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SUMIMARY

Courtship song of Drosophila melanogaster malés has been

investigated,with'ethologigal-and genefic? methods. =~ The

ethological part has produced the folloﬁing results:

1.

Simulated pulse song has a distinct influence on locomotor and

sexual activity of males, ' Upon hearing pulse'song they increase

both activities significantly. Sine song does not have such an

' effect.

2.

3-

a) The effect of pulse song is strﬁnger with males which had
been kept in isolation until tﬂe experimeht.

b) Once ardused the males stay acfive for at leas% 5 min,

¢c) The arousal ié dependeht on ‘the intensity of the song.
Below 85 and above 120 dB the stimulation is not effective.
Males without aristae respond oniy at intensities above
100 4B, |

d) The effect is not very ipi specific, becauvse ipis from 30 -
100 ms are abtout equally effective in triggering a response

in males,

Stimulation with simulated pulse song and sine song decreases

- locomotor activity of receptive females.

Female receptivity is significantly incréased; if they are

- subjected to simulated Sine song before being mixed with males.

Pulse sohg applied under identical conditions does not have this
effect. It is effective under the same conditions with reversed

sex roles, wnhen the males are prestimulated,



4; Slmulated pulse song increases the receptivity of females if
they are subgected to it while belng courted by aristaless
(*deaf') and wingless ('mute') males, = This effect on females
is gpi;specific-insofar7as én ipi of 48 ms is less stimulatory
to the females: than one of 34_ms, Which.is the'species_specific

value,

The experiments reported in thelgeﬁetic'i'part of the fhesiS"

have shown the following:

1. Male hybfids between Drosophile melanogaster and, D,-siﬁulans have
an ipi,iedistinguishable from that of D. simulans, Their wingv
beat frequency shows intermediate inheritance; In mating tests,
'hybrld males court and are accepted by D, simu 1ans females just -

as . hybrid females, D., melanogaster females reject hybrid

males. Hybiid females accept D, melanogaster mles readily,

hybrids less readily, and D. simulans least,

2. A mutant -nggoghonz - has been-isolated,wﬁich has an aberrant
couitship,song. Ipi and pulse. lenath are 31g“_110antly 1ncreased.
The pulses are polycyclic rather than monocycllc. Fllght wlng
beat and sine song frequehcyvremain uncianged. The mutation is
sex linksd and its-appreximate mep position is 34.64. It was
fate mapped, but the results were inconclusive as to_whether the
focus responsible for the song deviations maps to the head or
thorax, It could only be demonstrated thzt the mutation ie nottheracic an
dominant. Fate ma§§ing has,revealed'something about song
production per~se. To produce a'normal.seng ,wild type or
mutant}'as oprposed to an abnormal one'which cannot be

classified irto pulse song or sine song, a gﬂﬂ"ndromornh nust



.’3.

nave some male héad-tissue, and certain thoracic structures
vhich lie close to the thoracic: cuticle on the blastula
surface,must also be male, If the latter are female an

entirely abnormal song results,fdr the production of which

. male head structures are necessary and sufficient.

Activity, reacfivity and courtship behaviour of cacophony was
iﬁvestigated and a number of pleiotropic effeéfs ofAthe mutation
‘on these behaviours have been revealed; Mufant mles are
equally active in a circular arena, but less reactive to
conspecifics and a shadow stimulus than contiol méles. * Pair
matings in all combinations between mutant and control flies
revealed, that the’males.aré responsible for the reduced mating
success of caccphony,the lower ﬁercéntagé of vibratipn, the
lower number of vibration bouts and the reduced number of licks.
Both sexes play a significant role in the determination of the -
number of attempted copulations, None of the courtship
parameters is determined to any significant extent by an
interaction between the sexes,

Wingless cacophony males are also slower in achieving copulaticn,
than.wingleé$VCOntrol males, Their-relative successes in the
winged and wingless situation indicate that the mutant song is
an improvement on the wild type song. This seems possitle
because the mutants sing lowder than control males.,

The number of” pulse song bouts is unchanged in the mutant, wout
the number of sine song bouts is reduced.

Mutant mz2les frequently cerry their wings in an Qqbnormal way,
This deviant wing posture is caused bf the presence of females,
because males kept in isoiation or in unisexual groups hold

their wings normally.
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INTRCDUCTION

The broadest definition of behaviour genetics, which deécribes
it as the étudy of. the nature-nuriure felationship in‘behavioural
traifs, encompasses practically thé_whole hierarcﬁy of the
behavioural sciences from sociopsychology to neurobiology. In
practice, however, behaviour genetics is a rather mdre nairowly
defined discipliﬁe, which has'found a fertile niche in an area of
overlap between ethology, psycﬁology, ﬁeurobiology, genetics,
de;elopmentai and evolutionary biology_(Fulier and'Thbmpson 1960,
Hirsch 1967, McCleainlahd De-Fries 1973). Of the th at present
mout active battle grdunds of the nature-nurture controversy,
namely vertebrate eléctrophysiology (Horn et.al., 1973, Kolata,

G.B. 1975, Robertson 1975) and psychometrics (Jensen 1§72, Hirsch
1970) only the latter one sumnoned up behavibuiigeneticists into
the front rows of the two opp&sing sides,

. Behaviour génetics is probably best defined by the methods of
investigation it choses to study behaviour, These methods are
those of conventional genetics, They 2ll treat genetics as the

bindependent variable and behaviour (of somevintervening factor)

ag the dependeni one, All of them therefors make use of genetic
differences beiween existing individuals om populations, or they
produce these differences by such genetic techniques as mutagenesgis,
selection, inbreeding, etc, The. most important tocls which genetics
offers to the study of behaviour are - _‘listed in the following.

- In every case a more or less well defined genetic difference hetween
individuals or~populations‘and their respective controls exists, or
is produced, and is then exvloited by the behaviour geneticist,

Such genetic deviations from a suitable conirol condition constitute:
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morphological mutants (wilcock 1969, Thiesseﬂ ets al, 1970).
behavioural mutants (BenZef 1971, Brenner 1973);

cairiers of different inversions in Drosophila (Spiess 1970);
inbred lines (Broadhurst et wal, 1974).

more or less outbred strains, breeds or races which have been

. produced:

a) by selection for behaviour (e«g. Tryon 1929, Hirsch 1961,

Manning 1961).

b) by selection for morphology (e.g. Ewing 1964)

¢) or which have been found in nature (e.g. Givadz 1970)
species (Franck 1974). '
individuals of known family descent (reviewed for man by Jensen

1972).

All these methods are employed to tackle problems which I shall

discuss in the following pages, I will make some remarks about ithe

- suitability of the different methods for,the‘task under.discussion,

The emphasis will be on a more or less personal evaluvation of the

scope of the different behaviour genetical %tools, rather than on a’

literature survey.  Behaviour genetics has been extensively

reviewed every few yearé up to 1974 (Broadhurst ét;'al. 1974) and the

literature is very easily accessible,

1'0

One question which received much attention in the early days of

behaviour geneticé, is whether genetic differences play any

czusal role at all in the production of phenotypical, behaviocural
variation, (Caspari 1958, Fuller and Thompson 1960). This

question, which probably only arose out of the "Zeitgeist" which

was governed by behaviourism at the time of the birth of

behaviour genetics, can be considered as solved. There seems
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almost no behaviour‘which has been looked at with any of the
methods . .1isted above which does not involve a significant
genetical #ariable. Most studies of fhis type have been made

by selecting for a given behaviour and Tryon's.(1940) work is

an outstanding early example, where it was shown that maze
learning 2bility in rats can be modified by genetic selection.

In proéoghila, behaﬁiours whiéh have been successfully selected
for and/or»against; are.photo—, geo~-, and chemotaxis, oviposition

and various aspects of mating behaviowr, activity and reactivity.

Another question, which immediately follows, once the first one

has been answvered positiﬁely, is that of enquiring aftér the

. rhysiological or morphological correlates of genetic differences,

This qﬁestion has been called the direct approach (tanning 1975)
and its aim is the unravelling of the causal chain between gene
and behaviour, Except for the last me thod (Mo.7, individuals
of known family descent), all can be eﬁployed to tackle this
question, However, by far the most powerful method is that
which takes advantage of behavioural muiaﬁts. To a lesser
extent morpholégical mutants can élso be employed. An
interesting éiploitatipn of biochemical mutants with behavioural
effects is advocated by Burnet and Connolly (1975). They use
ﬁhenocopyihg techniqﬁes to answer newrochemical questions
(Burnet ets al, 1973). |

The other fools which providé genetic differences of a less well
defined nature are full of pitfalls. The most important one
being, that once a given behavioural difference has been

established and correlated with a certain physiclogical difference,

-~
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it is uncertain whether the differences on the two levels have
been brought about by the same genes (McClearn,1972). A very
thorough physiological amd behavioural analysis of Tryon's

maze bright and dull rats has nicely demonstrated the

- intricacies of such an approach, (Rosenzweig,1964). Besides
. 7

3

this seriousishortcoming, this approach also shares certain
complicaticns with the mutant research, where it is sometimes
difficult to differentiate betweeg cause and effect. A given
physiological correlate does not have to be the cause of the
béhavioural deviation under study, it could also be its effect
(Bulfield 1972). In most organisms this latter shortcoming

can only be circumvented by very.extensive and careful
experimentation, In Drosophila, hdwéver, an epigenetic méthod
(fate mapping) exists, which helps to ﬁinpoint the primary cause
of the behavioural deviation without the need to embark on
elaborate physiclogical or anatomical investigations. The-
present question and the power of behavioural rutants in dealing
with it will be treated iﬁ more.detail later on in this

introduction.

Another problem which has received much attention, is the genetic
organization of behaviour. This question is approached
primarily but not exclusively with two of the tools listed above,

namely inbred lines and outbred individuals which are compared to

"some of their relatives, Quantitative genetics has produced

certain generalizations about the genetic architecture of pheno=-
types in relation to their evolutionary past. For example,
traits which have in the past been subjected to very high

pressures of directionalfselection, should have very little
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additive vériance left. Consequently, they should have low
heritabilities, and most of their genetic varianée should be
in'the form of dominance variance, (Rﬁbertson 1955)., Traits
_which have been subjected to strong stabilizing selection
pressures, should display thé converse genetic structure,

These generalizations can be relied upon at least és far as
nonbehavioural traits are concerned, (Falconer 1960). They
are certainly very interesting fof the behaviourist in that
‘they permit him to assess the functional sigﬁificance of a
given behaviour on the basis of purely genetical information.
AAs has been indicated above this work is most efficieﬁtly
pursued with inbred lines or outbred individuals of known
family déscent. Inbred lines allow the use of a very
'powerful:technique of analysis - thé diaiiel cross - which
extracts a large améunt of information from the measurements

of just two generations, (Broadhurst 1960)., However a serious
drawback with this kind of analysis is the fact that inbred
lines do not exist in diploid, sexually reproducing organiéms.
The genetic parameters which the theory attempts to extract

are highly idiosyncratic, in that they are very responsive to
changes in fﬁe genetic and environmental background, (Falconer
1960), Furthermore they are themsel&es subjected to selection
‘and at the present state of our knowledge, it is difficult to
estimate what the effects of iﬁbreeding and domestication are
on the genetic structure of naturally integrated genomes,

The infOrmatioﬁ gained from inbred lines must therefore be
regarded with the greatest caution. It should be mentioned,.
however, that due to different population structures, different
species wili be more or less suitable to an inbréd strain

analysis, For example, mice in the wild appear to have very
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small effective populétion sizes (DeEries and McClearn 1972)
and therefore the average degreé of heterozygosity is
relatively small, (Lewéntin 1974). " In Droéoghila it is rather
large (Lewontin 1974) and inbreeding is known to have serious
detrimental effects on male mating abiiity (Pendlebury and

~ Kidwell 1974) and fitness (Watanabe and Ohnishi 1975);
Furthermore the diallel test involves the measurement of very
large nnmbefs of animals thch should be accomplished in the
shortest possible time. These reét&ictions usually mean that
behaviours are chosen more for the sake of cénveniénce in
measurement thén for their ethological significance.
Consequently the quite large number of such studies which havé
been done (Broadhurst etg;al. 1974) are, at 1easf er the
"ethologist, of limited value, (Maﬁning 1975). The most
promising investigations seem to be those which introduce
several environmental variablés into the'experimental design,
because here the link is made with developmental biology.

An example of this work is that of Henderson on mice, who
studied thé effects of environmental enrichment on brain
weight, food seeking behaviour and iearning, and analysed these
results genetically, (Henderson 1972). | |

The other method (No.7,comparison of relatives) which does not
share the first very serious shortcoming, because outbred
individuals are tested, is also very labour intensive (Roberison
1959).  Except for the field of human intelligence (Jensen 1972),
very few studies (e;g. Connolly 1966) have been done, I feel
that a well designed\study with Drosophila could produce

impértant resulis,



It seems unfortunate that mice have such a predominance in this
field,-beéause for obvious reasons Drosophila is much more
convenient in research which involves lérge numbers'of<animals.

The emphasis of the quantitative genetic approach is on

. evolutionary mechanisms and therefore, if this work is to make

40

a lasting contribution, it has to become more ethological in
outlook. One very ambitious project, namel} the identification
of behavioural polygenes, falls iﬁto the‘presént category.
Hirsch .and his co-wbrkérs (Hirsch 1967) have tried to map
polygenes which play a role in Drosophila geotactic béhaviour

to individual chromosomes., Recently another such atiempt has
been undertaken with courtship behaviour, (Eastwood 1974).

If carried a step further, to the actual identification of these
genes on the chromosomes, according to the techniques advocated
by Thoday (1961), this work could become very important. It
would so to épeak bridge the gap between Mendelian and |
quantitative genetics and it might become possible to apply the
very powerful analytical fools éf the foxmer method to 'normél',

continuous variation.

The last of the more reductionist questions, is addressed to the
problems of the organization of behaviour. This. type of work .

has been called 'parsing thé phenotype' (Ginsburg 1956, Manning

-1975) . Results obtained from the use of practiically any of

the tools of behaviour genetics, except perhaps the last in our
list, can be brought to bear on this question, The major

problem of the organizétion‘of behaviour is the degree of

~autonomy of a given behavioural entity, say a fixed action

' pattern, which the observéer believes to have discerned.
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Ethologists would like to have some confidéence that the -

behaviours they are studying represent true units in the

sense of nmatural selection. If it were found that single

genes control a given complex behaviour pattern, as for

example in.the case of nest cleaning behaviour in the

honeybee (Rothenbuhler 1964), it could be concluded that such

behaviour Qonétitutes»a rather good unit. erthermore,-if it
is féund that certain behaviours segregate independently of':
not,'then~conclusionsucan be drawﬁ agout their developmental
depéndenqé or independence, Qith ob?ious impiicationé for the
evolution of ‘such traits; A lot of the evidence for unit
arguments comes fromAspecies hybrids and selection experiments,

The problem is discussed in great detail by Menning (1976) and

needs no further mention here, except perhaps the indication

that the hunt for behavioural units which correspond in a
1l : 1 relationship to genetic units might weli be the hunt
after a phantom, Clearly these problems will come much

closer to their solution when significant advances in

-developmental biology will have been méde, (Bateson 1976).

The next question is concerned with the changes behaviéur has
undergone during its evoiﬁtion, as ‘far as behaviour genetics
has a contribution to hake to this traditionally ethological
field of enguiry. The type of behavioural changes which occ@n
during selection, in specieé;hybrids or through mutagenesis,
permit inferences about general aspects of behavioural
evolution, Generalizations thch seemAjustified have beeﬁ
outlined by'MaQning.(l965) and Ewing and fmnning (1967) .

Behaviowr appears to have changed in small steps involving
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changes cf frequency, intensity'or sﬁeed of performance,
All these alterations can be imagined to be the result of
changes in performance fhresholdsAOf"various components of -

behaviour patterns.

. The last question has been the firsf ofla series of functionzal,
vevolutiohary ones which we shall treat now, - Havingldiscussed
V'the effects of evolutlon on behav1our, we must now address‘
ourselves to -its rec1procal - the effects 01 behav1our on
evolutlon.- The .mos|, mportant beha_\noural mechanisms under
‘Study which influence the course and speed of evolution
profoundly, are all aspects of selective'mating° 4 Tﬁis research
is helped;by behavidnr genetics.mainly through the use of mutants,
selected and inﬁred lines, diffefent strains and species.,
Mechanisms of intra- and interspecific sexusl selection are -
ubiquitous (Cempbell 1972) and their investigation is ‘perhaps
one of the more successful of the behaviour genetical'enter-

" prises, Petit and Enrman's discevery of freguency dependent
mating sueeess of ﬁale Drosophila (Petit and Ehrmen 1969) and the
Uwofk of many authofs on sexual isolation has profoundly |
influenced our understanding of evolutionaryiprocesses;
Selection for sexual 1solatlon has been suc»essfully performed

" several times (e g. Dovtzhansky and Pavlovsky 1971) and is
 perhaps ‘the most-far reaching instance of an "in vitro"

~ imitation of macroevolutionary processes,

Other ﬁbre subtle ways in which behaviour feeds back to
evolution,‘are maihiy discussed in relation o the evolution

of man, (Washburne1972), Attempis to s&nthesisevour knowledge

of ecological and behavioural geneticé belong into the present -
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category, (Parsons 1973). The literature in this field is as

voluminous as the results are remarkable.,

Thé lésf érdbiem, whicﬁ I want to discuss, is. that of the
f_teieonomié-(?ittendrigh 1§58) aspects of behaviour. What is
| the function of.a particular behaviﬁﬁr? VWhat}Ets’selective
valﬁe? Benaviour ge_rne.ticists" can éontribute to the 'ans'wering -
of such questions b& uéing genetic tools to ghange thévbehaviour
" under investigation and’ then look at the fitness of individuals
which‘éxéress such behavidﬁral deviations in comparison-to
control animals whosé_behaviour has not been changed,

3 If the.modificétioh éf behaviour'hés been‘achieved through-the
e methodsyof.selection or mutagenesis,'which are the mostfgbvidus
ones to usé,'fhen the -results must be interpreted with caution,
Correlated and pleiotrbpic effects are notorious . in ﬁorphological
traits (Félconer 1960, Céspari 1952) and can be expected 1o be
. aé serious in behaVioural characters. ‘For - these reasons it is:
very difficult.to_manipuléte phenotypic variables by genefic
means in a confrolled féshion.' In most qases.other behaviours
wili also ha#é'been changed and this can confbund the resuité _
considerably, These drawbacks need not be unsurmountable for
_;‘e#ery mufation, ﬁowgver, because it has been demonstrated that
once the most obvious primary effect'of a-given ﬁutation on,

say ﬁating:behaviour; is feﬁoved, the'cérrier.of this mutétion
can be equally £i% as a wild type individual. For example,

in one case the mating success of wingless'mufant (vg)
Drosépﬁilg méles was compared to that of winged control males
'uhder conditions where-the females couldvnot receive‘anj

auditory stimulation from the winged males because they were:
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antennaless. = Under these circumstances 25 males wérg just as
successful in mating as winged males, indicating no pleiotropic

. effects of thé_25lgene'other thanithdsé directly stemming from '
the loss of wings, (Seegmiller and Hanks 1968). It must be

" added, hoge#er, that this study is not entirely satisfactory

A because it éppears that the’zg_and éontrol_stocks were not
coisogénic. in anpther'case,_whgre effects_quthé genetic
baékground have been controlled for, it éould.be shown that

- genetically white eyéd males of Drosophila which are known fo.
be poo:'couiters (Reed énd Reed 1950) and thch are visually.
handicapped (Burnet et, al, 1968) ére-at no'disadvaﬁfage
compared tc red eyed control males when competlng wlth them for '

. females in the dark, (Burnet and ConnoTIy 1973). With some

vmutatiohs such a straightforward'investigation of pleiotropic
effects is not possible beéapseAsuch a simple symptomatic 'cufe?
of the priméry defect caused by the mutation is not available,
In fhesé cases phenbcopyingrtechniques muist be fesorted to

| (Burnet é?anl.‘l968). fhese are»less_satisfaétory because
they are not'écting at the level of fhe_symptoms only and one
might be efradicating pleiotropic effécts aleng with the main

'effecfr

fTom the treatment of practically all theée questions, it.
becomes evident that thevgeneralisétions of behaviourAgeneticsA
‘-cannot'reach very far as long as it treats developmental processes
as’takiné place in an ominous black box, Oncg de?eIOpmental biology
‘mJTQS..? reached a stage where it éan make direct contribﬁtions.to
the study of behaviour gé_net'ics, tﬁe power of the de_ductions' in the-

latter field will increase considerably. ‘The lack of develbpmental



knowledge has clearly been recognized'by leading biologisté .

(Crick and Lawrence 1975) and behaviéurists (Bateson 1976) and -

we must hope that the time is ﬁear wheré we can staft.diéﬁaﬁtgling
the blagk box. |

As has been iﬁdicated above, in the following I shall ti&‘to

 review the Qork which has so. far been done with behavioural ﬁutants. .
I will also try to outliﬁe the logic of this reseéﬁch entefpfise, |
which occupies itself with broblems gf the kind which have been:
,subsﬁmed under question No;2,in the présent-cléssification of
béhayiour geneticai.pioblems.  Attempts at the.inductionvof
behavioural ﬁutants and their subsequent genetic.dissection
constitute a major part of the present thesis and more. and more ‘
biologists embark on, such an analysis.‘ Therefore this research
warrants closer examinatioh.

The publication which triggered this upsurge of research
(Benzer 1967), starts >iiz this:  "Complex as it is,'much of the.
vast network of cellular functions has beeh successfully dissected,
on a~micro§copic scale,'by the use.of mutants in which one element
is altered at a time. 4 similar approach may be fruitful in
dea}ing with the complex structures and events underlying behaviour,
uéiﬁg’behavioﬁral mutations to indicate modifigations of the nervous
system." The raticnale of this ambitious attempi ‘is to try an
analogous attack on behaviour,rwhich was so.successful with

* cellular mechanisms, The originglity of this approach stems less
from this basic idea, which has been the mptor of muéh reductionistic
‘ stu&ies in behaviour genetics before, than from the attempt at
producing these.mutants,in thetfirst.place. - Earlier étudies made

use of'exiétihg morphological or behavioural mutants and did not try
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“to produce them specifically for the furpose; Furthermoré thié,
'call it Benzerianlapproach, is original as far as fhe.production
of behavioural variénts is;conéerned only, in-as:much as it'_--
produces’ the variants through genetic means. Expérimental
psycholdgy has a long history of a similar strategy which broduces-
the variants through surgical means, The review of fhis work will
concentrate on Drosophiia as an.experimgntal subjeét and will only-
touch briefly 6n»£he”work that has beeﬁ dqhe with other orgahisms.

Drosophila has one invaluable édvaptage in thaf oﬁce a génefic
lesion has been made in this ofgaﬂism one can use an epigenetic
technique, fate mapping (Sturtevéﬁt 1929b), to localize the primary
- cause of the_lesion as it is unfolded in morphogenesis. -The focus |
of a gene's éction can bé_uncovered ﬁith this rather straightfofward
method‘(Hotta and Benzer 1973), and doés éwéj vwith the necessity to
embark on-a'laborious'search_for thé structural défects_which, if
any are found, could still be due to secondary effects of the
primary lesion rather than the primary lésion itself.

