60．48  

132．4土73．41  

75．4 －  484．5  

70．0 －  430．7  

75．4 －  376．8  

55．1  18．14  

bc   126  

Cde lO3  

64．6 －  366．1  

64．6 －  247．6  

127．6土51．20  

106．2土26．89  

88．2  11．34  

96．9 －  430．7  

91．5 － 177．6  

184．1土53．60  a  128  

107．0土22．40 Cde  49  

55．1  18．14  

128．9土64．89 bc   124  64．6 －  495．3  

N：Number ofintra－Pulse frequencies．  

Least：Lea8t Value of the detectable range ofintra－Pulse frequencies  

（1000／W土dth（m＄））．  

Values with the same superscriptletteris not slgnificantly different  

（non－parametric Tukey－tyPe multiple comparisons，P＞0・05）・  

－124 －   
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Table XII．  

Chi－Squre Values with Cochran correctionin pairwise  
COmParison for mating frequenciesin疇observation of  
Female x Wingless Malein 30Mintt  

Conspecific Hetero＄PeCific Heterospecific  

Male type  －  －  

Conspecific  l．79＊  5．62  

W土nged  

W土n曾ed  

58．76 ★★★  

Conspecific  

W土n曾1e5日   

Heterospecific  

W土n91ess  

1．49  43．82 ★★★  

31．63 ★★★  

★£ く 0．05，★★★ヱ ＜ 0．001．  

ー 127 －   
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Table XIV．  

Chi－Square Values with Cochran correctionin  
Pairwise cornparison for attempted copulationin  
artificialsong experiments  

16 ms  11 ms Random Silence  

13 ms  o．00  0．00  2．41  7．37★★  

16 ms  o．00  2．59  6．23★  

11ms  2．98  6．70★★  

Random  17．80★★★  

★ P ＜ 0．05′ ★★ タ ＜ 0．01．★★★ タ ＜ 0．001．  

ー129 －   



Table XV．  

Chトsquare values with Cochran correctionin  
pairwise comparison for copulation frequencies in 

artificial song experiments 

Song type 16 ms  11 ms Random Silence  

13 ms  12．75★★★ 13．51★★★ 37．21★★★  2．69  

16 ms  o．00  8．81★★  4．28★  

11ms  8．41★★  4．83★  

Random  24．12★★★  

★ タ ＜ 0．05′ ★★ P ＜ 0．01′ ★★★ P ＜ 0．001．  

－130 －   



Table XV＝．  

Chi－Square Values with Cochran correctionin  

Pairwise comparison for mating frequencies during  

first attempted copulationin artificialsong  

experiments  

Song type 16 ms llms Random Silence  

13 ms  ll．59★★★ 12．43★★★  2．08  10．77★★  

16 ms  o．00  3．21  0．17  

11ms  3．11  0．17  

Random  2．05  

★ タ ＜ 0．05′ ★★ タ ＜ 0．01′ ★★★ p ＜ 0．001．  

ー131－   



Table XV工エ．  

Chi－Square Values with Cochran correctionin  
Pairwise comparison for female re〕eCtion during l  
first attempted copulationin artificialsong  

experiments  

Song type 16 ms  1L ms Random Silence  

13 ms  12．79★★★ 14．97★★★  4．42★   14．30★★★  

16 m5  0．00  1．67  0．04  

11ms  2．20  0．15  

Random  l．41  

★ タ ＜ 0．05．★★ P ＜ 0．01′ ★★★ P ＜ 0．001．  

ー ユ32 －   
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Table XIX．  

Song parameters of mutant strains  

Strain  Mean  ＋  SD  

エn七eエーpulse 土n亡母rval（mさ）  

わ∂2  

CU  

ぶ刀／Cn／ムa2  

A541Ⅹ 5月／CJコ／力点2  

5月／Cn／わa2 Ⅹ A541  

20．3 土  0．54  

19．4 土  0．61  

19．9 土  0．72  

21．2 土 1．05  

21．9 土  2．01   
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Figurel・The number of pairs where females or  