The first paper on behavioural mutagenesis'mentiohed above
(Benzer 1967), dealt with the isolation of photofactié mutants,.
Other visual mutants have beénv isolated and/or .studied by several.
authors (Heiseﬁﬁerg-197la, Hotta and Benzer 1969, Cosens énd-
Manning 1969, Pak ety al. 1969, 1970). The aim of these studies
is.the stepwise dissection of the visual system. The group éround
Pak (Alawi et- el. 1972) is primafiiy‘iﬁtereSted in the photo-
transduction process. They have good evidence that at least one
of their_mutants (norp Ap)‘is defective in the photo transduction
system, This mutant shows small_structural abnormalities in the
membrane of some retinula cells, but showé a clear cut difference

in the protein composition of the eye (Ostroy and Pak 1973).
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Cleariy such differences couid’proﬁide the key to the ieolatiop ef
- a protein respon31b1e for the membrane processes accompanylng photo
'transductlon. From the klnetlcs of temperatuke sen31t1v1tv of the,
nogg.Ap mutent-Deiand and .Pak (1973) have concluded‘thet the change
in the‘mutant protein is due to a single amino acid substitution,
TOStroy ety al, (1975) have eétabiished rhodopsin concentration
differences between the.mutant and wild t&pe flies., . But fhey
censiderAit.uniikely.that these differences aione could be
: res'poneible for the ERG abnormalities oi' the muta.nf.
Other mutants show varying degrees of ERG abnormalitles, from
o response tovan-almost normal ERG'(Helsenberg7197Za). ‘ Most of
them seem te bevaﬁtpnomogs, ie-the sense that the developmental
focus‘is-in the eye itself (ﬁotta and Benéer,1970). .. These
different ERG'Ss have been used'fo Stuay the funetionai significance‘
'of some of the elements of the ERG (Heisenberg 1971%b). Heisenberg
(1972 b) has subjecied mutants with varying ERG defeets to a seriesi
of tests designed to define the exact behavieural insufficiencies of
these mptaﬂts, none of which is completely blind. For‘examﬁle they
differ’in'the.phototaxis threshold intensities,_the'precise optical
conditions under which they show an optomotor.response, their Qisual
acuity ad their polarisation sensitivity. Of 2ll behaviours, that
depehdeht on.thevvisual sense, has been most intensively sfudied by
'means'ofAmutagenesis. fhislresearch is certainl& weil on the'way
“towards making important disceveries. |
Many otner benavlours ‘have been studied with these genetic
-technlques. Two groups of mutants stand out, besides the v1sual
‘ones, in the amount of information that they have yielded, They '
- are the paral "‘ﬂ‘mutants isolated ahd.inveetigated by . suvip

youw

7/

i sugukisGrigliatti 1973 et. al.) and the shaker mutants which



are being studied intensively by Kaplan (1972) and his co-wéfkers.
The 1atter}§iiracterized by more or less intenéive and
continuous shéking of their legs during étherization. Some of -
them~furthermore show a kinetogenic response, which makes these
flies jump and.fall on their"back when an object is moved above a
viai'containing them.  The leg shaking'actionvis-accompanied by
endogenous fythmic bursts>0f‘motor nervé impulses (Ikeda'and
" Kaplan 1970a) and féte mapping has shown that the éxpréssion of
‘the gene is aﬁtonomous (Ikeda and Xaplan 1970b), and liesvvery
close to the region of the blastoderm destined to become the
&éhtfal nervous system (Hotta and Beﬁzer 1973). These mtants
have also been subjected to a large variety of purely béhavioural
tests (Kaplan and Trout 1969, Burnet et.al. 1974), and the
different mutations havé been studied inlfaiious combinétions'
.with each other (Trout aﬁd,Kaplan 1973, Kaplan and Trout 1974),
and ‘one paralytic mutant (Williamson et al. 1974). It seems
" that these loci creéte an imbalance between excitatory and
‘inhibitory neuronal systéms vhen mutated (Képlan 1972). The .
wltimate aim of these studies is to arrive at an understanding
of the precise mechanisms of the genetiCICOntrol ovér the
charaéteristicélof nerve cells, The shakgr system might be one .
of the first to allow the integration of biochemical, neuro-
ph&siological and molecular developmental work, and thereby it
could contribute imménsely to our'knowlédge of the nervous system,
AThe other_gidup of mutants mentiohed ébove, aré the paralytic
ones, After the first temperature sensitive-paralytic mitants ’
(paralxiicts) 4had bteen isolated ((Suzuki et al, 1971) several more
were recovered in a later experiment (Griéliatti et. al. 1973). :

e e ettt

pdult paralviic™ flies bécome immobilized within 5s at 29°C but
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normél mobility is restored aimos£~instantaneously when the flies
are shifted back to 22°C. Fate mapping indicated that the

mutation- is autonomous and constitutes scme defect of the nervous

. al, 1972).  Another similar mutation,

system-(Grigliatelli eti
éhibipets, is highly pleiotropic and seems to héve'set a 1esipn
lwhich affects a lérge numbef.of bodiiy mechanisms (Poodry et all
1975) Shib'irpt is also a mutation affeCtlng the nervous - systeﬁ,
because - the mutant flles are re81stant to tetrodotoxin, a tox1n which 1
"blocks.the regeneratlve sod1um channgl, . This ;es1stance is also H
teﬁperéture dependent, and it is hypofhesized thét thevshiﬁire locus
is reéponsible for the coding'of a.prOtein.which constifutes some |
part of the regennratlve sodlum channel (Kelly 19 74)

One olfactlon mutant (HPB—1)-has been 1solated (Kikuchi-1973).
: It is attracted to 18 chemlcals which are repellent to w;ld type
flies. ChemlCal analysis of these attractive odours 1ndlcates
that the mutation cavses some change in a receptor site. A
mutatlon affecting the response to taste of sugar has been
isolated (Isoho and Klkuchl 1974), and three to which a 1M NaCl
solution is not repellent (Falk and Atidia 1975). The latter
"mutations, all at 1‘locus, probably affect a perception cghter in
the braih and not a-rééeptor sité because their'fbgus is closer
*to the antennae than the proBoscis.
| A flightleés mvetant, stripe, has been investigated, and it was
found that it produced éhort~bursts of motor output at high
frequencies. wnlch led the authors to suggest tnat the mutant elther
can only start flight but not maintain it, oxr that the excitation
is so high that i? lead; to very quick fatlgue which terminates the

burst again (Levire and Wyman 1973).
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Hotta and Benzer (19735 have found a Pdrog deadﬁfmutant which
dies precoaciously-anu which has a complex developmental focus
lying in the head, Flies with‘a'bilaterally hosaic head do not
split up equally into drop-ueadlmoseics and survivors; many more

-flies belong to the latter group. : It was concluded that there are

2 foci and that both of them have to be mutant for the fly to express
mutant behav1our. A single mutant focus 1s_subm1ss1ve to thernormal
‘one, | The convefae case, wherettwo foci interact in.such a waycthet
the mutant focus domineers the nommal one, was found with a mutant
which holde its-wings up and has its focus in the thorex (Hotta and
Benzer 1973) Microscopic examlnation of both these mutatlons
revealed vast depeneratlons in the brain and wing musculature
ireSpectlvely.

Moet othér mutations which have -been isolated, have so far
only been described and little experimental work has been done to
probe deeper into the structures and functions affected by the.
mutations. Such mutants include some affecting circedian rhythm
(Konopka and Beuzer 1971) and courtship behaviour (Rushton and
Metceife 1971, Hall pers., comm.,) At the moment 2 number of
laboratories:are trying to demonstrate learning in Drosoohile

' (Quinn ety:al., 1974, Spatz et. al. 1974, Hay 1975, Medioni 1975)[
Once an experimental set up has been found which shows learning
perhaps on an individuel basis-and more strikingly than has so
far.been achieved, one can expect many attempts to induce iearning
 mutants, Thie‘approech might hold the key to the solution of a
problem which has occupied psychologists for generations,
Mutagenesis of complex phenotypes, such as learning or mating
behaviour, is considerably more difficult than with eimple ' |

behaviours, Very many genes will be able to upset highly
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~ integrated systems; but most of these genes will be rather
.unspecific and will helyp little in the clarificatioﬁ of the
problems, '?%éfv;;ﬁalearning animals, for example, are not only
those-which are defective in their:memory system, but also those
wifh motivational, sensory,.neuronel, muscﬁlar and metabolic
.abnormalities.  This complication in the isolation of mitants
has been well epitomized in the following sentence: "I fail to
see how the stud& of phenylketonuric.patients helps in the
.anélysis.of,the develdpment'of intellectual funetioning.ﬁ.
(Manning 1976). This problem will be discussed in more detail
in the introduction to chapter 4. |
'_It is obvioﬁs.that with the more complex behaviours the

| laboﬁr involved.in isoiating and characterizing the»mutants
becomes,ﬁrohibitive in comparison*éo tﬁe reietively‘trivial-ones.
It seems that if one wants to investigate fundamental characteris-
. tics of the nervous system, one has to use simple behaviours which
allow quick scfeening of large numbers of flies and a convenient
way of reproducing the mutant behaviour.A- If one is interested in
' more complex behaviours (like.courtehip or learning) which usually meke
mechanisation of the seoring of the behaviour very difficult, one
either has to make gigantic research enterprises or change»ones
aims slightly so és_to adapt them to the means., All extremes of
degree of complexity should be investigated simultaneously and
naturally also the centinuum in between; A prover understanding
‘of any biologi cal system can only result-from an 1ntegrated and
concerted attack at all levels of the hierarchy making up the
‘system. This reseerch strategy is-in Iact being employed, as is
exemplified not only by the fact that drosophilists study membrane -

moleculea of nervous tissue and leaLn-ng, but also.by;the fact that



some Benzerian behaviour. geneticists have chosen to work ﬁith
‘bacteria (Adler 1969,:Berg 1975), -in vitro éell‘cuitureS'(Minna
et al, 1972) Paramecium (Kung et . al.‘1975) and algae (Bruce
1974), whereas othersvwork with mice, (Laudis 1973; Bliss‘and
Chung 1974, Deol 1974, Chung 1975) and chicken (Albuquerque
and Warwick 1971, Kuenzl and Rubenstein 1974). Experimental
subjects éf intermediate complexity which have also been
subjected to a neurogeﬁetic analysis are crickets (Bentley
1975) and.nematqdes ( Brenner 1974).- The 1ét£er organism and
'faramecium have perhaps drawn most attention, besides brosoghila.
The nematode research centers around questions of tﬁe structural
development of the nervous system and sensory orientation
mechanisms'(ward 1973); whereas the Paramecium workers are
primarily concerned with the physiéochémicél properties of
excitable membranes (Kung et: al, 1975).

" The present thesis deals with one aspect of courtship behaviogr,
namely the song which the male flies produce during éoﬁrtship. The
elaborate disflays performed by courting males of Drosophila

melanogaster have been well described by Spieth (1952) and Bastock

and Manning (1955). The males orientate towards a virgin female,
extend the winé>closest to the female's-heéd, vibrate it, lick the
.Afemale's'genitalia with their proboscis and atiempt to copulate,
Duiing‘vibration of the wing, the male produces 2 sound (Shorey -
1962) which is the main subject of the ﬁresent investigation,
Courtship song is a rather complex behaviour in ethological terms
and yet it can be scored rather convenienfly.A Mutations in this
behaviour could yield answers on the reductionistic and éomposition-
istic lefels. Mutants might allow one fobelucidate the neural and-

muscular physiology of the song, the precise mechanism of song



pfoduction, mbtivational.systems underlying song ﬁrﬁduction; its
'genetical organization, and the funcfion‘of the song, The
involvement of this behaviour in sexﬁal‘selection allows one fo
use female coyness (i.e. the tendency of females to discriminate
against abncrmally'oourtihg'males)'as a screening instrument.
Besides this mutagenetic research, this thesis aﬁproaches courf-
ship song with the more conventional methods of experimenta1 
ethology; .

In thé>stu¢} of evolution, all structures and behaviours
cbncerned with sexual sélection and sexual isolation are of.A
paramount importance dué to the enommous influence they have on
_directioﬁ and speed of evoiﬁtion (Campbell 1972)., It appéared.'
-important to inveétigateAthe song from several levels simultaneously
in the hope that the different pieces of the jigsaw puzzle thus
. collected, might fit togeﬁher at the end and wifh the knowledge
that a prerequisite to any embracing uﬁderstanding of any behaviour'
_is’thé study of its mechanisms and functions.

Behaviour genétics, one'of thé most integrated of all
biological disciplines, providgs a highlj adeduate framework in

which to make such an analysis of a particular behaviour,



Chapter 2
Function of courtship song

2.1 Introdﬁction

- The importance of wing vibration for successful courtship of
male Drosophila has been recognized since Sturtevanf!s (1915)

pioneering woxrk. He demonstrated that wingless males of Drosophila

melanogaster héve a much reduced mating success, The mature of the
stimulus produced dﬁring~vibration was Aiscﬁssed in many papexrs - up
to (Mayr 1950, Spieth 1952, Bastock 1956, Petit.l958, Manning 1959)
-and beyond (Ewing and Manning 1963, .Ewing 1964, Manning 1967, Narda
1966, Burnet et . al. 1971). | Shorey(f'i'; (1962) demonstrated: ﬁhai- the
males are producing sounds during vibration which can be recorded
fhrough a microphone, The.s5uhd conéiSts of a series of puises
(pulse song) with a pulse repetition rate of 29,8/s, which corresponds
to an ipi (inter pulse interval) of 33.56 ms. That the sound is
indeed the element of wing vibration which stimulates the females
was shown by Bemnet-Clark and Ewing (1967).- In these experiments
an electronicéllj produced simulation of the male courtship song was
played to females which were being cou:ted by wingless males, |
This ipcreased their receptivity significéntly over contrdl females,
Other, very strong evidence in favoyrof thé auditory nature of
the vibratién stimulus comes from experiments in wﬁich the female
aristae;, a major part of the sound reception apparatus of Drosophila
(Peiit 1958), have been amputated, Such females have a much
- reduced receptivity, whether the amputation has beén performed
’ surgically (Petit 1958, Manning 1967), or genetically (Burnet et. al,

1971).

Waldron (1964) recorded the song of Drosophila pseudoobscura znd

-
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D. persimilis, She found considerable differences between these

.two éibling species in one parameter, namely ipi, aﬁd concluded
fhat these differences might play a role‘in maintaining sexual -
isolation between these two species,. Later'it waé shown that

ipi is‘highly species specific fér a number of other‘species as
well, (Ewing and Bennet-Clark 1968, Ewing 1970).  Bennet-Clark and

Ewing (1969) then made the crucial experiment when'they blayed back

arfificial songs with different ipi's to D. meianogastér femalés"
and showed thaf the-females would respond maximally to their own
'species specific ipi and reépond le334Weil to. ipi's of half or
double thét length or to an ipi cha;acteristic of_D. simulaﬁs

males, a sibling épecies of D. melanogaster. Thg'other song“

parametér which was investigated, pulse length, was found to pé of
no importance,: | |

V More recently the-function of the song has been_investigated
with experiments designed to test the hypothesis that the females
are summating the song over.a certain pefiod of time, thereby
gradually increasing their receptivity. - Such a priming function -
of pulse song could indeed be demonstrated, Femaies when hearihg
'continuoqs simulated song'in‘a 5 min.‘period before they have
access to maleéAwill copulate faster than those females which have
not received such a prestimulation..  This effect is detectable up
to‘about 5 min after the sexes have been mixed. If an interval of
2.5 or 5 min.is_intrbduced betWeeﬁ-the énq of the,prestimulation
. and the mixing of the sexes thén there is no effect. Furthermore,
there is no increase in mating speed if ipi's are used which are
either half or double the species specific length, (Bennet<Clark et@;

al. 1973).



All song recordings describéd so far (éhorey,l962,'ﬁaldrom
1964, Bennet-Clark and Ewing 1967) had been made with pressure
'_sensitive mi.crophones, Due to the nature of the sound producing
organ, namely the wings, it is better to use particle velocity
sensitive microphones, (Bennet-Ciark 1971). With such a micro-
;phone (Bennet-Clark 1973) another component of the courtship song,
besides pulée soﬁg, is revealgd. It constitﬁtes a buzzing noise
rather like the flighf sound oniy lowé: in frequenéy (160 Hz) and
- was termed sine song, because of its sinuscidal naturg on an
~ oscillogram, (Schilcher 1976).

The present chapter aftempts to-probe‘deeper into the functions
of b&th pulse song and sine song énd describes the ?ffects simualated
songs have. on the behaviour of males and females, In the first part

a more détailed description of fhe songs is given,

2.2 Maintenance of the flies

All.stocks of flies employed in the experiments reported in this
fhesis were kept on Drosophila ﬁedium prepared in'the_Department of -
Genetics, Edinburgh University, which héé been described in the UFAW
handbook (3rd ed, 1967, p.907). This medium was contained either
in half pint milk bottles or'2.5 x 6 cm vials, Shortly tefore the
flies were introduced into bottles or vials, the food was seeded with
a few pellets of dried active baker's yeast. - For stock maintenance
the flies were kept in bottles and each new generation was started
with at least 50 pairs, but usually many more, In bottles which

vere intended 1o yield experimental subjects, the parent females were



allowed to.layAeggs for 1 or 2 days only, to prevent.larval-over-
-crowding. The temperature control in-the stock room was father
poor, The femperature went from ;'minimum'of 22°C to a mximum of . .
'29°C? Howevef, the extreme temperatures never_o¢cured ét the fiﬁe |
of the experiments described in this thesis, The temperatures
prevailing in the stock room in the time leading up to and during
the experiments will be indicatéa for each'experimgnt separately.,
The light regime was LD 12:12. Whenever flies had to be used for
experiments the bottles from which‘they~wéré tO‘be;dollected were
cleared around "light on" and viréin flies were cbllected'5-8 hours

" later. Fér collection the flies were etherized in such a way,

that as soon as the last fly stopped moving, the flies were removed
ffgm the etherizer and sexing started, From.etherization up to the
time of the experiment they_wére always kept in vials, singly or in
groups. If the flies had to be transferred t& particular containefs
for.any of the experiments, this -was aiways done without further

etherization.

2.3 Recording of the song

The courtship song of the male flies was recorded‘with a ribﬁon
microphone, (Reslo RBT, 30/50 Ohm). The outpu£ gignal of this
microphone was, aftef appropriate preamélification (200 x), fed.’
into a Tandberg 3041 X tape recorder. Ribbon micfophones are
particle velocity sensitive ( Borucki 1973) and if one brings é
vibrating male within 2 - 5 mm of the ribbon nc elaborate sound

insulation is necessary to obtain a very gocd record. The particle
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velocity’intensity produced by a vibrating male is about 95 dB at
a distance of 2,5 mm from the wing and therefore well above the
' Backgroﬁnd noise level, (Bennet-Clark 1971).

The flies were placed into small wiremesh cells (ld x 15 x 5 mm)
with a perspex top. The floor of these cells contained a small
qircular hole through which the flies could be introduced, in the
following way. A funnel with a stop cock near its narrow end was
fitted-over an'dpen vial containing the fly. A finger was_pladed
over the openiﬁg at the narrow end of the funnel and the stop cock
was. opened, The fly was shaken into the space between the finger
and the gatg'and the latfer was closed, fhereb& confining the fly to
the space in between the finger and the gate, Then fhe narrow
'opening‘of-the funnel was placed over the opening of the feéording'
cell and the fly was shaken’intd.the éell. After the second fly had
been introduced in the gsame manner, the cell was brought into
position on the microphOne.' The whole process lasted 10 - 30 s per
fly and is therefore considerably faster than methods vhich.rely on
the flies' geo - and phototactical biases to_leéd them into such a
smll cell, tgrough a rather narrow (2 mm) opening.

To bring the courting male as'clbse as possible to the ribbon
of the microphone, the outer protective shiélding of the latter was
removed and the cell was plaééd on the grid diieotiy above the
ribbon, ‘ The floor of the cell was approximately 2 mm above the
ribbon. ,

Aftér_the male had begun fo cdurt,-the tapé recorder was
switched on and an adequate amount of song, no less than 10 long
bouts, was recoxrded. fhese recordings could then be dispiayed on
the screen of a Telequipment oscilloscope aﬁd filmed-with a

continuous recording camera  (Nihon Kohden PC-1B), Whenever song

-
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records were filmed, a calibration signal (50 Hz square vave from
the bscilloscope amblitude cgllibration output) waé displa&ed oh
fhe sécond‘be&n, providing a time reference independent of film
speed. All song records described in this thesis were obtained

in this manner, | |

The temperature during the recordings was always carefully
.cont?olled at 25 ¥ O;SOC, because of the known temberature
sensitivity of song ﬁarameters such as ipi, (Shorey 1962).

The measurements of the‘different song parameters;were.taken
frﬁm the film records. ~The following definitions and procedureé
"were employed. | |

ipi was defined as the_distance ﬁetween the beginning of one
pulse'to thé beginniﬁg of the‘next one, - Ipf% occur in bouts; and
: sométimes’it is difficult to decidé wh;thef a given interval between
pulses constitutes a true ipi, or an interval between bouts. There
is no other pbjeéti?e criterion évailable in such a case but aﬁ
arbitrary limitation'of‘the.length of an~ipi. Therefore, whenever.
ipi was measured in any of the experiments reported inléhis thesis
a cut off point,was introduced beyond which no iﬁig were measurea.
This cut off point will be indicated for each experiment_separatély.
Usually ipi% were measured only if-they came from bouts containing
more than 6 pulses, |

Sine song was defined as any sinusoidal train of waves which was
clearly above backgréund intensity and ionger than 5 éycles. The
_freéuency measurements were taken from several long bouts of a single
male., Each bout's mean was derived by making three measurements of
10 cycles length within the bout., Several such bouts gave the mean
of the male, Several males of -one group gave the mean and va:iance
of the sine song frequency of this group of males. | Different groupé

were compared by t-tests,



Table 2,1  Some results from the recording of 16 courtships of attached

-X males
'Me'an ipi (ms) _ 34.94 T 0,26 (SE)
% time pulse.éong 17.79 £ 0.55 "
| % time sine song | 9.75 £ 0.69  W
% time vibration : 30,75 ti10.38 »
Mean pulse song bout length (s) | 0.32 £ 0,01 ».
" gine song " ® (s) 0.42 £ 0,02 »
" vibratiﬁn_ W (s} 1.8 fo.07
.No,:pf pulse song bouts™ 532
n " sine song bou.ts+ 187
" v yibration bouts+ - 167

* from 16 of the 76 courtships



2.4 General description of the courtship song

“2.4.1 ‘Methods and Results

2.4.1.1 Some song parameters

The data presented in this sectlon (2. 4. 1 l) were mostly
1collected and analysed in colaboratlon with Mr. M. Dow. We
. recorded 76 matings of 3 d old mles and females aeoust1Ca11y
and visually. The flies came from an attached-X stock (att-x) _
whose geneth characterlstlcs will be descrlbed in more detail |
in section 4.2.¢.l. Males from this stock are wild type and the
females are homozygous for y, E_and'ge ‘The stock was obtained
from the Institute of Animal Genetics, Edinburgh, They were kept
at 25 - 2 C and ths experlments were performed at 25 - O 5 C.
_The flles had been kept in 1solat10n up to the tlme of the
‘experiment.. All sounds emitted during the whole courtship were
recorded.on a tape recorder and the vieually monitored behaviours
on aﬁ event recofder. Vibration, a viSuelly-recorded behaviour,

is deflned as the eaten31on of one wing at a 90 angle from the

' mzin body axis, This behaviour was recorded on the event recoxrder

aﬁd simultaneously on the second channel ef'the tape recorder with
the help of a square weVe generator, ' The latter recording permitted.
a precise investiéafion of the relatiohship'between the visual and
‘acoustical components of vibration,

Each 1p1 of all males, with no regard to the length of the bout
it was a part of, was measured with a cut of f pownt at 100 ms,
‘Bqually all sine song bouts were measured, but it was not possible
to get an estimate of the frequency of this song compoﬁeﬁt. The

results as tﬁey ere pertinent to this thesis are‘disﬁlayed in

Table 2.1.
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It can be seen that the males spend slightly more £ime in
vibration than they do in either pﬁlse song or sine song. The
’ differencés are howevel;. not si@ificwt~ due to th’e. enomdus
vafiabilify of .the percent time a mélé spends in vibration,
Thefboutilength'of vibration»is coﬁsiderébly iongef than that of _.
pulse - or siné‘song. Sine song has a lénger bout length fhan~
pulse song. The number of pulsé song bouts'is-vasfl& larger than
the nﬁmbeerfIVibratiop'- or sine -song boutsa'- Looking mbre_closely'
at,thesé figures, we find that out éf_532 pulse song bouts, 182:'
6céuired wﬁen the wing was not fully extended. " of 187 sine song
bouts‘oniy 10 occurred outside viBration. On fhe,average each
bouf of vibéation consisisiof 2.1 bouts of pulse song and 1.06-A
_bouts of sine song. The 1argé number of pulse song:bduts which
| ,arevemit£ed when the wing is not full&‘extepded Sefve td showvjﬁat
the visually recorded vibration is only a very rough guide to the
underlying acousitical phencmena, : In other werds, it is ndt a
precise measure of the aﬁditory stimulafion a male provides for

the female. ‘What has been called 'curtailed' forms of Séissoring

in D, melahogéster (Manning 1959) is not.analogous to the scissoring,-
of D, simulans., In the latter species scissoring is completely

silent (Schilcher, unpublished) whereas:these.curtailed scissoring

movements of D, melanogaster which are rather quick, occur
frequently, remind one of wing flicking and during which fhe :
vibration of the wiﬁgs is very difficult to see, are always
-accompanied by séund:outﬁut.

'Seventy five out of seventy six of the ;ecdrdéd matings ended
with a boutv of pulse sohg shortly befbré~the final successful
attempted COPulation.f Only one copulation'was préceded by a bout

of sine song.



sble 2,2 - Analysis of variance and repeatability of ipi.

source s & m. P p
" between mles 25,426 39 0.6519 - 10.4576  0.00L
within males - 46,195 - T4l  0.0623 |

variance componentis:

. »éource‘ A *" component - ﬁeréeht
between males . 0.0%03 32,67 (repeatability) .

within males . o - ‘0.0623 B 67.33 



2.4.1.2 Repeatability of ipi

An attempt was made te get an'estimate Of the‘repeatability of
ipi. The repeatablllty of a glven trait glves a. qulck estlmate of
the upper 11m1t of its heritability, (Falconer 1960) The latter
measurement provides usefulAlnformation for evolutionary arguments,
as hes-been.discussea in the introductibn. "~ Even such an admlttedly
rough estlmate of the herltablllty mlght allow some conclusions -

A about'the_evoluthnary pgst of ipi. Forty att-X males were
Vrecorded while’ceur%ing one day . old virgin gﬁﬁ:&_femalee; .The'
males were from 4 age classes, 2, 3, 4 and 5 days of age. As
there were no differences between the agee the resultsvwere pooled.
At least 10, maximally 29 ipi's, all from one bout, of each male
were measﬁfed with a cut off point at 50 ms. The reﬂultlng mean
ipi was 34.57 £ 0,37 (SE) ms. The within and between male
variances were calculated (Mbdel IT ANOVA, Sokal and Rohlf 1969)
and~the repeatability derived from them, (Table 2.2). It can be
‘seen fhaf thelbetween group compoﬁent adds a significant amount to
the within greup component. The repeatability is 32.67%. - It
follows that the heritability of ipi wbuld have to be expeeted'to
be rafher low, Therefore it can: ‘be concluded that ipi has been
subgected to rather 1nten31ve selection in the past and has lost
much of its additive variance, (Robertson 1955). = A list of -
morphological traits in Falconer (19605 includes no repeatabilify-
lower than 40%, Such traits as acti#ity.in an arena in Drosophila
have repeatabilities of 75 or 87% depending on the sex, (Ewing 1963).
Activity in a circular arena has a heritabilit& of 51% (Connolly .

1966).



2¢4.1.3 Coefficient of wvariation of ipi

Another measure whiéh would allow one fo}compare the
variabilify‘df a given behaviour to that of other characteristics,
behavioural or morphological, is thé coef£icient of variation (CV)
(Sokal and Rohlf 1969). Under the hypothesis that ipi is a
sp601es isolation. 31gnal one would expect it %o have a rather low
"CV. The 1nter1nd1v1dual CV of ipi, as obtained from the data of
precedlng sectlon, is 6 78%. The 1ntra1nd1v1dual values range
from 5 to 1% Ipi is con31derably more vériabie than; for
example, the time which elapses between the twé snaps which'are
part of the strut behaviour of sage grouse, (Wiley 1973). It is
:however well in the range of the degree of stereotype of many
morphological»characters (cited in uiley 1975), and also that pf o
certain behaviours of an Anolis lizard, which aievthought to be

highly stereotyped, (Stamps and Barlow 1973).

2.5 Effect of song on males

2.5.1 Methods

The flies used in these exﬁeriments Qere.from»the EEE:sttock;
(seé section 4.3.2,). They were 3 days old, kept at 25 * 1% and
the experiments were conducted at fhe same temﬁerature. The
males were allowed to hatch for 20 hours,béfore being collected '
énd were kept in groups of 6 in vials up to the time'df the
experiments. |

For tne behavioural observatlons the 1ngects were introduced
into CJllnarlcal rerspex celTs, 2.3 cnm high and 2.6 cm in diameter,>

with a wiremesh floor and a gauze top. The introduction procedure

was the followinz, A -unnel wzs placed over an open v1cl containing



*

the flies, The latter were then shaken into the. narrow éna §f

the funnel which was closed with a finger at the narrow end.

The viél was rehoved and a cofﬂon plﬁg on a wirghdlder was

inserted into the funhel. The'cotton Plug cibsed the narrow
part of the fuﬁnéi, thereby confining the flies to the space
between it and the finger. Then the marrow end of the funnel

was placéd ovér-the opening of the observation cell aﬂd thé flies
were gently pushed.through'it by slo&ly moving the plﬂg fbjward.

The cells were placed on top of a loudspeaker through’which.
simu;ated éong could. be played;A The simulation system hés been
deséyibed before (Bennet-Clark and Ewing 1969), and only minor
modifications were made; ife. an unmodified commercial loud-
speakéi was used and the sound absorbing column was dispensed

with. Unless indicated otherwise, the sound intensity in the
experimehts was 105 dB as measuredIWifh'a Bruel & Kjaer type 4117
microphone, at the level bf the floor of the observation cell,

The intensity, measurements throughout these experiments have been
mde with the type 4117 microphone. A ribbon microphone (Reslo,
Bennet-Clark 1973) was calibrated by comﬁariéon Qith the type 4117
microphone &t a distance of 1.5 m in the 'farfield' condition and
then the difference between the two microphones was measured in
the 'nearfie1dl condition, at the level of the flodr of the
6bservation cell. In-the neaffield condition the sound is highly :
divergent ana particlervelocity, ﬁeasured by thé ribbon microphone,
and pressure, méasured by the type 4117 microphone are not in phase,
particle velocity being relatively higher, (Olson‘1957). . It was |
fpund by these means that in the acoustic condition and with the
simulgted courtship song, the particle velocity was 10 dB louder

than the pressure measurerent indicated, ‘A1l sound levels



Figure 2.1 Oscilloscope recordings of the wave form produced by the
" simulator. (&) recorded through a ribbon microphone;

(b) recorded directly from the simulator,
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Oscilléscope'traces of the courtship song of D. melanogaster.,

e 2.2

Fi

Calibration signal: 100 Hz

JLJkﬂHrwrﬁrHLJLJkHHrﬁr3LJLJhﬂhHﬁrJLHHrDLHHNﬁfﬂkﬂhﬂﬂfﬂhJHﬂHFﬂLﬂﬂrnLl - - -

Buoseasind Buosauis



considered here are corrected for this difference and are quoted

in terms of particle velocity with reference to a threshold of

7

m/s which in the plane wave condition is equivalent to
12

0.5 x 10~
the threshold of 10~ W/mz. ‘This correction is made because the
antennae of a Drosophila are particle velocity receptors (Bennet-

Clark 1971). ~ The ipi is, if not otherwise indicated, 34 ms which

is approximately the natural ipi of D. melanogaéter (Shorey 1962),
Fig.2.1.b shows the waveform which thé simulator was producing and
whiéh was employed th;bughoutlthese experiments, Fig.2.l.2 shows
the same waveform after it has been'flayed through a loudspeaker,
" picked up by a ribbon microphone, and recorded on a tape recorder.
This shoﬁld be compared with Fig.2.2 which giveé a typical example

of aneform as pioduced by a mle D, melanogaStér recorded via a

ribbon microphone.

Sine song was produced with the same simulator and constituted
a sine wave with a freéuency of 160 Hz, The intensity_waé the s#me
as for pulse song. o |

The majority of the data was collected in the following way:
two observation cells, éontaining six flies each were placed, 1 cn
apart, on the loudspeaker, approximately 8 cm above the cone, and
given 1 minute tb settle.down. From then on every 10 s the number
of individualsmoving or the number of §Ourtship interactions which
were.in progfess at this instaﬁt-in time were recorded in the left
cell first and then in the right one. “One courtship ;nteractién
was scored whenever two animals were orientated towards each other.
This definition includes all other sexual behaviour whigh might have
occurred, like tapping, chasing, vifréting, licking and attempted
copulation, since orientation élways accompanies these activities,

When several males were courting each other in chains or crosses of



interaction, the numﬁer.scored was N-1, where N is thé number of
‘males involved, The first 2 minutes were without ény sound and
‘served as an .internal control for the neit 2 experimental minutes-
where sounds of varying properties were played to ‘the animals,

The mean number of flies in mdvément, or the mean number of
courtship interactions was calculated for the control and
experimental situafion of each experiment and a mean and a
variance were obtained for the means of the different repetitions
of the same type of experiment. - Coméaris§ns were made betwéen‘

- different types of experiments by subtracting the contrbl'mean of
-each single replicate from the corresponding experimental mean,
‘Mean and variance of the differences were calculated and different
e#periments were compared on the basis of these corrected data with
Student's t-test. t-tests were also dsed.fo compare control and
experimental scores within.and between‘éxpeﬁiments.

- In certain tests the wings of the ﬁales had to be amputateds;
this was achiéved with a ééalpel at the time of sexing. Practically
the whole wing was thus removed. This operation meant that the
anirmals had to be kept etherized for a 1onger period than that
necessary for sexing alone, therefore all winged control animals
were held etherized for the same lengfh of time.

One test involved ariétaless mles. This amputation was carried
out with watchmaker's forcepslin such a way that the aristae only were
clipped off. The other antennallsegmenfs did not appear to be harmed,
Again the control flies were kept under the influence of ether for an |
.equivalent length of time, VWith good forceps tﬁis éperation can be

performed so reliably that errors of surgery do nof occur,



‘igure 2,3 ° Means (t 95% CL) and significance levels of male 1ocomotor
and courtship activity in the silent control situation and

the experimental situation where courtship song is played.
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5;5.2 ‘Results

2.5.2.1 Wingless and winged males

Figures 2.3%a and ¢ show the non—seiual locomotor activity
-of.wingless and wihged males in thé control and-experimental
situations, Figures 2,3b andvd>indiéate the numbers of.
orientations-observed in wiﬁgless and winged males, As can be
seen the differences between the:control and experimental
Situation-are significant in every cases be.locomotor activity
this diffefence‘is howeve: much larger in_the wingless males than
it is in the winged ones. |
Looking at courtship activity (Figures 2.3b;~d)bwe find that
the controls are very similar to éaéh other butvthat.the experimental
winged males‘scoie lower than the winglesé onés, (p<:0.01). This is
.probably dve to the fact that wingleés males lack théir‘major
rejection stimulus, namely flicking of the wings and ﬁherefore any
courtship interacfion is likelj to last longer in the wingless
situation, wifh the effect of a higher score at the same frequency

of interactions.

2.95.2,2 Effect of preexperimental housing

Figures 2,3e and f show the scores of winged males which had
been kept_in isolation from the time of ;exing up to the time of
testing.' As can be seen the measures are considerably higher in
this case as compared to ¢ and d. The differences between control
and experimental are not siénificapt between e and c,'but they are

between d and f, (p<0,02). = Although courtship activity did .



Figuré 244 Retention of the effect courtship éong has on the locomotor

éctivity'of males, - Means and 95% CL are'plotted.
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_increase'in the no sound condition, it increased even more with
'sound,  This result confirms the finding of Ellis & Kessler (1973)
that mles housed in isolation show an. increase in their mating

speed,

2.5.2.3 Retention of the effect of song on male locomotor activity

Two groups of wingless males.were placed on the loudspeaker,
given one minute to settle down and ﬁheh'foerne minute'courtship
song was played to them, After this they were observed for another
5 minutes. . During both periods tﬁe number of_maies moving was
c&unted every 30 secoﬁds; As Figure 2.3a shows, locomotor
activity ié the most striking and thérefcre most aécurate aﬁd
convenient measure of the effect of thé song on males, Therefore
in fhis and the folldwing experiments locomotor activity rather
than courtship activity is taken as a measure of response;

Figure 2.4 gives the.means and 9%% confidence 1imits_for 6
replications of this experiment. It is evident that evén after

1
5 minutes the flies are still aroused.

2.5.2.4 Sensory basis of the effect

Wingless males without aristae and control flies with their
aristae intact, were allowed 2 1 minute period to settle down, then
they were subjected to a2 2 minute period without sound during which.

their activity was scored after 10,60 and 120 seconds followed by a



FigEEeIZ.Q Effect of aristae amputation on the sensitivity of males to
courtship song of increasing intensity.  Means and 95% CL

are plotfed.
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2 min period Qith sound duriﬁg vhich their activity‘was scored
every 10 seConds. In each consecutive 10 second period the
1ntens1ty of the sound was dlfferent, iricreasing by. 5 mm peak

- to peak until 40 mm, and then in steps of 10 untll 80mm, AS,

the intensity.was measured directly on the oscilloscope,as the
amplitude of the pulses in mm without a ﬁicrophone, the values
plotted in Fig. 2.5 can not be directly converted into dB; fhé
COrrespénding values were measured with a microphone and 2 suéh
values are shown. The means and 95CL are based on 6 reﬁlications.
The loss of the aristae clearly results in the flies responding at
the higher:: ntens1tles only.

Waldron (1964)Vhas suggested tkat D, pseudoobécura and

D. persimilis females perceive the sohgvof the”male via the
substrate thréﬁgh tﬁeir chordotonal organs. This suggeétiop was
‘based on the observation that wingless males céuld be recorded
through the microphone nearly as well as wingéd ones, I bhave
tried to record wingless males repeatedly and always found them
completely mute, Waldron wés recording through a pressure-
sensitive crystal microphone, whereas I fecorded through a ribbon
microphone (Bemnet-Clark 1973), which, like the female's aristae,
is a particle velocity receptor (Borucki 1971). At a distance of

5 mm from a male Do melanogaster the sound level is 72 dB, at 2.5 mn

it is 92 @B, (Bennet-Clark 1971) - These theoretloally derived

“values agree well with my direct measurements, An average court-

ship distance in D, melanogaster will be,around 3 mm between .the
male's wing and the female's aristae. Inrother ﬁords, only rarely
will the female encounter intensities above 100 dB, Aristaless
males hear the simulated song from about 106 4B onwards, If

females have comparable altermative mechandrééeptors and if the



igure 2.6 Lower sound intensity threshold of the effect of courtship song
on the locomotor activity of males. Mean and 95% CL are plotted,

‘The intensity increases in steps of 3 4B,
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igure 2.7 Upper sound intensity. ‘th.reshold-of the effect of courtship song

" on the locomotor activity of males. Means and 95% CL are

" plotted,
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acoustlc propertles of the subgtrate can be compared in the 2
31tuat10ns, then they would not hear cost of the male's 31nglng.
- It therefore seems likely that the song is percelved through the
aristae, Th;s hypothesis gains further'suppprt:from,the well
known observation that wingless nales‘hﬁ&e a'considefable mating
” disadvanfage (e.é. Ewing.1964); also females diéc:iminate against
‘yiqgless mles in tﬁé dark in the same'way as_they,do in light, |
 (Pastock 1956) which indicatesthat_theIWing vibration does not
' serve as a visual stimulusand aristaleés‘females are much less: |
receptive than control femalés,.(Manning'1967, éurnet et@ial;-i97i);
' The‘fhreshold inténéity for the response of normal wingless -
males to soﬁnd Qas detérmined'in a‘separate eXperiment. Wlngless
males were, glven.l minute of no sound durlng which uhelr act1v1ty
was scored every 10 seconds, ‘ " Then they ware subjected to 110
seconds of séuhd.whioh increaéed by 3 dB-after»each 10 second -
peribd. For this sfepWisevinépeaSe iﬁ soﬁhd“inténsityAa'fixed
3 DB interval potentiometer was used as an attenuator. Again the
number cf 2ctive males was counted every 10 seconds.‘ it can be
 seen froh'?ig;A2.6 thét the rmles start to‘respond_ciea:ly at about
88 dB, (N = 6). | |

It has been observed thatjthe sensoxy system,responsible for
the reception of the sound can be overlogded oxr overri dden w1th
very high intensities, Fig, 2.7 gives the results of an-experiménts
designed fqlshow this, _ Male wingless’flies were observed for 1;5"
minutes and the number of active ihsects_wés counted every 10 seconds,
Fbr'eveiy‘period of 30 seconds song of a different ihtehsity was
'played decreasing by 12 dB each perlod - It is apparent that

sounds with a pa-ticle velocity of 120 dB or more are not effective.



5iggreb2,8 . Means and 957 CL of the effect of courtship songs w1th dlfferent

1p1's on the locomotor act1v1ty of. maTes.
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ble 2.3 Effect of sine song on the locomotor a@ti{rity of méles.

Number cf wales moving. (N = 8).

~ Mean

BER

' ,h° sound 0.1978 h 0-0953

sine song 0.2187 0.0830



2.5.2,5 The effective ipi range

Acti%ity meaéuréments’were made on wingless malés.' The
scores of the experimental and control4p¢riod were subtracted and
these adjusted scores are given in‘Fig. 2.8 for varying iﬁi's.
Bach mean is based on at least 6 replications. Tt appears that
ipits betﬁeen 30.and 80 ms are about equally'effective in
initiating movement in wingless males., -This rﬁther wide range
seems to contradict tﬁe.hypotheSis fhaé ipi functions as a species
~identification signal, but it must be understood that we are
dealing with males, and that they may be expected to be less

critical than females, (Trivers 1972).

2.5.2.6 The effect of sine song on male locomotor activity

Table 2.3 shqﬁs that if sine song iélplayed_to wingless mles
during the experimentai period, they do nbt increase their.activify.
There are no signs that would suggeéf that they perceive the song at
all, At the end of all these experiments pulse song was.played
back to the experimental subjects which did not respond_tO'sine song.

All groups Qf_males'reacted instantaneously in the typical manner.

"2+5.3 Discussion

This stfiking influence of pulse song on the behaviour of
unisexual groups of males is not a general unspecific response which.

would need no further attention. Several lines of evidence indicate



that it is a spec1flc and genulnely sexual behav1our. Very high -
1nten51ty courtship 1nteract10ns, llke attempted copulatlons have
been frequently observed, These are rarely, if ever, seen in
groups of males which havelnot been'sexually stimulated. Moréover
Ait was foﬁnd that the nommally quite motionless flies can bé |
induced to move by sﬁdden and intensive lighf flashes, but this -
‘activity dies down iapidly and no sexual behaviours occur. :Thé
differént degrees-of'reéponse td‘different‘ipi's, the fact §hat,
sine SOng does not act as a'stimulus and the seﬁsory specifiéity of
the effect, as ev1denced by the arlsta abl atlon experiment, serve
-as fu;ther support for the specific andASexual nature of the
response. ' , . |

Accepting this hypothesis, there appear to. be two possible
explanatiohé_for this sdng»induced increase in male séxual.activit&:
(1)‘it is of advantage for a male_to be instantly aroused as soon as
it hears anothéf male singing, because this indicates that there isg .
in all likelihood a virgin female nearby, and it is a good strategy
to look for her 1mmed1at¢ly, or (2) a male is stimulated by its own
song. A positvive feedback loop of this‘kind might be necessary to-
increase the sexuai excitation up to a level where copulation can’
take place (Ewing, pers, comm.). This latter Déint is made rathexr
unllkely by the observatlon that w1ngless mles are very energetic
courters, (Bastock 1956 Cook 1973\ The first conaecture is
supported by the observation that in fhe wild Drosophila éeem.to
congregate on feeding sites at certain hours of the day and
copulatiéns seem to take place there under rather crowded conditions,
(Spieth 1974). . Such éonditidns are a necessary prerequisite for
the evolution of the proposed response, because the~soﬁnd does not

carry very far,f(Bennet-Clark 1971). TUnder the very hig



population densities often found in laboratory culturés this
'a:ousal phenomepon'would obviously be very advantagéous;_

There have been reports in fhe literature which would'allow
an 1nterpretatlon on the basis of this male response to -sound .
_For example, in one such case w1ngless mles were found to be at
a lesser dlsadvgntage when together with winged ones,'than they
are when by themselves, (Sturtevant 1915). ‘In andfher case it
was reported that wingless ﬁélgs_(this,fime genetically wingless)
in a coﬁpétitive'mating sifuation canfevéﬁrbe more successful than
winged ones, (Burnet and Connolly 1974) Dow (1975) has démonstréted-
that the mating success of zellow males increases with the number of
males belng allowed to court one female. This increase ceases
.however when more than 4 males per female are présent.‘: Clearly
fhese results can also be explained with an'alﬁernative hypothesis
which interprets the result from the female's, rather than fhe mle's,:
point of view, ~In.every casé, as the mating Succéss of the mles
>increases, so does the amount of stimulaﬁicﬁ which the females
'receive; A aiétinction‘between these two alternative explanations
can only be made with mating competition 9xperiments where the |
auditory sense(s) of the males or females has been extivpated in
order to enablé-one to distinguish effécts on the one se# from those
on the other,

That the male arousal response has evolved specifically for
pulse song and not for sine song can be explained by the fact that
the sound 1nten31ty of sine song is con31derab1y lower than that of

‘pulse song and that the former is emitted much less frequently than
the latter. A male would therefdre practically always hear the
ﬁulse song emitted by another male before it would perceive its sihe

song. In order to exclude the possibility that the bgpaviour
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-déscribed is a strain idiosyncrasy, preliﬁinary tests were ﬁade
on a stock (Haren) which had not Beeﬁ in the laboratory for a very
long time and which.is-therefoie more representative of a natural
population, This stock was}fbund'fo exhibit the same response-to

simulated pulse song,

2.6 Effect of song on females:

2.6,1 . Introduction

‘The demonstration in the'last section that simuiated coﬁrtship‘
song triggers a specific response~iﬁ males, makes it necessanyAto
- take a fresh iook at the intermretation of the earlier-playback.
results, which have been mentioned iﬁ the introduction to this
chapfer. In all these eiperihents the ﬁales were preseﬁt during
the stimulation period and could therefore also perceive the song,
the effect of which on the females-waé under investigation. It is
rossible that the results reported were obtained because of the
effect of the simulated song on males, rather_fhan on females, as
has been assumed. For example, the data éf fhe earliest report -
(Bennet-Clark and Ewing 1967) could very Qell be interpreted on a
male basis only, because all the resulté are in accoxrd with'those>
from the male stimulétion,tests. The éecond publication (Bennéf-
~ Clark and Ewing 1969) is not so easily émenable to an'interpretation
from the males' stand point,lbecause of an ipi speéificity which has
not been found with the males alcne. Comparing Fig., 2.8 of this
chapter to Fig. 6 in Bennet-Clark and Ewing (1969) one can see that

their findihg with an ipi of 17 ms is in agreement with -those of the



'bfesent investigation‘of.the males, where ipi's of 10 and iS ns
have no effect and one of 20 ms results in a weak reaction by the
males; Eb&ever in the ipi range of double the species specific

- value, there is some discrepancy. Males éeém to respond almost
as well to 60 éndVBO ms as they do to 34 ms; whereas 68 ms in the |
'Bénnetécnark and Ewing (1969) paper results in a distinctly smaller
increése in female recé?tivity than 34 @s. Nevertheless 68 ms is
better than 17 and therefore the differencés'in'thé'results of the
two investigations are of degree rather than quality.