males showed various courtship elementsin  

intra－ andinter－SPeCific crossesinlO minutes  

Observation． Verticalaxis represents the number  

Of pairs for each element． Theintra－SPeCific  

CrOSSeS Were Shaded and theinter－SPeCific  

CrOSSeS blank．  

（a）Orientation（males oriented to females）．  

（b）Tapping（males tapped females）．  

（C）Wing vibration（males vibrated their wings）．  

（d）Attempted copulation（males attempted to  

COPulate）．  

（e）Copulat土on．  

（f）Rejection（females rejected males，attempted  

COPulation by fluttering and／or kicking．  

Since sorne males of the，Rejection，pairs  

COPulated after severalattempted copulations，  

totalnumber of copulations and re］eCtions l  

exceeded the observation number（N＝12）in some  

Straln palrs．   



（d）AttemptedCopulation  （a）0rientation   

（e）Copulation  

（C）WingVibration   （りR再ection  

M山e   



Figure 2・The underlyir－g f一丁ameWOTk of crossabil・iLy  

tests．  

（a）Differencesininsemination rates when  

sexualis0laヒion e｝：ists． The inseminatic）n  

rate from the conspecific cross〔三f言 are highcl‾  

than from the heterospecific crosf3ビ：3，Sin〔：e  

there is sexualisolation between ヒWO  

SPeCies．  

（b）Nullhypotheses to detect wing effects on  

SeXualis0lation． Insemination rates from  

the crosses of males wiヒh 2 wings cr withouヒ  

Wings are compared to each other． Three   

I      equalsigns represenヒ three nulih∵POtheses．  

Testing nullhypothesisltests win？effects  

On matingin the conspecific cross．  

Testing nullhypothesis 21cc）l：S at male  

discrimination・Testing nリIlhypっthesis 3  

measures wing effecヒS On Se：・∵．ほエisciaヒicln．   
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Figure 3． Analysis of courtship song・ An example  

of β．亡rJ∂ur∂rユ∂．  

（a）CRT display hardcopy of wave pattern・  

Verticalbarsindicate pulsesidentified．  

The baseline was waved to make a ghost pulse  

（arrow head）that the program could not  

discrirninate． When the programidentified  

the second／third peak of the pulse as a main  

Peak，it was judged to be a ghost peak and  

excluded．  

（b）An automatically processed pulse，marked  

W土th an aster土sk on（a）．  

（C）Power spectrum of the pulsein（b）．   
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Figure 4・Oscillogram of courtship songsin the  

βroβqP最J∂ ∂Uヱ・∂rj∂COmplex．   



β．α〟rαrgα  

か．わ～α〟J′αrよα  
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β．∫㍑わα昆rαrgα  

100ms   



Figure 5．Frequency distribution ofinter－Pulse  

intervals measured from allsongs produced by  

males．  

C10Sed squares：before copulation and during  

atternpted copulation．  

Open squares：during copulation．   
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Figure 6． Power spectra from single pulses of  

COurtShip song．  

（a）Power spectra of the detectable range of the  

SyStern（less than18000 Hz）．  

（b）Power spectra forless than 2000 Hz of the  

SPeCtrain（a）． Verticalbarsindicate  

SPeCtralpeaks． The frequency of the  

highest peak was taken to be theintra－Pulse  

frequency．   
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Figure 7． Schematic diagram of equipment for  

artificialsong experiments．  

（a）Mating chamber．  

（b）Experimentalsettings． Six mating charnbers  

Were arrangedin circle above aloudspeaker．   



（a）  

TopvieⅥ′  

Side view 

（b）  

TopvieⅥ7  
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‘l、  

Side view 
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Figure 8． 0scillogram of artificialsongs・  

（a）Synthesized artificial song before  

transmitted to a tape recorder．  

（b）Artificialsong played back．  

（c）Burst trains of artificialsong played back．   
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Figure 9． Cumulative mating frequencYin 30 rnin・  

（a）Female x Wingless Male experiments・  

Closed square：COnSPeCific winged maユes．  

Open circle：COnSPeCific wingless rnalE？S．  

Open square：heterospecific wingless rnales．  

C10Sed triangle：heterospecific wingcd  

male5．  

（b）Artificialsong experiments．  

Closed square：13 ms．  

Open circle：Silence．  

Cross：random noise．  

Closed triangle：16 ms．  

Open triangle：11ms．   
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FigurelO． Cumulative frequencies of female  

responses at first attempted copulationin  

artificialsong experiments．  

Diagonal：COPulation．  

Blank：rejection（fluttering and kicking）・   

■   Cross：failure to copulation without reコeCtion．   
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Figurell． Mating scheme for chromosome  

Substitutionin the cross，（D．biauraria female  

X D．auraria male）Ⅹ D．auraria male． Virgin  

flies of female D．biauraria were crossed to D．  

auraria sn／Cn；ba2 males． fiybrid females were  

backcrossed with D．auraria marker strains． For  

the cross（D．auraria fernaユe x D．b＿fauraria  

male）ⅩD・auraria maleT Flhybrid females were  

l   generated from the recIPrOCalcross．   
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Figure12． Meaninter～Pulseinterva10f each  

Phenotype of backcross progeny of the cross（D．  

biauraria female x D．auraria male）female x D．  

auraria male，and of the cross（D，auraria  

female x D．biauraria male）female x D．auraria  

male．  

Error bar：Standard deviation．  

Parentheses：number of flies．   
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Figure13．Inter－Pulseintervals and spec・ilation  

historyin the D．auraria complex． The  

Phylogenetic relationshipis reconstructed afte  

Kimura（1987）． Five species were formed afじer  

the four successive splittings．   
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