In the prestimulation report (Bennet-Clark et al. 1973) en ipi
»épecificity has also been démonstrafed. " Here, however, the
| magnitude'df the effect is so small,that differeﬁces-are'difficulf
to aséess, and it might weli be that they are of the same order of . -
magnitude as those fbund with the male sex by itéelf.

Although there.are‘strong indicétions that the early playback
.results are not 'artefacts' brought about by the_males, it séems
nevertheless no more than brudeht to have a renewed look at the
effects of simuiated song on'femalés, under conditions where the
complication with the ﬁales,cah be contrdlled. This repetition
might be especially called for in view of the notorious'st;ain
differénces in Drosophila which by-themselves might account for the
discrepancies just discussed,

" e

The following expé?iments.wiil investigate the effect of
simulated séng on female locomotor acti&ity and receptivity,.
The latter tests will be of two kinds: stimulaiion, where -the
males are present while the females are perceiving thé s timulus
-(Bennet-Clark and Ewing 1967, 1969) énd prestimulation, where the
males are introduced to the females after'these have been

stimulated and the ‘sound has been switched off, (Bennet-Clark et: al.

'1973).
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2.6.2 Methods

2.6,2.1 Effect on female locomotor activity

These expé:imentsvwere exactly anaibgéus and performed wunder
the same conditions as the ones which have been reporfed in the
lasf section fof mles, Virgin att-XB‘(see sectiopf4.3.2).females were
subjected to a 2 miﬁ control period and then to a42 min period
where various sounds wefe played back to them- The number of flies
méving was counted every 10 s in both the contrplvand.experimental
periods. Several experimental conditions were.eﬁployed, pulse
. song (34 ms), sine song (160 Hz), no sound and white noise. The
1atter.sound condition was. derived in this and all later expgriments
from the outpﬁt of the vertical amplifiers of a Telequipmentv

bscilloscobe, (Bennet-Clark, pers. comm,).

2.6.2.2 Effect on female receptivity

L=y

In these.investigationé flies from the Haren and an alj;th -
stock were used, The former was obtained f:om Mf._ﬁ. Dow and is
a wild.type stock which has been collected in the'Nétherlénds in
1972, The latter stock was obtained from Dr. B. Bu;net and is
characterized by extreﬁely vestigial aristae, (Burnet et.;al, 1971).
They were kept at 25 ¥ 206 and the tests were carried out at 25 ¥
O.5°C with 3 d old flies. The iﬁéects stayed.in.unisexual groups’
of 5 up to the time of the experiment, Wing amputations, where
necessary, werelcarried'out in the same wéy as has been described
before, The simﬁlation system was also the samé.> ~Pulse song‘

T

with an ipi of 34 or 48 ms was used, it had a pulse length of 5 ms



aﬂd an intensity of 105 dB. Sine song had the same intensity,

: Both songs were however patterned, ‘A sound period of-2 s
alternated with a silent period of 3 s, This modification was
made to render the stimulus more like the natural one, which is
given iﬁ'g patterned fashion by the males, | Furthermore there are
actual indications thét patterned song is more effective than a
continuous one in sfimulating females, (Iknnef—Clark,‘pers. comm. ),
In fhe control tests the females were sﬁbjected to patterned white

" noise of the same intensity.,

»

2.6,2,2,1 Prestimulation

Haren females were éﬁbjeoted fo.l min of pafterned stimulation:
before they were mixed with Haren mles, For this purpose
rectangular perspex cells were built which fitted tightly on £§p
of each oﬁhef.' The lower one contained the females and was
suspended in a clamp 5 cm above the loudspeaker; it had a gauze
floor and a ceiling of the same material which could be pulled
out, The upper cell con‘tained the m2les and had a rempvable floor.
When the two cells were placed on'top of éach cther it was possible
to pull the ceiling of.the lower one ouf together with the floor
of the upper one, thus producing a single mating chamber 2,2 x 2,3 x
2.4 cm, Five males and five females weré intrcduced into their
respective'cells through a whole in the sidewall with the same
technique és haé been described in section 2,5.1. The females,
aftér their cel; had been suspended over the loudspeaker, vere

allowed 1 min to recover from the transfer and then they were
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subjected to 1 min of patterned auditory stimulationo As the sound
was switched off the males' cell was placed on top of the female one
and the partitions were removed, allowing the sexes £o intermingle
and'courtship to begin, This process took frdm 5 = 10 s.  During
the prestimulation périod the ﬁales were kept away from the 1oﬁd—
speaker under sound intensities far below their threshold of response,

In one test the rolés ‘of the sexes.were reversed, The males
received the pfestimulation (5 min continuous pulse song) and the
- females were kept away from the sound sgurce and introduced to the
males after the sound had been switched off,
24642,2,2
' Stimulation

For tﬂese experiments Haren females were intr9duced inté a
cylindricéi perspex cell (2,6 cm in diameter, 2.3 cﬁ high) with a
.geuze top and a wire mesh floor. This cell was suspended over the
loudspeaker and after 1 min of recoveryAwingless males carrying the
two afiéta mutations were introduced through a funnel. As the last
male entered the cell the sound was switched on and left on until
the end of the eiperiment. " Introduction of the males was
accomplished in 5 - 10 s, As the rationale of this experiment
required the meles té be deaf, it was fifst established in pilot
experiments, that at the»sound intensities employed here they do
not‘respond to the song,. These males start reacting only at
intensities around 120 dB. Therefore inkthe context of the present
investigations‘these males will be considered deaf; vthey are also
mute due to the wing amputation, ‘ .

In both types of experimental set ups the time to the first
copulation was scored, These data were log normally distributed

" and t-tests could be used to compare the log means of the control



e 2.9  Means and 99% CL of female locomotor activity and significance

levels for the difference between each experimental and its

control situation,.
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igure 2,10  Means and 95%% CL of ‘the effect of pulse song (PS, N = 30) and
sine song (SS, N.=.20)-on female receptivity (time to first
copulation), Both types of song .are applied as preétimulators

and compared to white noise (WN).
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and expérimental scores, The relevant Figures or Tables sﬁow

the antilogs of these results and~thé confidence 1limits, are
therefore not symmetrical arouhd the mean; Control and expe:imental
~tests were always pérforméd on the éame day in an alternating

sequence,

2.643 Results

2.6.3.1 Locomotor activity

Fig. 2.9 shows the influvence pulse song, sine song, no sound
and white noise have 6n<the activit& of 3 day old females.
Furthermore, the effeét of pulse song onil day old females is plotted,
All histograms are based on ten replicates, If is evident that
'pulse song and sine song significantly réduce female act;vity.
White noise and no sound in the experimental 2 min @eriéd have no
" such effect;. One day old femaleS‘which are not yet reéeptive

(Manning_l967) do not decrease their activity if subjected to pulse

song.

2.6.3.2 Receptivity
2.6¢3,2.1 Prestimulation

Fig. 2.10aindicates that if the females are prestimulated with
pulse song (ipi = 34 ms) the time to the first copulation does not
change in comparison to the prestimulation with white noise (N = 30).

“When they are sﬁbjected to sine song, the time to the first



ble 2.4 Effect of pulse song on mating speed when the males receive

the prestimulation

Mean (s) - 95% CL
' 31,92
pulse song - 24608
18,16
60.69

white noise 49.43
- 40.26



Pigure 2011. Means and 95% CL of the effect of pulse song (Ps, N .= 18)
compared to white>ﬁoise (WN) and of pulse song with an ipi
of 34 ms (34, N = 55) compared to one of 48 ms (48) on
female receptivity, (time to first copulation). All sounds

are applied as stimulators,
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copulation is significantly reduced in comparison to the control,
,(p<0.001 N = 20) (Fig. 2.10b),

In Table 2.4 the results from the eéxperiment with reversed sex
roles -are displayed. The differences between the control and

experimental tests are highly significant (p < 0,001, N = 18).

2.6.3,2,2 Stimulation

‘Fig, 2.11a gives the results of stimuletion experiments wi£h
tdeaf! and 'mute! males. It is clear that pulse éong reduces the
time to the first copulation considérably, (p< 0.01,. N = 18).

In Fig.VZ.llb the effects of pulse songs with different ipi!s
are investigated. An iﬁi-of 34 ms éhibh ié characteriStic of

D, melanogaster significantly reduces the time to the firs®

copulation in comparison to an ipi of 48 ms, which is that typical

for D. 51muJ ns, & sympatric s1b11ng species of D, melanogaster,

(p<0.05, I = 55),

2.6.4 Discussion

The results of the experiments on female locomotor activity
sugggst that the male's song does indeed.slow down the female, as
has been proposed by Bemnet-Clark and Ewing (1967), although they
attributed it to the tonic component of the song which was not
~involved in the present experiments, Cook's (1973) finding that .

lowered activity of the female is correlated with the successful



. outcome df courtship, is also corroborated by these results,

The receptivity inVestigations‘indicate_that éine_song, which
increases receptivity if the females aré subjected to it ﬁefore
being mixed with males, acts like a. pump rather tﬁan a trigger in
the sense of Adler (1974). It could bé summated by the female
6yer a ceitain period of time thereby steadily increasing her
receptivity, The same does not, however, hold for pulse song,
which increases female rééeptivity only if the females are hearing
it in the presence of males which céurt them silently. Therefore
one can conclude that puise song acts more like a trigger, This
would be expectéd of a species identification s+timulus, because
"such a signal should be so unambiguous that it takes no time to
get the meééage. - Purthermore it would be maladaptive if such a
stimulus were summated or only memérizéd 6fer a short period of
time, because this would mean that a heterospecific mle could
.inseminaté a female after she has received a certain amount of
stimulation from a conspecific male, The fact that 34 ms is a
better stimulus than 48 ms even if one controls for the male
effect, lends further support to the hypothesis which ascribes a
species identification function to pulse song. Further evidence
for the trigge? like function of pulse song comes from the
observation that out of 76 courtships, 75 ended in a bout of
puise song shortly before copulation, These results confirm the
earlier stimulation éxperiments, Qhere fhe males had not been
isolated from the auditory stimulus (Bennet-Clark and Ewing 1967,
1969) buf they are at variance with the experiment which ascribed
a prestimulation function to pulse song, (Bennet-Clark et al,
1973). It must be assumed that the malés are responsible for

this discrepancy.  This explanation finds special.éupport in the



finding that the prestimulation of males does decrease %he time

- to the first copulation significaﬂ%ly. It is however still

" possible that the slight but perhaps important dififerenée in
method are the reason for the different outcomes of the
prestimulation experiments, It seems tﬁat in the early report

the intioductioﬁ of the males to the females might have been less
disturbing for the females than in my experiments. Also, the time
required for the introduction of the males was probébly.shorter in

the former investigations,

2.7 General discussion

The results which have been communicated in the present chaptexr
can be éummarized in the following way: (1) Pulse song has a
dramatic effect on males., This effect is rather uﬁspeqific with
regard to ipi. (2) Sine song does not trigger any response in
males, = (3) Wemales are definitely able to memorize sine song,
whereas under the same conditions they are unable to remember pulse
song. ,(4) Hevertheless pulse song does result in aﬁ increased
receptivity when played back to the femaies while they are being
courted by‘uingléss males, This female response to pulse song is
ipi specific,

' These results warrant the tentative conclusion that pulse song
is a species identifier and sine sbng a stimulus which subserves the
purposes of intraspecific sexual selection. What is the degree of
'uncertainty' of this conclusion?.

If we speak of the function of a given structure, it is implied



]thatnthe selective forces shapingothis struoture ha&e had their
origin in the_need to fulfill exacily this functioo that Qe are

" concerned with, We do not mean a side effect (Otte 1974) which
can be associafed,with any structure and which cah'vexy easily

be oonfused_with aifunction in the proper sense.

. fbr e%ample, say ipi is a signal which has evolved entirely
for the purposes of intraspecific sexual selection. These
purposes, for onknown reasons, have impoéed sﬁoh restrictions on-
the evolution of the signal that it emerged with the properties
that we-obéeive today, .If thisiwore so, then Api would auto-
matically appear to acf as a spéoies identifier if we would test
this hypothesis with theokind of experiments described in this
chapter, .To complicate matters furthér, the reverse also holds,
If the true function of ipi is épecios isolation, it would also
fulfill an.intraspecific sexual selectionAtask, or rather we would
 find in-our experiments that it has this effect. In other words,
the observation that females discriminate against deviant ipi's
tells us very little more than that it is involved in sexual
selection (in%er- éhd intra specific) in general.l To separate the
two hypotheses it would be necessary to design experiments
miﬁicking-evolutionary processes, A large outbred populétion,
living.under conditions whero no mechanisms of sexual'isolation are
fequired, should, given enougb time, show a deterioration of the
traits which are involved with the prevention of interspecific
hybridization, These characteristics should drift away from the.
values where selection has kept them, or the coefficiepts of
vaiiationlshould increéée._ These are long term experiments, but
at leést with Drooonhila.they are not prohioitively long term,

What about the other pieces of evidence which would implicate
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ipi as a sp901es 1dent1f1er9 ' Its'species specifieit&, for example,
:iclearly constltutes a necessary prerequ1s1te for 1t to be’ dlscussed
as a potentlal 1solat1ng mechanlsm. However this is no more'than a
necessary prerequlslte, it certainly is. not a sufflclent one, |

i leferent 1p1's of Do, melanoaaster and D, simulans could Just as well

be a by-product of divergent evolutlon. Indeed in the D. paulistorum

| group of incipient species, Ewing'(1970) has found no signs that ipi
.lS involved as a causal factor in the early stages of evolutlonary
dlvergence. Other, probably pheromonal mechanlsms _appear to do the'
taek; The observatlon that ipi works in a trigger like fashlon,
of course is also only very weak ev1dence of its 1solat1ng functlon,
-end thls.malnly-only in conjunction with the ideas about sine song
and the aseﬁmption that one structure is enough to.deal with one
function, :This'assumption could ﬁeilsbe ﬁreng and pulse song and
 siﬁe song might‘be doing the same Jjob,, Indeed‘it is possible.fhat
Sexual behaviouigis organized in such a way, that it always seives
both aims, the intra- and interspecific ones. This hypothesis
woul@ also be tesfable with the.kind of long ferm experiments out-
lined above, One-weuld however have tc be able to make predictions
as'to fhe speed and degree of deterioration”of a given trait which
'_ has suddenly been rendered ﬁon functienal. Such a prediction seems

impossible at'the present state of ohrvkhoﬁledge. The other main

type of experlment which can be de31gned test the spe01es

isolation function of ipi is that in which the actual degree of

reproductive isolation is heaeured uncer conditions in'which the '

stimulus under investigation cannot contribute to the degree of
'iSOlation,‘because the relevant input and/or output organs ha&e

been extirpated. If such a manipulafioﬁ.has no effect on the
 degree of isolation, then the stimulus in question is.not involved
in ethological isolation, Such'experiments have been performed by '

. _ iijit?x\ . _
e ‘ .
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,efher suthers and they will be discussed in'fhe next chaptei;
‘Suffice it to say here, that the same limitations apply to them
-as'te-playbeek eXperimentslandithat'they-have additiohal drew?
Vbacks stemmlng from the dlfflculty of properly controlllng fbr
' certaln sensory systems in insects and the side effects whlch can
be the result of the amputatlon_of sensory or output structures,

| Such meagures as.iepeatability'and coefficient of.variation’
'could be good 1ndlcators of the functlon oF rather nonfunctlon of
certaln characters, if a large body of data from dlverse organlsms
and behav1ours vere avallable to compare +them with, | Unfortunately
these data are missing and comparlsons are rather unfrultful.
: Flnally a more general evolutlonary.con31derat10n in relation to
1solat1ng mechanlsms. It seems that most authors.take it for.
: granted, atvleast-implicitiy,vfhat there is always a very high
premium qn the femaie (in the-caSe'where‘this'sex has”the higher:
parental investment, which it usually has, (Trivers 1972)), to
' dlstlngulsh conspe01flc from neterospeclflﬁ males and that there
vlS no need for males to dlfferent;ate. Althouoh 1t is true that
the sex with the higher paieﬁtai‘investment will- be under hlgner.‘
‘pressure to be critical when selectiﬁg a.mate, it is net.true that
: therther'sex is under no. pressure at all, Indeed after two |
incipient species have lived in sympatryvfbr'a long enough time
sohe'ﬁould‘expect the meles 6 Ee most active ih sexual isolation,
The males_shouldvevolve means.te'recegnize heterospecific femsles
at a distanee so that they do not waste time and energy courting -
these females, (Schilcher and Dow 1976) It seems indeed that in
' Dre sophila interspecific. courtshlps the males are respons1ble for
the malntenance of sexual 1solat10n, because most such courtships,.

once 1n1t1aued are inter runted by the nale, (Snleth 1974, Schilcher



and Dow 1976). Thefefore there ié an a priori argumenf againét

.ipi as an iéolating mechanism, _‘Hbﬁévér, it would ﬁe difficult

io éohclude that for these reasbns-aioﬁe-it could not.serve aﬁ

interspecific~purpoée, because'oné.would ha&e'to,make too miny '

unfounded speculatioﬁs about-the histéry ofithe species iﬁvolvéd.
As éoncerhs the function bfisine song, it muét be noted that a

_priming or summating action ofvsine song has now s%rictlyvbeén.

: demonstratéd. - It-has:qnly-beenvshown-that it is memorized Qver‘
~at least a period éf'lo - 20 8,  Its summation function could only .
be proved‘(asifar as;positive pfoof goes) by showing that the |

 degree of female‘rec‘:ep.tivity rises with the amount of pre-
stimulation. v.However, as such a summation mechanism is iafher‘
wide spread in the'éexual behaviour of several species (Adler 1974)
and as éine song is memorized it séeﬁs:that‘éummation remains a
reasonable hypqthesis which awaits to be suﬁjected to the crucial
testfl Returniné fo the secoﬁd part of the préseﬁt chapter, namely
the male reaction to puléevsong, it shouidAbe added perhaps, that
this response can be thought'of as héving'evolved'in two ways,
Firsily it could be_fhét it is entirely a male issue, vMales could
Just have evdlved the means:fo ﬁake use of this information'which is
"being provided'éccidéntally.by other courting males.i In this case
one might expect the eXpreSsion of pulse-song to become eliminated,
..»as-males find other means of.stimulating tﬁé femaies, ways which do
not have this disadvéntégeous sidé effeét. The other possibility
is that the females insist on the males to éing precisely for the
reason that this stimulates other males. . What is a side éffect
’ under,fhe first hypothesis has now become the function. The'_
‘females migﬁt assess the male's fitness sy taking é measure of the .
handicap the male can impose on himself, (Zahavi 1975); The

handicap obviously would. bte the calling iﬁ of mating competitqrs,
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rather like in red deer, 'In this case one would expéct £he males
"to sing as loud and often as can be tolerated by them, The handi-
cap theory has, however, been severely criticized, (Smith 1975). |
Unfortunately all evolutionary spequlatibns-of the kind we héve
-just indulged in, are interlarded with if's and but's fo-such a

; degree that one should interrupt:them as soon as they lose touch
with empirical knowledge aitogethér and become wntestable. I |
cannot think of any experiments which might be deéignéd such that
theyvcoﬁla differentiate with any degree 6f certaint&“betwéen'the

two hypothesis outlined above.
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- - Chapter 3
Sexual isolation and the behaviour of Hybrids'
between D, melanogaster and D, simulans

3,1 . Introduction

.Thié chapter-attéﬁpts to elucidate«questions of function and
genetic organization of_the'song, thiough the.study of two sibliﬂgv:
species andgthéir hybrids, ‘

An enormous amount of mainly géne%ically oriented work has
be;n done on species isolatién; ' Some of this work allows one to
make inferences as to the function of the differenf male displays
and female Sensory organs alleged to be involved in species isolation.
The:efore this introduction will staitrwith a discussioﬁ of‘the
isolation work which.is relevént to our problem. The emphasis will

be on D, melanogaster and D, simulans, other species will only be

mnentioned where they provide additional ihformation° Later on the
majér objectivés; which have-béen pursued with this work_on hybrids,
shall be discussed,

Since the recognition and description of b. simulans as a
sepérate.species (Stprﬁevant'l9l9), a number of expérimenté have been
described, which produced and studied hybrids bétween'these two
sibling species. The first such study was made by Sturtevant (1920),

who found that the cross D, melanogaster x D, simulans results

in hybrid females only, The converse cross gives hybrid males and:
a few females, All hybrids.were found to be completely sterile.
-'-Sfurtevant (19292). was also the first to‘compare the suéceSs rate§
of the two Teciprocal érosses. Hybrids from the cross D, ﬁelanof
gaster X D, simulans are much easier to obtain than those
from the,reciprocal croés; This has been confirmed‘by many

WOrkers since (Morgan 1929, Eiddle 1931, Uphoff 1948,_ManningAl959,



Parsons 1972, Eoff‘l973). Barker (1962) hés reported én apparent
expeption to -this rule, but it couid be ascribed to differences in
' the methods employed for’fhe meaéurement of the d;gree of sexual
isolétion (Barker 1967); These laboratory findings were confirmed
by Sperlicht's (1962) field collection where, in an area where both’
Aspecies are sympatric, he found 5% of the females pfoduced only
sterile female 6ffspring, making it likely that they were

- Do melanogastei females which had been inseminated by D, simulans -

males, No females producing only.stefile méles weie found,
Sturtevant (1929).stafes that the ™mles 6f eacs species court
femalesvof either species indiscriminately, but neither.type of
female williaccept a foreign male as readily'as_shé will a male
of her 6Wn.species". - Due to the different success rates of the

two reciprocal crosses between the two species, one must conclude

thétvSurtevant implies that p. melanogaster females ére less
~discriminatory than D. simulans females. Manning (1959) in a
mﬁch more detailed study of the'ethologioal mechaniéms involved
in fhe_isolation between the two species; has found that although
Sturtevant's conclusion is right, the rremise from which he
derives it, needs revision., D, simulans males are more

discriminatory than D. melanogaster males in that a much lower

percentage of D, simulans males show full courtship to the hetero-

specific females, Despite this fact, the D, melanogaster x
D. simulans cross ‘is more successful., In fhe same study

Manning (1959)'foundithat the male fore tarsi play a significant
role in the male discrimination against heterospecific females.A
Removal of the antennae had no defrimentél effect on the ability
 of males to diffeientiate between females. " This clearly
indicates that contact chemical stimuli play a major role in

species isolation. This had been found before with a strain of
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D. virilié,A(Spiefh 1952). Removal of the female antennae.had
no effect on speciés isolation in Maﬁning's (1959) study, which

" led the author to suégest that‘the females use'ns'airborﬁe
chemical'stimuli for species isolation. We may conclude
furthermore that this makes it also unlikely that they use -
auditory stimuli for this purpoée, becauée the major receptor
for these (Johnston's organ) is also part of the antennae (Petit
1958). This conclusion must ﬁe reg;rded with cautioh, however,‘
begausé,it is not ciear to what degree antennaless fémales are
really rendered ‘'deaf' by this operation. As has been shown in
section 2.5;2.4 aristaless males-still respond to the song af

" high intensities, it is not known.vhether this response is
based on alternative mechanoreceptors or on-fesidual stimulation
‘which Johnston's organ could still receivé from movementsAof the
funinculus . which might be reacting to the particle displécements
caused bthhe sound . If it is the former, then females preéumably
élso have these receptors and might still get enoﬁgh informafion‘
to identify the specieé of the malé courting her.

Results different from the ones just discussed were obtained

by Mayr (1950) working with D, pseudoobscura and D. versimilis.
Thé removal of the antennae reduced sexual isolation. Theréfore
in these species airborne chemical and'mechénical factors cannot -
be excludéd as possibie candidates which contribute to species
isolation. With the same species; however, it had also been
demonstrated that removal of the mle's wings had,no effect on
reproducfive isolation and this was interpreted to mean auditory
stimuli do not contain any species specific information for fhe
female, (Mayr andvDobzhansky 1945). As has been known for a

long time (McEwen 1918)'and'as we have seen in the last chapter,
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wingless mles became Very inactive due to the wing amputation
and it could well be.that this was a confounding vériable in the
experimént of Mayr and Dobzhansky. Indeéd it seems pogsible
that wing amputation raises the male part of the isolation which
could even result in'aniinCreased overall isolation, which has
in fact been found,. Therefore we must conclude thaf auditoiy
information provided by the mles, is unlikely to be an important
component of the mechanisms of reproductiye isolation between -

D. ‘melanogaster and D, simulans, but it remains a viable

hypothesiS’fof the reproductive barrier between D, pseudoobséura

and D. persimilis.

The degree of sexual isolation between D, melanogaster and

D, simulans is amenable to- environmental modification. For example
. rearing males of one species with femaies 6f'the other_increasés
heterospecific copulations when these .mles are tested in avmale
.choice experiment, Qheré they are confronted with one hetero- and
one conspecific female, (Le Moli and Maiﬁardi 1972). Cu;turing'
flies together has a similar effect, (Eoff -1973). These experi-
ﬁents can be taken as further evidence of the important role which
the males play in the prevention of ipterspecific copulations,
(Schilcher and Dow 1976),

One objective of'the work described in the present chapter was
to try to test an idea on the genetic organization.of communicétion
systems between sexes, Alexander (196é) has proposed that the |

evdlution 6f such systems is most easily. understood if the reception
aﬁd emission of.the specifié informational content which is to be
transmitted, through vhatever medium, is based on an identiéal
coding template in the two‘sgxes, and thét the characteristics of

this template are determined by the same genes in both sexes,
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This is a very elegant hypothesis whigh:would explain.any instances
" of rapid evolution of parameters involved in communication, Thus, -
-once the éender has changed his message'through mutation, he dqes
not have to wé,it for a complementqry mu_ta'tion"to take place in the
receiver, The latter would automatically understand the new
message, once he has also received: the mutated gene. Thié_
hypothesis has been restated by Ewing (1969), Eut neveftheléSS'the
. evidence in its support is rather sparse, One report on hybfid
crickets (Hoy and Paul 1973) goes some wa& to support it, but
results from hybrid grasshoppers (Perdeck 1957, Helversen and
Helversen 1976) seem to felsify.it. If one would find that hybrid
females mate faster with hybrid males than males from either of
_ﬁheir parent speoies,;oné would have furnished circumstan%ial
evidénce in favour of thelhypothesis. © It is qlear, however,
that such a result could also be explained cn a number of other
Vhypotheses with less specifi§ characteristics, Such a result
cbuld, for example, also be brought about by 2 change in one sex
only (hybrid males are more attracted to hybrid females, or the
latter are not attractive to males from the two parent species).
The main objective of the hybrid experiments described in this
chapter was to'get some idea about thé.distribution'of song genes
in relation %o the X-chromosome. For mutégenesis studies it is
most convenient to use a technique which screens only the X-
chromosome for recessive mutationé. Stch mutations on other
chromosomes will-be overlooked with this technique, which will be
'described in more detail in_the next chapter, and mutations have to
be dominant to be discovered. For these reasons it was important
to try and get some information on the'loéation of song determining

genes on the D. melanogaster chromosomes, Crcsses between species




which differ in their song, as D, melanogaster and D, simulans

- do for ipi, could provide evidence on this poinf. If hybrid

" males, which receive their X-chromosome from their D. simulans

mother, sing like the maternal species, two mechanisms of

inheritance could be responsiﬁle for this fesult: (1) the genes

(or gene) respbnsible for ipi are located on the X-chromosome or,

(2). the genes (gene) are on one or more of the a%tosomes, but the ‘7 Vz{
Do simulans'alieles'are dominant over.the homologous ones derivéd‘

from D, melanogaster. Unfortunately with ths %wo species employed

in the present study we have no way of distinguishing between these
. two alternative hypothesis, because the hybrids are sterile and
yield males from only one cross between the parental épecies.-
However the X-linkage hypothesis could be falsified; nemely by
intermediate inheritance in the'hybrid males and therefore it was
considered worthwhile to undertake the study.

Ewing (1969), working with D. pseudoobscura and D, persimiiis

could-locate the control of certain qualitative features of the
song (persimilis type vs. pseudoobscura type) to the X-chromosoﬁe.
His results with ipi, have been interpreted by him to indicate that
ipi was controlled by dispersed genes, This interpretation is
however uncertain because it is n§t quite clear what'thé'Qariance
indications in Ewing's Table II are. It would seem that the F 1 s
are significantly different from‘eaéh other if the measures of
variability given in Table iI are really standard deviations,

(0.v. Helversen, personal communication), Futch (1973) found that

the mating success of hybrids between D, pallidosa and D, ananassae

depends. on the origin of the males' X-chromosone, Hybrid males
were more successful with females from their mother's species,

vhose X-chromosome they received,



It seems therefore that there is some good ev1uence fbr X-
linked 1nher1tance of song or other courtshlp characterlst1c°
In the follcwing we shall see what contribution hybrids between

Do melanogaster and D, simulans can make to the clarification of

the questions‘diécussed above. Experiments w1ll be described

whlch 1nvest1gate mating speed and song parameters of D. melano-

gaster, D, simulans and their hybrids,

3.2 Methods

The data reported in thls chapter have been collected 1n
collaboration with Professor A. Mannlng. Flies used in these-'

experiments were from the att-X and 9tt-XB stocks, vhich have

been described in the last bhapter. Fufthermore a stock of wild
type, outbred D, simulans was used, This stock was obtained from
M. Dow who héd collected it in Rome iﬁ 1972 as = 1érge-population.
Crossing att-X females to D. simuléns males results in hybrid males
which carry the X-chromosome of their father (see section 4.2.,1.1)
whereas crossing feméleé of the att—XB stoék to D.simulans males -
results in hybrid females., By using thié_alternative s trategy

to the reciprocal crosses between the two species the much more

difficult cross oetueen D. simulans ? and D. melanopastarc?was

av01ded A% the same time the simulans L-cnromosome in the

hybrid males was combined with D, melano: aqter cytoplasm, There-

fore this cross avoids complications which might arise in the
interpretation of the results aﬁe to maternal effects, which could

simulate sex-linkage,



The interspecific crosses were set uﬁ with 5 l-day,old ferales
and 10 2-day old males in vials, After one day the contents of
4-5 such vials were transferrea to a stock boétle for egg . laying
and development, Since the cultures of hybrids produced only one
- sex they were allowed to hatch for 24 hours before being sexed.
Mating speed tests were performéd ét 25 f'1°c with éS-pairs of flies
in 250 ml flasks., These were held horizontally in a clamp and
indirectly illuminated by a 60 Wvlamf at their base, which was
slightly pointed ubwards, so that the flies tended to aggregate.at
thia end and could be sucked out with an aspirator. The time for
each‘copulation,was recorded and all tests were concludéq after 30
min, C ' . |

The percentage of flies which copulated within the observation
period was calculated fbf each‘test,'subjected to an arcsine trans-
formation and the different cfosses (at least four replicates each)

- were compared with t-tests, The D. melanogaster females used in

these experiments came from the att-XB stock, The song records
were produced by.the methods described in the last chapter, with a

cut off point for ipi at 70 ms for D. simlans and hybrids and 50 ms

for D. melanogaster, The D, melanogaster data are the same as those
reported'in section 2.,4.,1.2,.

The flight records were obtained by glueiﬁg the flies with
their scutum to entomological ﬁins under light etﬁerization and
suspending them over the ribbon microphone,- Usually they start
flying within 1-3 min., All sorg and flight tone tests were carried
out with the temperature controlled at 25 ¥ 0,5°C because of the
high temperatﬁre devendance of both éourtshipvsong and flight wing

beat frequency, (Shorey 1962, Reed et. al. 1942).



able 3,1 Mating speeds (% mated out of 25 in 30 min) from the crosses

between the genotypes indicated

mles
simulans | melanogaster ~ hybrid
simulans 83.4 (N = 5) - 62,4 (N = 4)
{:_) melanogaster - - 8345 (N =5) - _ 5.6 (N = 4)

hybrid 10.5 (W = 9) 64.0 (N = 10) 27.1 (N = 4)



able 5,2 Results from “b-}tests between the different crosses displayed |

in Table 3,1

l, cross 2.CTOoSs ) . value of t _ P
¢ 9 9 d
gsim  hyb hyb  hyb 2,426 ns
mel  hyb hyb  hyb ) 5.168 < 0.01
hyb  sim hyb  hyd 3,562 . < 0.01
hyb  mel nyb  hyb 4.916 < 0.001
‘mel  mel Chyb  mel | 3;012 20,01

sim  sim  sim  hyb 1,730 ns



63,

3,3 Results

3.3.1 Mating success

Mating‘speed tests were made usiné all combipations betwéen
the three genotypes,vexcept for thé,interspecific crosses them-
selves, which are so slow in mating as to preciﬁde measurenents,
The results are presented in Tables 3.1 and 3.2{

- It can be seen that the two_parenf species have very similar

mating success. . Hybrid males are equally acceptable to and/or

stimulated by D. simulans females than hybrid females,

With D, melanogaster females they have very low mating success

indeed, Allltogether in the four':eplicates only 6 copulations
occurred,  It has been observed during these tests that fhe'males»'
were extremely sluggish courters in this'combination, so that oné
’cannotiascribe‘this result to female coyness aiéne. |

. Hybrid females copuiate reluctan£ly with D. simulans males,

are intermediate with hybrids, and accept D, melanogaster males

most frequently, The difference between hybrid and D, melanogaster

males. accepted being significant at the 1% level., Hybrid females

appear less acceptable to D. melanogastef males, as their own

femalés. As has been identified above; D, simwlans males mate very

slowly with hybrid females. In this‘case'qualititétivé'observations
suggest again that the males were at least partly responsible for

the result because they wére extremely inactive in this combination,

There is no significant difference betWéen D simulansrand hybrid

" males with D. simulans females,



lable 3,35 ipi and wing beat frequency of males of D. melanogaster,

D. simulans and their hybrid

ipi ¥ sE  wingbeat frequency (Hz) ¥ sE
+ +
D. melanogaster 34,6 = 044 218,3 - 2.4
D, simulans 48.7 £ 1.2 252.7 ¥ 2.9
hybrid 47.7 1.2 240.6 £ 2.6



Pigure 3.1 Oscilloscope records of the songs of males of D, éimuians,

'D. melanogaster, and their hybrid, Redrawn from a photograph.

simulans

hybrid |
i00 ms

—M—%ﬂw—%«m»—w—w

"melanogaster



3e3+.2 Courtship song and Qing—béat frequency

The ipis of D, simulans and hybrid males are ‘almost identical

(Table 3.3, Figure 3.1), The ipi of D. melanogaster is significantly
different from'bothAof_them (p<0.001). Wingbeat fréquencies.of
hybrid and D, simulang males are significantly different from.each
other (p<0.01) and the hybrid is indistinguishable from the mid-

pafent value for this trait.,

3.4 Discussion

At first some general points which emerge from the méting speed
tests shall be discussed. It is quite remarkable that D, melano-
gaster and D, simulané yhich have very different courtships -

D, simulans males beiné vefy siuggish courters (Manning 1959) - end .
up having the same mating speed, This means that D, simulans |
females are more receptive than the females of their sibling species,
In theAintersgecific matings however, where, as we have already noted
previously, D. simulans males are again the less energetic éourters,
the cross that involves them is the more -successful one, Can thié
be taken as evidence that D.‘simulans females which are less critical
in the intraspecific context, are more discriminatory in the inter-
specific context? This is exactly what one would expect. Due to
the different male courtship intensities,_D.'simulans females would

be expected to be subjected to the heterospecific courtship more

often than D. melanogasfer females,
The results furthermore allow us to make some remarks about the

intricacies of communication systems which function for sexual



seleétion. As we have seen, particular males/females'caﬁ Be very
fast copulators with one female/male;_bﬁt very slow ones with
enother, Many studies have béen tfying to determine vhich sex
.is the more important in the determination of mating speed (Kessler
1968, Elens et al. 1973, Kaul and Parsons 1965). | It seems that
this question should not be approached through the study of‘étraiﬁs
or species‘which have not had the chahce'bf coadapting théir_
communication systems; bécause in su;h a case the result seems
rather arbitrary. It will depend on effects which have no
funétional significance at all; because the functions make sense
onlylin an inter individual context, From such an investigation .
almost every result can emerge and'this'is indeed what has.been
found (e.g. Kessier 1968, Elens et. al., 1973). The decision on
this question; which is of gréat theoreticél importancé (Trivers
1972) must be based on a study of long established, outbred
populations or sympatric species, depending on whether one is-
interested in intra- or interSpecifié aspects .of the problem.

‘The observaticn that'hybrid males are most successful with
D, simulans females could well imply thaf ipi is a major variable
in species isolation. Hybrid males have the samé ipi as
D, simulans males are equally successful with D, simulans females.
But this result could of course also meapn  that hybrid males have
inherited dominant or éex linkéd genes.from their D, simulans
fathers which code for the sensory'aﬁd/or neuronal wifing
responsible for the réception,and recognition of stimuli functioning
as releasers of sexual behaviour, In other words, hybrid males
could be mére stimulated by D,. simulans females, ﬁnfortunately
the presenf investigation was not designed to test thié relationship

‘between male arousal cauvsed by females and its converse, That
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females dé influence male arousal is strongly supportéd by the
;well khown role of phéromones in Drosoghila courtship. Although
it is not quite clear whether pheromcnes.do actually-stimulate
males sexually (Shorey and Bartell 1970, Sloane and épiess 1971)
it is certain that they play a major role iﬁ intraspecific sexual
selection (Ehrman 1969).

With reference to the hypothes1s put forward by Alexander
v(1962) that the structures responsible, for song emission and -
. reception could be determined by the same genes; it can be
concluded thét the present investigationvdoes not lend any suﬁport

to it at least as far as ipi is concerned. As we have seen,

hybrid females have the fastest mating speed with D, melanogaster
ﬁales. Hybrid males copulate fastest with D, simulans females,
It seems,Ahowever, that Drosophila ‘is a iathér.unsuitable organism.
to test this hypothesis because there are a number‘of different
sensory channels. (chemical, visual, audifory) involved in its
courtship, Possibly all communication systems, on all channels,
would have to obey the rules set out in the hypothesis, for the
realization ofbthe expected outcone, Thpse Orthop{eran courtshipé,
which, in the early stagesvat least, involve only the transmission
~of auditory infbrmation, are better sﬁited to test the hypothesis.
But, as we have.said earlier, the resulté from crickets and grass-
hoﬁpers are ambiguous. The fact that D, simulans and hybrid
maies have nearly identical ipis éould be explained by two
'different modes of inheritance, as has already been pointed out in
the introduction to this chapter, The‘alternatives were sex
linkage or autosomal dominance, Our results have certainly not
falsified the sex linkage hypothesis and fhis can bé taken as

information which makes the mutagenesis study, to be described in



fhe neit chapter,-more promising than it would otherwise be,
It should however be noted that dominance seems to be the rule
B rather than the exceptlon for the morphology of the mle genltals,
(Tsacas et”. al, 1971). |
The 1nterest1no dlfference in 1nher1tance between ipi and

_ W1ng beat frequency prroves that the 31m11a*1ty between hybrld and
'.D. slmulans ipi is not simply due to a 31m11ar1ty-1n their thoracic
structures, élearly ipi has hadjan‘eyolutionary past distinct
from that of wing beat, - This is not eurprising,_if one'adheres

to the hypothesis that ipi acts er-acted as.a.specieS-recognition
51gnal and was subjected to the probably very specific and strong

selectlon rressures characterlstlc of such tralts,



CHAPTER 4

Genetic alteration of courtship song by means of

‘chemical mutagenesis.

4.1 Introduction =

- In the 'ge.nerral introduction to tﬁ:;.s thesis, the ppinién‘has
'be'er;Ae-mJ_.nciated fha;t émong all the different behaviour gene“bicalA
techniques, one standsvout'iﬁ the po%ential it'hélds fbr the.
Vfuture.: This is the péradigm foi reductionist negpobioiogy'ds
it hés beén outlined-By Benzer (1967). Iticonétifutes an
ambiﬁious attempt'to_anglyéevthe structure and funcfion 6f the
.hérvous system on all levéls of orgénizatiqn, fﬁrough the study
of lesiohs, set‘by genetiqal mutations in the nervous system. 
These mitations are.genefated thrdugh chemical muﬁagenesis_and'
isolated by mass screeﬁing procedurés which allovw the eiperiméhter”
to spot ébndrmaily.ﬁehaﬁing indiViduélé with mihimumfexpenditﬁre'
of time and energy. The faster one can generate large numbers of
specific mutations, the éoonér one‘can start with the interesﬁing
pait of the wofk,vnamely their étructurai énd funétioﬁal
chérabterizétion; which can be expected to permit inferences about
the action of the normal structures and functions. It is cleari
that fhe screening prqcedure is a rather critical step in the whole
process, fherefore it Qill be‘diséussed in more detail‘now. . |

If»one wants to:.study, say the phototransduction mechanism,.
: oneAfirst hés to generate mmutants defective in their visual sense,
Oﬁe cannot immediately scréen on thé level of:the phototransduction
process itself'becadse'this would be.UnacceptaEly lanur intensive.
The first technique which has been used to isolaté such or other -
viéual mutants (Benzer 1967)'canvserve aé.an example of the

difficulties involved in such an enterprise, To screen for non-
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'phototactlc flles, Benzer started a nﬁmber of individuals at the
_ bottom of a long ‘and thin double- tube, whlch was 111um1nated from v
'above.' After a glven time. 1nterva1 the flies had distributed
themselves tnroughout the tube and the lowev and upper halves of
the tube were separated and each JOlned with a new, empty half,
The flies were shaken to the lower ‘end and the process reneeted.
‘After several such steps, fl’es which never moved tovards the
'_light were still in the original lower half of the starting tube,
LIt is cleer, however, thet besides visual mutants thefetwill elso
be e nﬁmber of other flies in this vial.. For'example, those with
'lowvreactivity to conspecificslunder high density,vwith defects in -
 their locomotor‘system, tho se which are strongly DOSltlvelJ geotactwc
etec. In fact 1n Benzer's case 2 nonnhototactlc mutants have been
1soluted,‘none of wnlch has, to my knowledne, shown up in the later
vision mutant publications, by the same (Potta and Benzer 1969) or-
'other groups. Other workers have, however, been more successful
with the same technique, (Heisenberz 19712, Pak ety al. 1969). 4
modification of the system was designed by Gtz (1970). It |
dispenses with the rather rough treatment_the fiies receive at
the start cf each new round.and might be less Vulnerable to picking
- up reactivity mutants. It is, however, more time cohsuming.~

The kind of complication just Outlined elmost,invariably
arises in mﬁtant screening tests, Only'the simplest orgenisms
and behaviours are reletively immune to such draw backs and in
@ost cases the incenulty of uke researcher will be stressed to its-
-maxlmum‘if he is to develop eff 1‘ ent screening orocedures.for
individuals defectite in more complex behaviours. In mest cases
_ Sevefal screens Qill have:to-be employed.t

For reasons which have already been pointed out, a mutzgenetic -

4



analysié-of Qourtship song could yield very véluable'resuits;
Some of these reasons héve~not been ﬁade very'expliéif and warrant
"¢losér ekémiﬁation especially in view of:the resultsvwhich.we have
discussedlih the last two chapterég .

| In bdth chébters we have'ﬁeen rather pessimistic about fhe
chances of fihding the precise functions of pulsé- and sine éohg.
Mﬁtants affectinéthé or both of these beha#iours, in a qualitatiVe'
or a quantitative way; céuld'certainl&:be.uséd-to probe dee§er,into-"
these-telebnomigvproblems;>, For the réasonS‘which_have béen"
deséribed in connection wifh the playback experiments; mutanfs can
‘also not be expected to yieid final answers on the function bfiipi,
but they might stili help clarify several issues, Fof example if .
sine song'mutants.céuid be generated, say with a different’frequéncy,
it could be discovered in méting‘ébeéd tests whether sine song
frequenéy contains any_information for the female. If mutants
withqut any sine song or pulsé song could»be‘obtained'one cleérly
would-have a tool to add.some infoﬁmétion to the playback
 experimgnts described in section 2.6, All these potential uses
are of course.subject to the restrictions which have-been_discﬁssed
~ earlier, namely those arising through possible pleiotropic actions
of genes, But as we have éeenvthis is not an'obligatory‘obstacle
and can furthermore be contrélled for with song mutants, All it
takes to diséover pleiotropic action on mating speed is to compare
wingless mutant males to wingless control flies, In this case
song cannot be made responsibie for any differences which are.
found, so that they.have to be a result of-some pleiotiopic effect,

A point which has not been raised in the general introduction

is the fact that ;ong mﬁtants could also'be‘used to test the

hyvothesis on the genetic determination of song emission and
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réception, (Alexander 1962), | Anélogously to the éase Qith'the
hybrids discussed in the last chapfer, male song ﬁutanté should .
' be‘preferentially accepted by females who also ca?ry this
'mgtafion, if the female neuronal ipi recognizing structures are
coded for by the same genes aé'tﬁe malé output structures which
jcontrol ipi,
| If a song mutant turns out to carry a high pleiotropic ioad,
' ‘then this could be studied in detail and ‘the results might become’
useful for the underétanding of.éourtsﬁip behaviour in a more-
general sensé. Depénding-on whét the pleiofroﬁic 9ffects-aﬁe,
one can check the function of the structures thch-have been
changed thréugﬁ'the mufation,_eVen if tﬁey do not concern court-‘
ship song.. o

'Besides these mainly.evolufionafy problems, -there are allAthe
.other questions of a more reductionist-nature which have been
listed in the geheral introduction, for the solution of which song
mutants might be profitably employed. The most important sﬁch
probleq is perhaps the identificatiqn of the neuronal driver df the
" song and the gub#equent study af its mechanism; It isvobvious,
however, that this will be an extremely difficult undertaking.
However as we have seen in the elegant work,oﬁ shaker,muténts by
Ikeda and Kaplan (1970 a, b)'such an enterpriée need not be’
impossible, depending on what this structure_isvand where it is
located., Ideally the course of a mutagenetic behavioural -

analysis in D, melanogaster would consist of the following stages:

isolation of mutants - genetic mapping - epigenetic mapping -
‘high resolution énatomibal characterization of the area circum-
scribed by the.fa%e mapping resuits ; if no:structural defects are
féuhd, physiological characterization of the same-érea - precise-

description of the behaviour of the mtant - repetition of the last
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tﬂree_steps'with twdkor more mutations acting invthe'éameAihdividual

- anatomical, phyéiologicai aﬁd beha&ioural domparison of several
mitants acting separately and together, -

‘ As we have seen, this rather strenuous path has so far only

been gone more or less to its end with the shaker and v1sua1 mutants, -
This is not surprising, because after fate mapping has been concluded

then dead lock can eaSily follow, Anatomlcal or phy31olog1cal micro~

manlpulatlons are both extremely dlfflcult w1th Drosovhlla. " The

former is far less difficult with an organism like Caenorhabditis:
| elegahs where serial'sections of the nervous system thch‘consists
- of oﬁly 250 neurons (Brenner 1973) can be obtained and analysed
elecfrdn microscopically, (Ward,etfﬂal. 1975). Drosonhila wifh

~its approximately 105

neurons (Benze:xl971) would not easily be
accessible to such an approach, in particular bedausé of thed-
formidable stiuctural complexity of insect ganglia (Hoyle 1970).
Certalnly for reascns of size, physlologlcal, in particular
electrophys1oLovlca1, work is very much ea3¢er with crickets
(Bentley l973)-than with DroSthila. 'However it must be added
'thaé Drosophila is amenable to both techﬁiques, even if it is not
ideally suited for any of them, and that it has fdrthermore the
advantages which have made it the geneticist's favourite organism,
and those advéntaggs which arise from this fact.

L

We may conclude that it seems desirable and not impossibie to

produce song mutants ih D, melanogaster and exploit them successfully.,
The present chapter'will describe the isolation of a song

mutant and its genetic, epigenetic and behavioural characteristics.



ble o)l  Genetic claracteristics of attached-X stocks.

male gametes .
X Y
XX XX X XX Y
female non viable attached-X femle

homozygous for y, w, f.

gametes Y XY YY .

) n_orina.l male non viable



4,2 Isolatlon and genetic and epigenetlc characferlzatlon of
2 song mutant,

4 . 2 . 1 Me thOdS

4.2.1.1 Hutagenesis

The stocks were kept at 25 t2° C. One day old males from
the att-X stock were treated with ethyl methane sulfonate (EMS)
accordlng to the method of Lewis and Bacher (1968) The method
was modlfled occasionally by depriving the males of food and water
for 12 hours before they were exposed'to EMS in a sugar solution.
This ensures that all males will-take up' large quantities of the'
sugar solutign and therefore also of EMSQ fter having fed for
24 nours on 10 ml of a Iﬂysucrose solution containing 0.024 ml
of EMS they were mated to females of the same stock. These
females cerry two fused X-chremosomes, and'ere homozygoue'for the
markers y, W, and £: The genetic characteristics of att-X steCks
are demonstrated in Table 4.1. The fused X—chromosomevwill always
produce females and the Y chromosome carried by att-X females;
fogether with the X-chromosome of a male will result in'males;

In other wvords, the inheritance of sex-linked genes is patroclinai,
‘sons always receive their X-ch:omosome from their father father t
from their mother, as is normally the case, For this reascn it is
pessible to recover sex-linked, recessive mutations in the.first
generation affer treatment. This system is generally employed in
behavioural mutagenesis, becéuse it tekes only one generation -
rather than two, to isolate sex-lln“ed mutants, As we have seen,
there is scme circumstantial evidence that song genes are sex

linked and this, together with the fact that the X-chromosome -

contains about 20¢% of'all genes of D, melanogaster, makes it

Y'eesonab.Le to screen for sex linked reﬂeselve *utatlons only,
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Dominant mutations, which are generally very iare,_can ofAcourse
be discovered on each chromosome.~

‘The effectiveness of the EMS treatmént can b; verified by
determiniﬁg the sex ratios in the nommal stock and in.the off-
spring of treated males, - Recessive and:dominant lethal
mutations on the X-éhromésome will only be transferred to males
and therefore the first generation after treatment should coﬁtain
fewer mles in relation to the number pf females present, Under
the conditions employed by the authcr>£o isolate soné mutants the
uale/female ratio dropped from 1.49 in the att;k stock to 0.34
in the generation_after treatment. We can conclude that about
T7% of the k—chromosomes receive at least one lethal mutation.

Another advantage of the att-X system is the ease wifh which
mutétions, once recovered, canAbe maintained. Simply crossing
the male in question with virgin att-xX females results in a stock
in which a1l males are identical - as far as the X~chromosome is

concerned - to theirvoriginal father who carried the mutation.

4.,2.1,2 Screening for song mutants

Female readiness to mate is at least partly determined By the
auditory stimulation which the courfing mle provides, (see'Chaptei
2). It was therefore decided to employ female coyness as a first
sieve which would screen for any abnormaily.singing mles,

Male offspring of ENS treated fathers and att-X mothers were
éubjected~to gingle pair mating speed tes%s with wild type females,

To reduce the variability of the latter, F1 females from a cross
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'bétween‘two inbred lines were used. Both, females and maiés,
were transferred singly to vials at fhe time of sexing and after
three days they were put in sihgle pairs into one vial, The

time to copulation was scored. Males which did notAachieve
copulation within 15 minAwere:observed more closely,for their
courtship vigor. The other males were discarded. If the

former courted intensively for more than 80% of the time (sampled
over 2-5 min) they were considered pﬁtative mutants, separated
from the femoles, and fransferréd to a fresh vial, - This stfategy
was employed in order to discriminate against nonspecific mutants,
which would of course have tq be expected in.rather large numbers
among the unsuccessful courters.. ~The following da& the putative
mutanfs thus collected were made to court virgin 1 day old females
on top of a microphone, Several of -their song charaéteristics
were monifored through earphonés and on the oscilloscope screen.
If they showed no abnormalities during this second screening
process, they were discarded, but abnormally sounding males were
mated fo virgin gﬁj:z_femaleé. These females have been shown tg
be more receptive than outbred wild type'females (Schilcher,'
unpublished)_and can be expected to accept song defective males,
in particular when given enough time, This increased receptivity
is not astonishing when one recalls that these females carry 'y'
homozygouslyf This mﬁtation is known to make females less

critical in their choice of a mating partner, (qu 1976). 1In %he
next generation 25 male offspring from each clone were paired with
25-F14females in a mass mating test as described in the last chapter.
If their mating speed (Number of pairs copulated in 30 min.) was
significantly slower (XZ test) than that of a simultaneéusly tested

control (males from the'driginal att-X stock) they were discarded.



If their mating speed'was sldwer than that of the contrdl mles
"in two such tests, the song of 10 individual males of this
mutation was recorded and filmed, Froﬁ the film, measurements

of all relevant song‘paramefers were made, as has been deséribed .

in Chapter 2,

4.2.1.3 Mapping

Males carrying the song mutafion were mated to females homo-
zygous for the'markefs s8¢, v, f and car (Zindsley and Gruell 1967).
After preliminary tests had revealed two markers, one on each side
of the song mutation, recomﬁinantswbetween,these markers were
tested for the presence or absence of abnormal-song. The
proportion cof particular recombinants éarrying the song mutation
was'calculated éﬁd from these values the~mép position of the

behavioural mutatiors could be calculated in relation to the

position of the two markers.

4e2.1.4 Fate mapping

It has been said in the genefal infroductionAthat Drosophila
offers the great'advantage“of fate mapping technigues, which can
-be used to uncover the.primary'site of -action of a mutant gene,
(Hotta and Benzer 1973). The embryonic development of D. melano-
gaster is highly deterministic in thé senée that certaiﬁ parts

of the blastula more or less invariably produce certain parts of
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Schematic draw1ng of the events leading up to the formatlon of
a gynandromorph
(a) In the first nuclear division one daughter cell receives 2

and the other one 1 X-chromosome. (b) The nuclei go on

~dividing and finally migrate to the surface of the egg, cell

membranes are laid down and the blastoderm is formed (c).

The distribution of XX (full circles) and X (open circles) cells

~faithfully reflects the plane.of division (the orientation of the

centromeres) of the first division. (4d) The adult fly consists

of male and female tissues the distribution of ﬁhich reflects the
orientation of first nuclear division. (modified from Hotta and

Benzer, 1970).
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the aduit crganism.' Furthermore, the orientation of the epindle
in the first nuclear division is arbitrary in relation to the main
‘axes of the egg and the sPaﬁial coordinates of.the egé are rather
rigi@ly carried over to the blastula stage, such that with
appfopriate me thods oﬁe can conelude from the-blastula, and'
ultiﬁxately the adult organism, what the ‘dividing plane in the
first nuclear division was (Fig. 4.1). Methods permitting such a
conclusien are genetic conditione which induce chromosome loss in
an eariy nuclear division, if a female zygote‘ﬁhich is hetero-
Zygous for ceétain fecessive cuticle markers, undergoes its first
drv1szon and one X-chromosome is lost during the process then this
zygote will develop into a gynandromorph which consists of half
female (X/X) and half male (X/0) cells. The male parts will be -
recognizable because they express the reces31ve cuticle markers.
This technique permlts the 1nvest1gator to determlne, in the case
of a recessive, sex-linked behavioural mujatlen, which parts of
the fly have to be mutant for it to express mutant behaﬁioura

If a certain structure, say the eye, mostly has to be mutent for
the gymandromorph to behave in the mutanf-menner, then it is most
probable that the defect c9u81ng the deviant behav 7lour reoldes in
the eye, because only very few if any blastular ﬁividing lines (or
spindle division planes) cut in Between<the eye and the site which_
causes mutant behaviour. To know, in the case of a behavioural
mutant, which parts are ﬁutant-and which Qild,%[pe, one has to
align the beﬁavioural_mutation with suiteble_cuticle markers on the
seme X-chromosome. - In this way the morphological markers label _v
the parts which are hemizygous forithe behavioural mutation. With
this method, it becomes p0331ble to erect’ fa+e Imaps which indicate

the distance between different structures in terms of the surface
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of the blastila, Structures which are far apart wili frequently N
"be discordant for the recessive markers and those close together
willvbe mostly concordant. Thé logic_of this technique is
precisely analogous to that of conventional chromosomé mapping,
with the ohly difference that it is'performed in two dimensiéns‘
rafher than one. This technique alléws oﬁe to fa'té rrép internal
strﬁctures, if bng has some independent means of eétablishing

their identity. Such means exist in the form of recessive
biochemical mutations'which,.when hemizygéus in certain parts of

a mosaic, 2llow one tq'differentiate these parts histochemically
from those parts where they are heterozygous. With suitable
biochemical markers which are expressed in the whole insect one

can determiﬁe the precise site.of a given'gene'é action in
gynandromorphs.  The method is the saﬁe as‘hés been described for
cuticle markers, except that it permits the experimenter_to look -~
so to say - directly inside the‘gyhandromorph, for the distribution
of male and female tissues or even cells. Suitable Biochemical
mafkers are being developed by a number of researchers, (Hall et
al, 1975) and fhey can be expected to boost the efficiency of fate
mépping considerabiy. Several fate maps have been erected with
different techﬁiques for the inductioﬁ_of chrombsome loss and the
results seem to agree very.well with each other, This is a strong
inaication of the validity of the assumptions underlying the
procedures of fate mapping, (HallAet? al, 1975).

The method mosf frequently used; is that of ringvchromqsoﬁe
elimination. Certain ring shaped_x-chromosomes tend to be
eliminated during eayly miclear divisions. This, of course,
resqlts in gynandromorphé. Withvsuitablé receésive markers on the
normal rod X-chromcsome, say §ne or two cuticle markers infaddition_'

to the behavioural one which is under investigation, one can determine
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the frimary site of action of the mutént gene, Several béha&ioural
mutations have already been fatg ﬁapped in thié.way, (Hptta and
Benzer 1970, Ikéda and Ka?lan'l970b, Suéuki etj'al. 1971, Hotta and
Beﬁzer 1973, Palk and Atidia 1975).  Such maps can be prel iminary
in that they do not attempf to locate fhé sité in quahtitativevtefms
but only in relation £o‘majorvanatomica1 landmarks such as the head,
thqrax or abdomén. Others determine whether a given, for example
vﬁsual mutatioh, has its defect in thg éye or soméwhefe else,vby
looking-whethér gyrandromorphs.with a ﬁutant sye always diéplay.
mutant behaviouwr or not. If they do, the muta%ion is_said t§ be
autonomous ; .the primar& site of gene action resides in the eyé
itself, ‘ | . »
| Fafe mpping through ring chromosome loss-is only possible-with‘
reCessive genes, The mutant géne will be present in all parts of
the gynandromorph - heterozygousiy'in_the female ones and hemi-
zygously in the méle oneé. Therefore dominant mutations cannot be
mapped in this way, For these another method must be employed which
aliows.the elimination of the mutation carrying X-chromosome itself,
Such anmethod.exists in the form of a mutation on the thi:d
chromésome, claret non—disjunction (ggfi), which, inducesvthé loss

of maternal chromosomes in offspring of females homozygoué for this
mutation, Therefore one can obtain gynandromorphs which in their

" male parts d§ not contain the mutant gene because it has been
introducéd from ﬁhe mother and has been lost in an early di&isién.
The female parts c&ntain tﬁe mutation heteroéygously and therefore:
express it; - With this technique one has to cross a female homo-

zygous for the behavioural mutation and cand_to a male hemizygous

for certain sex-linked cuticle markers. The resulting female
zygote will tend to lose the maternmal X-chromosome and therefore

will give rise to the required gynandromorph whose male parts are



recognizable, Aue to the recessive markers on the péternal'x-
chromosoxhe°

In the present thesis both techniques have been employed and
' the details of both are described below, It is obvious that'fate
mpping can be doneAin'a straiéhtforward manner only with |
qualitative mutations, where the mufant phenotype can be recognized
easily and unambiguously. = Mutations which cause small qﬁantitative
changes‘of a given behaviour would be véiy difficult to_fate map,
because with the same expendifure of time and energy only very many .
fewer gynéndromorphs could be scored, Taking inté account the
possibility of errors in the classification Qf.the behavioural
phenotjpe of such minor mutations, one would need Eany more
gynandromorphs to réach the same accuracy as with é Qualitativé
mutation. It follows, that weicaﬂ foresee that considérably
more work will be ddne in the future.oﬁ mutations causing large
behavioural deviations, These are in any case already favou;ed
in the screening proceduies. It must be hoped thaf this does npt
cause any serious bias in the type of answers which will emerge from
this research;which could be the case if such mutations were'not

representative ‘'of behavioural genes in general,

4.2.,1,4.1 Ring chromosome elimination

Females hetérozygous for the ring sﬁaped X-chromosome (In(1)w <,
obtainédbfrom,the stock centre at Cal. Tech.) were mated to males
carryiﬁg the song mutation under investigation and the Qorphological
markers y and W on their X-chromosome, ‘ These males were cobtained

by crossing y, W, £, females (obtained-from the stock centre at-
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Bowiing Green) to song mutant nales. The F2 male offénring were
screened for males whlch were yellow, white and sang abnormally.
A few such males were. mated to att-X females to establlsh the Y
W, song mutation stock.

The offspring of the above crdss‘were screened for mosaic
individuéls, which occurred at a frequéncy of 5-10¢% of all flies.
With the markers employed in this investigation gynandromorphs
wvere recognlzable because parts of thelr cuticle were yellow and/
or becauge parts of theirveyes were white. The sexual mosaics.
which were found, were then subjected fo a-test-of fheir song
qualities on the microﬁhone. Flies which sang with one wing only
during the 5 min testing period (8.3%), were eliminated from the
analysis. . The song teéts were.made with two virgin'gii:giér
»giﬁ:&?‘females and the gynandromorph; This'strategy was ‘employed
because sexual mosaicsg are rather poor courters and twobfemales' |
provide more stimulation than one, The mosaics were classified
according to their song and the distribution of mzle and female
cuticlg areas was indicaﬁed on a preprinted schematic outline
drawing of a frosophila (Figure 4.1)., It was cz irefully monitored
which ‘"ﬁe of song was produced with which wing, right or left.
For the type of analysis attempted here it is very importént té
establish the song performance of mosaics not carrying the song

tation, It could be that mosaics generally sihg abnormally
whigh woqld prevent analysis, Such mosaics were obtained through
a cross of heterozygous In(1!wvc females to y, w,f, males, The
resulting gynandromorphs did not sing at all unless scme patches.
of their head cuficle were male,  Gynandromorphs which were
entirely male, sa;e for their hgad which waé completely feﬁale,

never sang, It is therefore necessary znd sufficient to have

o

A
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some male head tissué for mosaics to vibrate fheir wingé aﬁd
produce song., This confirms the obéervations of other authors,
(J. Hall, pers. comm.). | |

With one éxception, all types of mosaics sang, if they sang
at’all, in a peffectly normal way. . The exception were some of
those (6 out of 9) which had an all female body but a partly or
completeiy male head, = Although these'clearly vibrated, they
produced a sound vhich could not be élassified as,pulsé-'or s ine
songe.

No clear predictions can be made from thé maleness of a
particular cuticle site about the maleﬁess of underlying tissues.
It seems possible that the mosaics which sang normally did in fact
have some crucial male thoracic structure, even though their whole
.thorax cuticle was female, which the.ones which sang abnormally
lacked, In other words, it could'be that to vibrate.the wings,
male head structures are necessary and sufficient but to produce
a proper song they are only necessary but not sufficient. This
hypothesis postulates a thoracic sfructure thch, if it is female
givesArise to.an abnormal song, and if if is male %o a proper one,

This structure is probably an epigenetically complex one,
~which exhibits a.domineering effecf (Hotta and Benzer 1973), |
because the bilaterally symmetfic gynandromorphs never sang
abnormally with the wing on the female half of their ihorax.

This problem of ihoracic structures involved in song production
will De discussed again in section 4.2.3,.

With these limitations in mind it is still possible to study
the effects of the song mutations acting at various sites in the
flies!' bodye. The faét that only flies with at least some mle

 tissue in the head are available for the collection of fate mapping
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'dota, means that only preliminary fate maps can be erected:for song
behaviour,Abecéuée not all classes of gynandromorphs can be scored.
Gynandromorphs with a female héad do not sing and no information
about the site of action of the mutant gene can be gained from them..
This limitation could be circumvented with another genefic condition
which induces the loss of Y-chromosomes. Paternal loss (pal) is a
mutation which causes such Y-chromosome eliminations, (Baker 1975);
If one had a Y-chromosome which carries a translocéted bit of the
X=-chromosome, including the wild type aliele of the soﬁg matation,
one could recover mosaios which-have lost the Y;ohromosome in some
parts of their body and which therefore  express thé recessivé soog
mutation on their X/0 parts. These mosaics are not gynandromorphs
and therefore are not affected by the complications arising through
séx limited ekpression of traits, such as courtship song, (J, Hz11l,

pers, comm,).

4e24144.2, Claret non-disjunction

-ggzi_(Lindsley and Guell 1967) was received ffom the stock
centre at Bowling Green. Because of thevcomplioations arising
with sei limited traits, such as courtship song, which do not
allow one to decide Qhether females carry the mutation or noét, a
rather complicated crossing scheme had to be used to generate thé
desifed genotypes, A further complication is the known poor
fertility of homozysous ggfi females, Females homozygous for the
-song mutation weré crossed to homozygous ggfi'males (homozygous
égfi flies are recognizable through their ola?et eye colour),.

The resulting males, hemizygous for the song mutation and hetero-
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igure 4.2 _}Mﬁtinglscheme for the production'of'fémales homozygous for

- nd , .
ca_~ and a song mutation.

female parent male parent
chromosome : chromosome
X 5t4 | X 5T
" cac . . IR | . B cald
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zygous for ggfi, were .again mated to femalee homozygous forAthe
song ﬂutation. The resulting.feméles,_homozygoﬁs for the song
mutatioo, heterozygous for égﬁi, were crossed with males of the
tjpe of their  fathers, This rroduced the required females,
homozygous for cané and the song mufation, which could now be
_mated to y, W, f males to produce gynandromorphs, (Flgure 4 2).

| Unfortunately it turned out that the frequency of mosalcs

produced by these females was very Low (anprox1mately 0.1%) 'in

" comparison to the values reported. in the llterature, (5%, Hall et..

: al. 1975). Furthermore homozygous females were not as infertlle
as they are_sard-to be, Clearly some selec+1on in the background ‘
must have rendered these females rather-lnefflolent as non
,disjunotion induoers and must hére inoreased their fertility.,'
Nevertheless a number'of.gynandromorphs'Were recovered and they
were eufficienf ihAhumbers to yie}d the'neceSSery ansvers,
Clearly‘they were not spontaneously occurring gynaﬁdromorphe{
because theéevere expected ét,frequenoiesrof only 0.01%, (Hall et

al., 1975).

.~4.2.1.5 Recording of the-song and flight tone

Both procedures.haVe been described bvefore, (sections 2.3 and
3.2). . ipis Qere measured‘oniy up to 100 ms. Control males cane
from the originél untreated att-X stock,iwhich is ieogenio to the

. mutant stock except forvspontaneous mutations which could have
ariseo in both etocks since the isolation of fhe mutant; Effectec_
from such rutations ere however considered negligible oecause'the.'A

present experiments were 21l carried out within 18 months of the



Table 4.2 MNumber of males out of 147 disPIéying the indicated song

abnormalities and the number of sﬁérile‘malés in each groupv ’;
S ~ sine song _
sine song  pulse song ipulse smg no sound total -
No. of males 20 9 21 5 55

No. of steriles 8 4 14 4 30
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- ~isolation of the mutant;

" The measurement of the amp11tude of the pulves was achleved in
the follow1ng WaY . Five w11d type and ‘five mutant males vere
. recorded under identical galn settlngs of the empllflers. Several
bouts of each male were filmed and the hlghest pulse in each bout
was measured peaK to peak, giving the mean of that male, - The two
types of males were compared w1th t- tests, uhlch were also used for

all_other comparlsons of song and flight parameters.

4.2.2 Results ~

4.2;2.1 Mutagenesis-

2668 male'offspringrof EMS treated fathers(were.subjected to
theAfirst ecreening‘precess - the-xating speed test, 147 pqtative
nmutants emerged.from this first sieve.and were tested for their
song behavioar.. 55vsang in-an‘abnorﬁal-way and were bred.' These
55 males have been categorized according to their song deviations.
It must be remembered that this classificafioh was done.in a
subjective manner, because no precise meaeurements were made of the
SOnNg. Sine song was monitored acouetically~and pulse_song
acoustieally_and visually on the escilloscope screen., After one

" has heard the .song of hundreds of males, this acfeening procedure
becoﬁee very efficient and one can have considerable confidence in
' the results, is @aele 4.2 shows 20 of fhese 55 abnormaily einging
males vere nutatlve sine song mutants, 9 Dulse song, 21 were aéfected
in both songs and-: 5 did not 31ng at all even though thej clear;j
courted and extepied their wings. 8 of the sine song defective

flies were sterile, 4 of the -pulse song suspects, 14 of the ones
? . X S S ’



able 4.3 Mating speeds (No. of copulations out of 25 in 30 min) of two

mutants
1st Test ' 2nd Test
control 25 ‘ o 18
1st mutant .6 3
control ‘ .20 21

2nd mutant o 4 - o T



Table 4.4 Mea.ris (t SE) of song" parameters and flight wing beat frequency

of cacophony and wild type males

parameter | . cacophony wild type . h)

pi (ms) | , ' 44.23 T 0.55 34.57 £ 0,37 < 0,001
ulse length (ms) 11.85 % 1,49 3+ |
mplitude (cm) 1.49 l“ 0.09 0.83 £ 0,03 < 0;001
ine song i‘requency(Hz)l5l.3 ¥ 6.06 159.9 % 4.90 ) ns -
tous 2183 fa2.40 ns

ingbeat frequency(Hz) 212.8

¥ from Bwing and Bennet-Clark (1968)



ble 4,5 Distribution of the number of cycles per-pulse for cacophony

(¥ = 71) and wild type (N = 79) males,

No., of cycles per pulse . percentage of pulses with a given No., of cycles.
‘cacophony | ‘ wild type -
1 | | 8 | . - 97,é
2 | 2 . 2.8
3 41 § - 0
4 10 . - ) 0
5 14 0
6 4 | 0



Figure 4, Oscilloscope traces of the pulse song of a cacophony (#pper
trace) and wild type (lower trace) male. - Calibration signal:

100 Bz.
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which shoﬁed déviationé in ‘both types 9f song, and 4 bf theVS males
‘which did not sing at-all., Of the remaining 25-mZIes which were
bred successfully, two turned put to haie significantly lower mating
speeds - than confrol males, (Table 4.3). One was-a semilethal, as
eﬁidenced by the drastic change in sex ratio, which sang normally
and was discarded. The other one had an altered courtship song-
and no apparent morphological abnormaiities, except that with
'increasing age a certain proporfion of, the males held their wings

in-an abnormal position.

4.2.,2.2 Song of the mutantv

The mutation increases ipi, pulse length, the amplitude of the
SOng~and the number of cycles per pulse.,- The frequency of the

N

mutants wing beat and sine song remain unaffected, (Tables 4.4 and

45, Figs 4.3).

Occasionally the mutants produced a veritable cacophony of song

which gave them their name - cacophony (céc). A1l these changes
in song qualities which cacophony causes in its carriers make it
vér& easy to distinguish mutant from.ﬁild type song. Just a few.
'seCOnds of vibration are enough fbr the expérienced listmer, to
know what kind of male - mutsnt or control - is sin g There-

gin
fore it was possible to undertake mapping and fate mapping

~ experiments with cacophony,



,4;2.2.3 Mapping

Preliminary tests with a variety of F2 males revealed that
the mutation must lie somewhere in betwéen~z (1-33;0) and £,(l;56.7).
- 86 recémbiﬁénts between these two‘markers were testéd for theii
song behaviour and it was found that 6 Fecombinations had taken
place between v and cac and 80 between cac and f, Therefore the

approximate map position of cac is 34.64.

4.2°2.4‘ Fate mapping

4¢2.2,4,1 paternal loss

VDue to the known limitations of .fate mepping with sex limited
traits, which furthermore give rise to ambiguous results in one type
of gynandromorph (section 4.2.1.4), it was attempted to use the
Y-chiomosome'elimination technique, which theoretically is capable
§f overcoming the shortcomings of fhe more conventional techniques,

A ral stock was obtained from J, Hall and a stock carrying a
translocated part of the X-chromosome on the Y-chromosome (yffv+).
was brought to the authors attention by J. Hall and was obtained'

from Tobler, (Tobler et al, 1971). This Y chromosome might well
have contained the wild type allele of cac, because cac and v are
rather close to each othef.

Unfortunately males.carrying this composite Y-chromosome ‘and
‘a cac X-chromosome sing in a manner typical for the mutant.
Therefore this approach had to be abandoned, because this meant,
that the composite Y-chromoscme does not cover cac, .or that caé

——

is dominant, In both instances the method would not be applicable,



Table mym , "Number and types of m%smumHoEowwwm - derived &wwoﬁmv a given

method - which sang in a given way. The percentage of given

gynendromorphs which sang at all is mwmo‘mbmwomﬁmm.

¥ cac - cacophony, wt - wild type, nc - not classifiable
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ther cuoh Y-chromosomes which are available were not tried
because there was no 1ndlcat10n at all that they might cover
Cac, The possibility of synthe3121ng an adequate Y-chromosome
especially for the purpose was considered but rejected in view
of the potential which the conventionai methods still hold evén_
though they have certain llmltatlons. It would for'example otill
_ be possible to obtain information about the question of the
relationship of the cac focus to head, thorax or abdomen._
Furthermore it was.oonsidered important to disoovor whether cac

is a dominent mutation or not.

4o2.2.442 ‘Ringfchromosome elimination -

As can be seen in Table 4.6, of 51 gynandromorphs which were
produced through ring chromosome loss and which had at least half
of their head cuticle male, their thorax cuticle half male, half
‘female (the boundary running along tho longitudinal midline) and
an abdomen of unknown mosaic status, 36 sang in the 5 min |
observation pericd with both wiﬁgs. “All of thém sang like the
mutant when vibrating eithei of their wings. In other words, they
produced mutant song with a wild type Qing on the wild type half of
their thorax,
28 gynandromorphs with a difforent constitution, at least half
of their head cuticle male and no male cuticle on the rest of their.
bodies, vere also tested, 14 of them vibrated, 8 sounded li;e the
mutant and the rest sang in an unclassifiable vy, (Table 4.6) as
it has been described oefore (sectlon 4.2.1.4.1) for the same tyre

of gynandromorphs which carried no song mutation. Making certai
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.assumptlons (see section 4.2 .3) one would expeot the same . frequency
of unclasolflable slngers in this -class of gynandromorphs as we
'foupd class1f1ab1e ones in the former class, - If IOO%Aof the ones
with a half male thorax sing'norﬁally, than 100% of the ones with
avfemale'thorax should sing abnormally. The obser&ed frequeﬁcies
are 100% and 43%. A ﬁisher Exact test of the original numbers

reveals that this discrepancy is'significént, (p‘<‘0.0002).

4.2.2.4,3 Claret non-dis junction

Of 24 gynandromorphs obtained through the action of the
ggfi gene and with a c§nstifuti6n identical to the first ring
chromosome mosaics which have been discussed, (head: at least
half male, thoiax: half male, half'feméle, abdomen: nof,scored)
18 vibrated both wings and this time they ali séng like wild type

flies with both wings, (Table 4.6).

4.2.3
Discussion

The abnormal song of cacophony could be the result of
élterations in neuroﬁal, muscular or evén sensory s tructures.
.Changes to the rééonant properties of the thoracic box could also
be responsible, but since the flight wing beat frequency of mutant
flies is normal, this seems less likely., Muscular structures
could be ruled out if it was'found that the primary focus of the
‘defect maps to the head, UnfortunatélY'thé fate mﬁpping data are

ambiguous on this point, The finding that all mosaics with



heads derived through ring chromosome loss sing like céoogﬁonxl
with both wings could.be interpretod in three ways: (1) the

" mutation is recessive and the focus is in the head; identical
with or very close to the primary neuronal dri#er of song,

(2) the mutation is recessive but the fbous is in the thorax
and is'a complex one exhibiting a domineering-effect, (3) the'
mutation is domirant and in the thorax. . The last of these
interpretations is excluded with fhe'gynandromorphs‘derived from
ngi females, which sing like -the wild fypeAin every instance,
If the mutation were dominant.énd the focus in %he thorax, these
individuals should express a mutant song‘with the wing on the
female half.of‘their thoiax. To decide which of the other two
hypothesesjholds true one has to look at mosaics which are all
female save for their head, If these have been produced tﬁrough
ring chromosome elimination and sang largely a cac type song,
clearly the first hypotheéis would be correct.__ Unfortunately
these mosaics éing-like the analogous ones without the song
ﬁutation and cannot all be classified, Therefore, the question
of the focus of ggo_connot at the moment be resolveds It seems
P0ssibleAtEat all the mosaics of this class whioh'sang'like égg
have certain internal male structures even though their thoracic
cuticle is femzle, The others, which if the focus were in the

thorax would sing wild type, are prevented from doing so because

ot

all, Theraefore vwe cannot exclude

o

they camnot sing properly
the possibility that the focus of cac is in fact identical to,

or very close to the thoracic struciure, which has been
A ]
o

conjectured as being néoessary'for a proper song, (section

4.2.1.4.1)
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The nature of thié hypotﬁetical-thoracic structure caﬁ be
_illuminated-with the fate mapping dafa just discussed, As we
have seen, the gynandromorphs Qith a bilaterally symmetrical
mosaic'thorax'split up very ¢learly into either mutant or wild
type singers f‘dependiﬁg on the method of deriyation. None of
them sang in an unclaséifiable way. This must be itaken to mean
that thé postulated_thoracic structure, which has té Be male if
the fiy is to sing a proper song, liés very;c10se to the thoracic
cuticle., In 36 of the ring chromosome gynandromorphs and 18 of
'the ggff_ ones, the blastular dividing_line never fell in between
the cuticle and this hypothetical thoracic'elément. This seems
to indicate that the thoraéic element in question is the cuticle
itself, This cannot be the case, however, because mésaics with
an all female thorax sang mutant-like in several instances.

This is father.bewildering bécause it means that there is a
considerable asymmetry in the probabilities of discordance of
cuticle and h&pothesized thoracic structure, depending on what

) the gynander looks like. Méle cuficle on one half of the thorax
means that with very high probability (16@% as we have seen) the
thoracic element is also male, female cuticle on the entire
thorax, however, does not produce a similar probability that the
element will be female. In this case it is male rather more
often than expected.-. This diécrepancy again indicates that we
are dealing with a complex focus exhibiting a domineeriﬁg effect
(Hotta and Benzer 1973). 1In such a case the probabilities of -
discordances in maleness bétw;en‘two structures can become
asymmeirical, To illustrate the point, imagine a complex focus
which is made up of several subfoci any one of which, if it is
male, causes the gmander to sing like a normal male, If one

starts off with an all male thoracic cuticle, then the probability



of a male song phenotype is very high indeed if'cuticie and
'thor301c structure are closely linked because all the subfoci
‘would have to be discordant to make the fly sing abnormally.
If one starts off with an all female thorax, howevér, then the
probability of a male song ﬁhenotype is not equally low as it
has been high in the former case, becaﬁse now the probabi;ity
~ of maleness of the phenotype is equal to fhe sum of the
probabilities of discordance iﬁ_maleness between cuticle and
hypothetical structure for each single‘subfocue. #ust.one sub-
- focus which is discordant for example, results in a normal song.
Hotta and Benzer (1973) have erected a rather detailed fate
map of Drosophila and report that the prebability of discordance
‘between-the.coxa of leg 1 and the'ipsilateral‘internal structure
which causes this leg to shake under e%her in shaker mutants is
0.13. «'This structure is almost certainly part‘of the thoracic
ganglion and.is repeated six times because each leg's shaking-'
action is independent from that of the other legs, (Ikeda and
Kaplan 1970b, Hotta and Benzef 1973). If in the present case we
hypothesise that the thoracic etructure which hés to be male if
a gynander is to sing preperly (1) is part of the thoracic
ganglion, (2) ie also repeated six times (ﬁhree times on each
side), (3) that anyone of these units, if it is male, causes the
moeaic to sing normally, and (4) that these units each have a fate
map distance to the cuticle of O.iB, then we can calculate the
expeeted_numbei of discordant cases; between euticle and song,
we should observe, starting with a gymander of a given type.
With these assumptions, which are not unreasonzble if one
remembers that the thoracic gangiion is e compound sitructure which
varose out of the three thoracic and all the abdominal ganglia of

more primitive inse cts, it can be calculated that the probability



Calculation of the probability of fiﬁding a’ given gynandromdrph

A

Figure

éxhibiting the indicated song behaviour under-the'aésumption of

6 subfoci each with a domineering effect, such that a single male

subfocus suffices to make the gynander sing in a normal way.

The distance in sturts of each subfocus from the cuticle is 13,

(p of discordance = 0,13)
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that a gynander wit£ an all female thorax will.sing nofmally is
0357, wherea; the .probability that-a-gynander whose thorax is
half ﬁale and half female willlsing‘aﬁnormally-is only 0.,0014,
(Figuré 4.4). These numbers clearly agree very.well with the
observed values of 0,57 and 0,00,  But in view of the sparsity
of the data and the mﬁltitude‘of possible alternative models
which would fit ﬁhe data‘equaily well, it mpst iémain a ver&
tentative hypothesis which awaits fuéther testing.,

An alternative explanation.for the asymmetry discussed above,
is of'a more mundane,kind. It could be that with ihe second kind
‘of gynandromorphs (head only male); more errors of classification
were committed, It seems, however, Veﬁy unlikely that this is
the reason because yellow is a very good marker for the thorax.
But the possibility that-Qery small male patches are occasionally
overlooked canndt be ruled out entirely. .

" To decidelunambiguousl& wheré the focus of cacdphonx.resides;
one either has to'refiﬁe the fate mapping techniques, or start
neurophysiological or anatomical sfudies. The former, as we have
seen (section 4.2.1.4.1), would be possiﬁle if adequate Y—chromof
somes vere available, The latter, especially neufophysiological
studies, are promising, because A, Ewing (pers. comm.) has shown
that tethered males, with electrodes inéerted into their thorax,
will couﬁt and vibrate.their wings to females, which are brought
clqse to them. Anatomical studies are probably only worth
considering after one has an approximate indication of the area

afflicted by the mutation, -
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4.3 The behaviour of cacqphony, activity, -reactivity and mting
behaviour : : :

4.3.1‘VIﬁtroduction .

'In the introduction to this chapter the potential values of -
 song mutanfs for_functibhal studies have beeﬁ emphagized, = Truly
promising mutations:for fﬁnctional‘sﬁudies would be ones with‘.
little or no pleiotropic agtién; These are the oﬁly ones which
permii the experimenter tp manipulate a singie‘independent variable
in-a controlled ménnér.  The folloQithe#periments will try to
clarify (1) whether: cacophony is a specific song mutation wﬁich does
not affect the fly in other behavioural aspeéts', (it has already
been demonstrated that it does not influence flight wing beat
frequency);' These aspects will be activity, reactivity and courf—
: shib behaviour, All are rather highly infegrafed behavioural
systems which are very well sﬁitedvto_bring pleiotropic effects
into the open. -Courtship behaviour in partiéular involves an
enormous . number of bodily functions and if any of them is defective
the end result,- mating speed-may be influenced. To exclude the
'song itself as a variable which inf luepoeQ mating speed, one dust
has to amputate he wings of the f¢1es as been indicated earller.
(2) 1t will e attﬂmpted to find the cause for the increased
incidence of abnormal wing posture in mutant males. (3) The

"Alexander'hypotheSis" (Alexander 1962) will be tested,
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4.,3.,2 Methods

All experiments were carried out at 25 it 1°C, The temperature
in the culture room was 25 s 2OC in time leading up to the experiments,
All male mutant flies were taken from the att-X stock in which they

had been kept since their isolation. The control males were taken

.from the original untreated att-X stock, The females came from two

isogenic stocks, one of which (control, att-XB) had been derived from
the driginal att-X stock énd‘the_other'one (homoiygops cacophony) was
identical to it except for the cacophony gene whiéh was introduced
into this stock in the following way; " The fused metracentric
attached-xlchromosomes of att-X females are known to break
occasionally, (Ch. Auerbach, pers., comm, ), 1Suchla break occurred .
in the stock used in the presenf investigation, és evidenced by the

sudden occurrence of wild type females and T ﬁ, £ males in the

-att-X stock bottles, These y, 3,?2 ﬁales are proof that the wild

type females could not have arisen through contamination. If

- contamination were the cause then the only contaminators could have

been y, w, £ females whick, however, were not kept in the stock
room &t the time in question. 13 of these wild type females were

collected as virgins end mated to att-X males, All F1 offspring

" were wild type, which indicates either that the females were at

least from the second generation after the break had occurred, or

~that the attached-X chromosome had somehow undergone récombination

with the wild type X-chromosome, such that it still was an

"~ attached-X chromosome but carried the markers heterozygously and

did not express them anymore, The latter possibility was

‘ . S B
excluded by crossing 15 virgin att-X~ females to y males, In no
case have any y males been recovered in the F1, which would have

had to be expected if the females still carried an attached-X
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,cﬁrOmosome.» Virgin females from the.stock thus syntheSizea were
mated to EQE:K males for another two generatlons to establish the
att-X stock. Thls stock is therefore genetlcally 1dentlcal to .
the att-x stock, except that both males and females carry the

- X-chromosome which was llmlted to the males in thevgii:z stock._'

| To obtaﬂn nomozygous caoophonv females, caconhonx males from
the att-x stock in which they were maintained and from which they
had orlglnated were mated to att- XB females, whlch, as ‘we have

Just seen, were derived from the same att-X stock., The resultlng
™ females were agaln mated to cacophony males and the F2 females,
50% of whlch should be homozygous for cacoghonz, were matedvsingly

to oecoghonx mles, Three females which produced only male
cacophony offspring (10 male offspring were'tested for each

female) were taken as the foundation-of~e homozvoous cacop onV .
stock,'ﬁhich according to‘its derivation,must te isogenic with

the att-X and att-X stocks,

443,2.1 Acti 1ty, reactvivity and wing posture

Activity measure@ents werevmade on slngle flies in e circular
arena, marked‘off at regular intervals, (Cornolly 1966)., The
“number of -lines crossed during O.5imin waslcounted, after the fly
had had 1 min to recovervfrom the transfer procedure, - 10 flies
of each sex and stock (cacophon# and control) were scored in this
Way e Comparisons were maoe wifh.t-tests.
In the first type of reaetivity measurement twenty, 2 dey old
flies (10 females and 10 males) were introduced iqto.a cylindrical

perspex cell (2,6 cm in diemeter, 2,3 cm high) with a wiremesh



floor and a gauae.top. This:cell was suspended oVer;a”ribﬁon_.
‘, microphone and after 1 min of recovefy.the'number of flighf
buzzes occarring vias oounted ooer,a's'min pefiod,-(Kaplan,apd‘
Trout'i969); t-tests were employed to ‘compare mutant and
control scores of several'such tests.-'

A second measure of react1v1ty was made on single’ flles

'7'whlch were subgected to a shadow stlmulus, (Kaplan and Trout

1969,»Angus'l974). A fly was introduced into an empty vial
' which.wasiilluminated from‘above (BO'cm) b&La sinéle light
bulo (100 W) As soon as the fly settled down to preen, a
' plece of cardboard \20 cn long, 5 cm w1de) was passed 7 5 cm.
above the vial, throwlng a shadow over 1t. As-soon as the
fly became visible again, it was scored as standing still or
moving¢ Each fly was subjected*to one test on1V.. The card-
'board was moved by an eleotrlc motor at a constant speed,
-Comparlsons were made w1thrCh1-square tests on the datavpooled
’betoeen sexes, because there. were no differences between them;.

" As has been noted before, a substantlal number of male mutant
: flles in the stock bottles held thelr wings in a more or less
opened, raised\and twisted position, - This»was ﬁever observed
in flies which were kept aingly in viais;»therefoie an-attempt
was made to identify the factors responsible for this abnormal
wing poqture. Flfty, 1 day old,mutant males were introduced
either 31n~ly or in- groups of ten into vials contalnlng focd,
Flfty mutant and codtrol males were. introduced in groups of five
~into vials which also contained five females,  After three days
thevflies were etherized and the number of individuals holding
.their wings in an abnormal way was counted, v‘To be scored
abnormal, the wlnps had to be either ralsed and/or +wﬂsted and/

or .opened in such a way that the two wings would not overlap.
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" 443.2.2 Courtship behaviour

Virgin three day old pairs of flies from all combinations of
‘;mutant and control flles were 1ntroduced into cyllndrlcal perspexv
' cells (2 cn in dlameter, 0.7 cm hlgh) with a coversllp top. The
-ensuing courtship was observed through a binocular mlcroscope and
'the male's courtqnlp dlsplays were recorded contlnuously on an

- event recorder, The- start of courtshlp was defined as the flrst
bout of w1ng v1bratlon, whlch was only scored if the wing was
fully extended ' Orlentatlon -was defined as by Mamning (1959),
it starts with the first v1brat10n and is 1ncluded w1th all other
'mgle courtehlp_behav1ours. Llckl g and attempted copulatlon was
. .gcored’whenever,the proboscis was-fully_extended or the abdomen
eerled under, with ne regard as to.whether.centact‘was;made with.
the female's genitalia or net. The angular'téansformation was
4applied to all'percentage SCores aﬁd efter the variances ﬁ re_
‘found sufflclently homogenous. analysis of varlance wae used to
analyse the results statistically, (Sokal anleohlf 1969).

Mating :

\/)

ur

ey : . .3 . ER
veeld was measured in a mass mating sei up a

\

~described vefore, (Section 342) 0 The percentage of flies which

Q

copulated eut ef 25_in 30 min was scored, and the arceine

- transformed data were subjecfed tc an enalysis of variahce.
_ inione'mass mating test 20 wingless mzles courted iO winged
contrel females for 40 min, The wings- of these-males had been
amputated 2t the.time of sexingleith a scalpel. The percentage

~of copulations occurring within the observation period out of a

ormed and t-~-tests were used to

bty

_possible 10, was arcsine trans

compare mitant and control males; which h2d been tested in

parallel experiments,



Table 4.7 Means (t SE) of the activity of single mutant and control flies,

. Number of lines crossed in 30's, = N = 10 in each gréup.
femalbes ' . males
- + _ + .
cacophony . : 10.6 - 1072 17.3 - 1.82
control - 204 22,68 0 18.6 ¥2.,97



Table 4.8 Number of flies, out of 15, reacting to the shadow’stimulus

females . - males

cacophony" ' 3 5 .

control , 14 ‘ 13



Table'4.2 Number of flies, out of 50, with abnomal wing postﬁre.V"

cacophony . control

females males females males
..].,vi;l_y/vié,l' -2 - -
.lb>flies / vial | - 4 - -
5 flies / vial + 1 3 2 s

"5 flies of opposite
sex ‘



A comparison'of the relative mating success of mutant malés
with and without wings was made bfvcalcﬁlating the percentage of
" mtant malés which copulated within the observati;n period; -wheré.
100% is the number of control males whichvhad copulated in a’
parallel test, The resulting data were again subjectedAtd‘fhe
angular transformation and t-tests furnished the probability
levels of the differenqes.

The numbéf of pulse song and sine song bouts waé_counted
through earphones from mutant and contfol males courtiﬁg one
day old virgin control females on top of a ribbgn microphone,‘

t~tests were employed to compare the resultis.

44343 Results

4.3.3.,1 Activity, reactivity and wing posture

Table 4.7 shows that whilst mutant females are less actiﬁe
than eithervmutant males (p< 0,02) or wild type females (p<0.01),
the mutant males are just as active as wild type mé es,

As concerns reaé?ivity to other flies (Wo, of flizhi- buzzes
in 5 min), it was found that mutant flieé_gre much less reactive
(6.6 £ 1.81 sE) than control flies (26.8 £ 4.47 SE), (p<0.01).
'Furthermorefthey‘are algo less diéturbed by & shadow stiﬁulus as
is shown ip"l‘able 4.8, (p<0,005),

Table 4.9 gives the numbers of flies out of 50 which held
their wings in an abnormal way, after having been kept for fhree
days under the conditions indicated, It can be seen that in no
case is ihis number higher than 4, excépt when five muiant males

Fad

are kept together with five mutant females, In this case 31

-



Table 4.10 Means of the different courtship behaviors in the four crosses

between mutant and control flies, N = in eachtgroup

males
females _ cacophony control "~ behavior
cacophony. 47.00 64.50 » ﬁercentageAcopulated out-of 25 in
control 40.50 - . 75.60 - 30 min '
cacophony 63.78 - 69,54 ' percentage orientation
control 68.24 77.81
cacophony 19.91 27.15 percentage vibration -
control O 17.99 25.16 '
cacophony 1.50 2,47 No. of vibretion bouts in 8 s of
control | 1.28 2,36 orientation |
cacophony 1.14 - 0.96 Mean bout length cf vibration (s)
control 1.16 0.92
cacophony - 0,70 1.64 , No. of licks in 8 s of orientation
control 0.42 111
cacophony ‘ 0.53 1.50 No., of attempted copulétions-in 8 s

control 0.16 0.71 of orientation



Table 4,11 Analysis of variance of the data in Table'4.»

source | ar MS )y o behavior

females 1 22.77. 0.290 : ns ., percentage copulated
mles 1 2157.45 . 27.790 £ 0,005 ' '
interaction = 1 256.20 34,420 . ns

error 32 1164 |

females 1 146,41 0.924 - ns -  percentage orientation
males o 208.70 1,317 ns |
interaction 1 15,32 0,097 v ns

error o 32 158.54 -

females . ' | 1 12,70 0,540 ns perbentage vibration
mles | 1. 235,36 10,010 < 0.0l o |
interaction | 1 0.38 0.016 . ns

errox ' | 32 . 23,51

females 1 0.25 0.635 ns No. of vibration bouts
males 1 9.36 23.579 < 0,005 |
interaction 1 0.12 ~ 0.310 ns

error 32 Q.40

females | 1 0.28 0,005 ns  Vibration bout length
males 1 256,01 44745 ns o '
interaction 1 4.83 0,090 *ns

error 32 53.95 ' ’

females 1 151 4.84 ‘ns No. of licks

males . 1 5.98 19.179 < 0,005 -

interaction 1 0.14 0.452 ns

error .32 0.31

females 1 3,01 \. 8.016 < 0.025 Mo, of attempted
mles 1 5.23 13,904 = ¢ 0,005 copulations
interaction 1 0,38 1,02 ns

error ‘ 32 - 0.38



Table 4,12 Mean (% SE) of the number of pulse song and sine song bouts
emitted by cacophony and control males in 8 s of orientation.

N =5 in each group.

pulse song sine song.
: _ - + ' +
cacophony 593 = 0,79 0.42 - 0,16
control | 4.99 T 0,50 1.63 £ 0,22
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males, but only one female, held their wings in an abnormal way,
This clearly shows that the presence of females is responsible'
for the high incidence of abnormal wing posture in mutant males.

>

4.3.302 Courtship behaviour

~

Tablés 4,10 and 4,11 summarize all visuaily monitored conponents
of the courtship. It can be seen from theiﬁégnitﬁde of fhe F
values in Table 4,11 that males are fesponsible for the reduced
mating speed of cacophony, the lover percentage of vibration while
being orientated, the iower number of vibration‘bouts and the .
decreased number of liéks. Both séxes play a significant role in
the determination of the number of attempted éopulations. The
mean bout length of vibration and thé percentage orientation are
unchanged in the mutant. None of the résults is determined to any
significant degree by an interaction between the sexes,

The mating succesé (percentage cdpulated) of wingless géggggggx
males with control femalés is also significantly lower (21.14 ha
3.32 SE) than that of control males (50,58 ¥ 3,40 sz), (p<0.Cl).
If one expresses the mating success of wingless.and wiﬁged mutanﬁ
mgles as a‘percgntage of the-success of control males subjected to
the same treatment and tested in parallel experiments, one finds
tha% mutant males fafe-relafively better with wings (48.28 :

4.14 SE) than they do without (28.52 % 5,38 sm), (p<0.05).

Tablé 4,12 gives the results of the acoustically monitored .

- behaviours, The number of pulse song bouts is unchanged, whereasA
" the number of sine song -bouts is considgrably lower in the mutant,

(p<«0.01)..
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4.3.4 Discussion

Alexander's hypothesis (Alexander 1962) would'pfedict that
males which bad undergone genetic él£eration of the template which
they use as a comparator for efferent signals would be ﬁoet readily
accepted by females homozygous for the same mutation, because these
females have undergone the same changes in thelr template whlch they
use as -a comparator for afferent signals, In other words in the
results presented in Tables 4.11 and 4;12 there»ehould be a strong
interaction‘effect for the data on mating speed. Such an effeet is
not found, although it should perhaps be noted that the'differences
are in the right direction.

The change in ipi of the mutant is lapgely accounted for_bylthe
increase in pulse length,. -~ If the females measwure ipi from the end
of one ﬁulse t:fhe beginning of the next one, unlike the experimenter,
then the ipi chenge of cacophonx cénnot be used to test the hypotheeis.
In this case ipi could also not be mde responsible for the reaueed
mating success of mutant males with their own and control females.
Song must be éxcluded as a factor which affects the matinﬁ speed of
cacophony males detrimentally anyway, because w1nrless mut.nt mles
are still at a disadvantage when compered with wingless control
meles. Othef faoters must be mde responsible for the low mating
success.of caconhonx-males. Possible candiddtes‘are the lowered
reactivity of the mutants and their decreassd number of licks and
attempted copulations. The former seems to be an unlikely
explanation, because mutant males courst es persistently as contrel
rzales, and they show no.reduction in the percentage of orientation
during courtship, The latter two behaviocurs arve a stronger

been shown that the more of these

[0)]

feasibility because it ha

behaviours a male displays the faster he will copulate, (Dow and
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Scﬁilcher,Aunpublished).

The fact that cacophony males fare relatively better with
their wings than they do withoﬁt, is further evidénce that .the
mutant song is not responsiblé for the low number of‘CacoBhohz
.males which copulate in the test period. On the confraiy,'these-
results suggest that the mutant song constitutes an improvémeht'
on ‘the wild.type song, or‘alternatively that the preséncebof
vwings somehow improves the pefformance.of mutant males in an
unspecific way. "~ The formei possibility mﬁst be seriouély
considered, because cacophony males sing louder than wild type
males, and it is possible that they thereby stimulate the females
more'effectifely. Although the improvemént of a syétem subjected
to the forces of matural selection seems to be an extremely
uniikely result of mutagénesis,.it is conceivable fﬁat_this has
been achieved at a‘cosf, which under normal conditions would moxe
than offset the improvement. This cost might be the competition
which a male would create for himself if he sang too loud. Pulse
song has been shovn to stimulate malés_stréngly (seétion 2.5) and
~as far as the intensity of pulse song is concerned, a compromise
between the recessity to stimulate the female and the advarse’
effects of arousing other males might have evolved,

‘Cacophonz and control méles.give equai numbers of pulse éongv
bouts, but the former give fewer sine songz bouts, If sine song

iz an important sexual stimilus for the females, as the experiments
g A 9 BS :

Q

i

0
Cu
12

in sectioﬁ 2.6 seem Yo imply, then fhi zdvantage must also be
compensated for by the increase in sound intensity,
The 'fa‘.:t that there is only ome significant female effect in
the visually recoxrded courtship behaviours is probably just a
P ER

counsenuence of the much more active role thot males play in court-

ship, However, females do influence ihe number of aitempted
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copulations which éan be taken as another cdnfirmation‘of tﬁe
close relationship between female acfivity and receptivity,

(Cook 1973). Mutant females feceiﬁe more attempted copulations
and are less active'than wildntype females, Such a correlation -
has been found before in a study of female rejection responses,
(Connélly and Cook 1973), It is somewhat sﬁrpfisiné that this
female effect on attempted copulations doés not carry through to
mating speed, where the females have'no‘significant influence,

It must be concluded that other factors which also contribute to
mating speed counteract and annihiiate this influence, or that.
the number of attempted copulations is not an important courtship
stimulus, at least not for cacophoni femaies.

The rather striking influence the présence of females has on
‘male WingAposfure indicates fhat matant males either have defective
muscles or that‘neurological changes make these mles hold their
wings in constant threat or wing flick position (Dow and Schilcher |
1975), when they court and compete for females. . Qualitative
observations suggest that this might indeed be the case although
it is of cburse hard o undersiand why tﬁey should maintain their
wings in this posétion when etherized, It has been observed. that
upon introduction into a different genetic background the mutants
- carry their wings normally, whereas they continue to sing
abnormally, | '

With the present emphasis on heurobiology cacophony would
clearly fall into the category of 'trivial! mutations (Wilcoek
1969) if it turned out.té.be a mhscular defect which is respon-
sible for the abnormal song behaviour. Otherwise it could be a
promising {601 which in conjunction with other, similar mutants
might help to open up neurobiology. - Unfortunately it is at

present impossible to say where exactly cacophony stands.
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" CHAPTER 5

General discussion

In the ihtrpduction to this thesis'the ethological and
evolutionary significance of Drosophila courtship song has been
emphasized., . It was considered opportuhe to staﬁt an investigation
of the song:at the-functional and'analytical_level simultaneously.
The fﬁnctional, é#glutionary part of the work consisted mainly of
playback experiments, and furthefmoré o% some stﬁdies'of the mating
behaviour of two sibling species and their hybrids and of'thaf of a
song mutant. |

The analytical part concerned itself Qith the mechanisﬁ of song
| pfoduotiﬁn, fhe defects caused by the song mutation cacophony and’ the
| inheritance of ipi. ’ | . | |

| The pla&back experiments have extended our'underétanding of - the
éffeqts of courtship song both on méléé and females, oth pulse -
. and sine'song increase female receptivity. - Pulse song does so only
in a ‘stimulation experiment, sine song also under.conditions of
prestimulation, Therefore sineAsong is remembered over aprreciable
pefiods of time, whereas pulselgong is nof; This led fo:thé
suggestion that pulse song might act like a triggér and sine song.
in a priming fashion, The action of ﬁulse'song ié rather ipi-
 specificQ ~Both songs decrease female locomotoi activity to a
similar extent.

Section 2.5ﬁ3. contains a full discussion of tﬁe conclusions
‘which can be drawn from these and earlier'experiments about the
precise function of ipi.‘ It undoubtedly plays a role in sexual
selectién, but it was found impossible to-decide, with the
information presently available, whether it subserves inter -

or intraspecific communicaiive purposes. - The experiments reported
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in chaptérs 3 and 4,‘which'also haye some bearing on this
guestion, COula not in any way change this rather unsatisfactory
: outlook, The_only way out of the dilemma seems to be via long
term experiments which manipulate the selection pressures to
which the éxperimental population is exposed, If ipi functions
as a species‘isoiator, then in a population of flies which does
not need to_ﬁrotect itself against hybridization, this traif
should deteriorate, It might be profitable in the future to

make detailed ipi comparisons between long established outbred

.laboratory populations_of D, melanogaster and fréshly collected
flies of th? same species coming from an area of sympatry with
D. simulans.

As far as the function of sine song is concerned, the pléy-
back experiments (sectioﬁ 2.6;4) havé not been carried to their
conclusion. It would clearly be possible to verify or falsify
the alleged summating funqtion of sine song unambiguously with |
similar experiments, One would have to subject femzles to
different time periods of pre-stimulation with sine song and see
whe ther the effect on receptivity varies accordingly.'i Cne would
expéct to observe some limit to the time over_which summz tion could
occur,

Pulse song has a strikiﬁg effect on male sexual and locomotor
activity which could not be demonstrated for sine song. The male
response to pulse scng is relatively ipi independentQ Yhe ther
under natural conditions this response_is trigzgered by a mle's
own song or that of others, or both, could not be decided, at it
seems most likely that\fhe second interpretation is the correct
. one, It must be left to future workers to’investigate this

question more thoroughly.
gl O
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The results from the mating speed testénwith wingiess and
winged mutant and control flies have indicated thgt the mutant
song, which is higher in intensity dnd which has a longer ipi,
is‘actually more effective thaﬁ wild type song.. 'This was taken
to mean that the amplitude of the song as it iskfound in wild
tjpe males is probably_not.at its optimum level as far aé-the
stimulation of the-females is concerned. It iSIPOSSihle thaé a
selective counfer pressure 5as been.at erk preventing a louder
sqhg’from evolving. This counter‘pressuré wou@d arise from the
adverse effects a loud‘song has for the performer because it calls
in more mat;ng competitors.‘ Therefore the song %ﬁtensity‘which
has evolved could be a compromise between these detrihental effeéts
and the necessity to sing loud enough to stimuléte the females
sufficiently. |

On the reductionist, analytical side several results have
.added Eéme information to our understanding of éoﬁrtship song.
From the study of the song of gymandromorpvhs it has become clear
that head structures are necessary and sufficient to eﬁable the
mosaic individual to vibrate its wings, To preduce a proper
song, however, a thoracic structure which meps close to the
thoraoid cuticle on the blastular surface, must also be male,
The nature of this element of song prpduction could not be

revealed, It seems desirable and possible to test its nature
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methods or improved fate mapping techniques.,
In Chapter 3 it has been shown that the song of hybrids

between D, melsnogaster and D. simulans is identical to that of ,

D, simulans. This finding neither contradicts nor verifies the
sex linkage hypothesis of ipi. . The mating sPeéd tesfs ﬁith the_
hybrids and their parent species have brought no support for the
hypothesis which ascribes ipi‘receiving and emitting comparator
structures a common genetic basis. This conjecture was also not
supported by the findings with cacophony, where homozygous females
still preferred wild type over mutant males,

Concluding one can say, that this thesis has opened up a few
nevw viewpoints but it has not succeeded véry well in clearing old
ones, Mutégenesis of courtship song remains-a. highly promising
field of reseérch. ‘Courtship song might well be the’behaViour
of Drosophila, which, among the ethoiogi;ally non trivial behaviours,
lends itself most conveniently to a genétic dissection approach,
Therefore it .will be very profitab;e-to extend the mutagenesis .
experiment with some modificétions which permit the screening of

larger numbers of males.
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Courtship song and mating speed of hybrids between Drosophila melano-
gaster and D. simulans were investigated. The courtship song of hybrid
males is identical to that of D. simulans, suggesting that X chromosome
determination, known from the cross between D. pseudoobscura and D.
persimilis, is also possible here. Wingbeat frequency of hybrids is inter-
mediate between that of the two parents, demonstrating that courtship song
.and wingbeat frequency are inherited independently of each other. In
mating tests, hybrid males court and are accepted by D. simulans females
more than hybrid females (presumably because their song is more “ac-
ceptable” to the former). D. melanogaster females reject hybrid males.
Hybrid females accept D. melanogaster males readily, hybrids less readily,
and D. simulans /east.

KEY WORDS: Drosophila melanogaster; Drosophila simulans; hybrids; sexual behavior.

INTRODUCTION

The sexual behavior of males of the sibling species Drosophila melano-
gaster and D. simulans was described by Spieth (1952) and later was
compared in more detail by Manning (1959). The same basic behavioral
elements are common to both, but the courtship of D. simulans contains a
higher proportion of wing scissoring and less vibration than that of D.
melanogaster. Shorey (1962) first showed that the wing vibration of the
males provides acoustic stimuli. Subsequently, Ewing and Bennet-Clark
(1968) provided a comparative survey of the courtship sounds of different
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Drosophila species, and showed that the interpulse interval (ipi) was highly
species specific. '

One of us (F. v. S) is studying the effects of induced mutations in D.
melanogaster in order to obtain mutations of the song, which might help in
elucidating the cause-and-effect chain between genes and this behavior (see
the arguments presented by Benzer, 1967, 1973). For mutagenesis it is most
economical to examine the X chromosome, and we were anxious to dis-
cover whether this chromosome plays a major role in the determination of
song characteristics in D. melanogaster. We were encouraged in this
venture by previous work which has shown that the X chromosome does
carry genes of particular importance in the control of courtship song, and
perhaps other features of Drosophila sexual behavior. First, Ewing (1969),
working with D. pseudoobscura and D. persimilis, could unambiguously
locate the control of the major qualitative features of the song on the X
chromosome. Quantitative -variation of ipi was controlled by dispersed
genes, but, as Ewing indicates, his recording method was rather inaccurate
for this measurement because he ¢ould not control temperature within the
desired limits. Second, Futch (1973) found that the mating success .of hy-
brids between D. pallidosa and D. ananassae depends on the origin of the -
males’ X chromosome. Hybrid males are more successful with females
from their mother’s species, whose X chromosome they receive.

Since hybrids between D. melanogaster and D. simulans are uniformly
sterile and since male hybrids always carry the D. simulans X chromosome,
no firm proof of X chromosome involvement can be forthcoming.
However, our study is justified because such a hypothesis could be dis-
proved, namely by intermediate inheritance in the hybrids.

The hybrids between D. melanogaster and D. simulans were the first.
to be described in the genus (Sturtevant, 1920). Sturtevant (1929) found
that the cross D. melanogaster ¢ x- D:-simulans 3 was-made more easily
than the converse, and this has been confirmed by many workers since then
(Morgan, 1929; Biddle, 1931; Uphoff, 1948; Manning, 1959; Parsons, 1972;
Eoff, 1973). Barker (1962) has reported an apparent exception to this rule,
but it could be ascribed to differences in the methods employed for the
measurement of the degree of sexual isolation (Barker, 1967). These labo-
ratory findings were confirmed by Sperlich’s (1962) field collection, where,
in an area where both species occur, he found that 5% of the females
produced only sterile female offspring, making it likely that they were D.
melanogaster females which had been inseminated by D. simulans males.
No females producing only sterile males were found.

Certainly there is genetic variation for the degree of sexual isolation
between the two species. For instance, Parsons (1972) showed that different
strains each derived from a single female collected in the wild differ in their
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degree of sexual isolation from their sibling species. This difference is pri-
marily determined by the females, but both sexes are the source of the
genetic variation. The behavioral basis for this unequal sexual isolation has
not been extensively studied. Mannin'g (1959) found that the cross D. mela-
nogaster ¢ X D. simulans 3 is easier despite the fact that D. melanogaster
males are sexually much more active with foreign females than are D.
simulans males. This study also indicated that male hybrids have a D.
simulans-like courtship and show a preference for D. simulans females. It
was also found that hybrid females were very rarely courted by D. simulans
‘males. )

The present study describes the mating success and sexual behavior of
hybrids in more detail. We measured mating success for various combina-
tions of hybrids with each other and with their parental species, and
recorded ipi and flight wingbeat frequencies. We shall discuss the different
parameters and speculate on their evolution.

METHODS

The D. simulans stock used was recently wild-caught in Rome. Two D.
melanogaster stocks were employed. The first was an attached-X stock
“producing wild-type males and females carrying an attached-X compound
chromosome, homozygous for yellow, white, and forked. The second stock
was derived from the first one by collecting about ten spontaneously
produced wild-type females. Thus this second stock was wild type in both
sexes, derived its X-chromosome from the males of the attached-X stock,
and was otherwise identical to it.

Crossing attached-X females with D. simulans males results in hybrid
males which carry the X chromosome of their father, whereas crossing fe-
males of the wild-type stock with D. simulans males results in hybrid fe-
males. By using this strategy, we avoided having to rely on the more dif-
ficult cross between D. simulans 9@ and D. melanogaster 33 to produce
hybrid males. At the same time, the D. simulans X chromosome of the
hybrid males was combined with D. melanogaster cytoplasm. This com-
bination enabled us to control for the possibility that cytoplasmic effects
could simulate sex linkage.

The flies were kept in half-pint milk botties on standard medlum at 24
+ 1°C on a 12-hr light, 12-hr dark cycle. To maximize the chances of
mating, the interspecific crosses were set up with five 1-day-old females and
ten 2-day-old males in 7.5- by 2.5-cm vials containing medium. After 1 day,
the contents of four or five such vials were transferred to a stock bottle for
egg-laying and development. All virgin flies used in the present experiments
were collected within 6 hr of eclosion, sexed under light etherization, and
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then transferred to vials. (Since the cultures of hybrids produced only one
sex, they were allowed to hatch for 24 hr.) All experiments were carried out
at 24 4+ 1°C within 3 hr of the flies’ dawn, using virgin flies 3-4 days old,
except where otherwise indicated. Mating speed tests were performed with
25 pairs of flies in 250-ml flasks. The flasks were held horizontally in a
clamp and indirectly illuminated by a 60-W lamp at their base, which was
slightly pointed upward so that the flies tended to aggregate at this end and
could be sucked out with an aspirator. The time for each copulatlon was
recorded and all tests were concluded after 30 min.

The data thus collected were analyzed according to a technique
reported by Bliss (1967) for truncated distributions, possessing several ad-
vantages compared with other methods which have been used for the
analysis of mating speed data, such as probit analysis (e.g., Manning, 1961)
and methods based on the number of pairs copulating in a given time pe-
riod (e.g., Parsons and Kaul, 1966). Unlike probit analysis, our method
does not depend on the assumption that all flies would eventually copulate,
if only one could wait long enough. In fact, there are strong indications that
the log-time-probit plot is not linear for the mating speed of many
Drosophila populations. The method also allows us to differentiate between
populations which achieve identical numbers of copulations in a given time
period but nevertheless, due to different lag times, have different mating
speeds. This is because this method utilizes two parameters: mating speed
(MS, the mean time to copulation of all pairs available for copulation) and
the number of pairs which the method predicts would ever copulate (PC).

Our data seem to indicate that just counting the number of copulations
in a given time might be a good measurement, if the period were long
enough. The mean number of pairs that did not copulate during our 30-min
observation period but that, the method predicts, would have copulated
_ later was only 0.84. We therefore confirm Manning’s (196?) suggestlon that
30 min is close to the optimum observation period. -

Comparisons between the mating speeds of the different genotypes
were made using Student’s 7 test on the logarithms of seconds for MS and
x2 tests for PC.

For recording song, males were introduced with 1-day-old virgin fe-
males (to prevent early copulation) into 10- by 15- by 5-mm wire mesh
cages with a perspex top and placed on a microphone 1 mm above the rib-
bon. The song and wingbeat frequencies were recorded after appropriate
amplification through a ribbon microphone (Bennet-Clark, 1973) on a
Tandberg 3000X tape recorder. The recordings were then displayed on one
beam of an oscilloscope with a calibration signal on the other beam. The
traces were filmed and measurements could be made from the film.

The flight records were obtained by gluing the flies to entomological
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pins under light etherization and suspending them over the microphone.
Usually they start flying within 1-3 min. All these measurements were
made with temperature controlled at 25 + 0.5°C because of the high
temperature dependence of both courtship song and flight wingbeat fre-
quency (Shorey, 1962; Reed et al., 1942).

RESULTS

Mating Success

Mating speed tests were made using all combinations between the
three genotypes, except for the interspecific crosses themselves, which are
so slow in mating as to preclude measurements. The results are presented
in Table I and the comparisons in Table.1I. As can be seen from Table I,
the two parent species score very similarly on both measures. In fact, there
is very little variation in MS between the various combinations. Only one
of the comparisons which concern us here is significant: D. melanogaster
males mate more slowly with hybrid females than with their own females
(Table II).

Table I. Mating Speed from Various Crosses Between Genotypes®

D. melanogaster & D. simulans & Hybrid &

D. melanogaster ?

No. R 5 —_ 4

log MS 2.5 £ 0.01 —_ —

MS 331.2 — —

PC 20.8 — —
D. simulans @

No. R — ) 5 4

log MS ) — 2.5 £ 0.06 2.7 £ 0.07

MS — 318.1 488.2

PC : — 21.0 . 16.7 -
Hybrid @ '

No. R 8 6 4

log MS 2.7 £ 0.04 2.6 £ 0.15 2.6 = 0.05

MS . 503.3 365.3 422 .1

PC 16.6 3.5 7.5

¢ No. R, number of replicates log M, mean mating speed in log seconds =+ SE;
MS, mean mating speed in seconds; PC mean number of pairs predicted to
copulate out of 25.
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Table II. Comparisons of Mating Speed Data Between the Different Genotypes®

Mate

Constant mate 1 2 MS PC
Hybrid & Hybrid @ D. simulans Q ns p. < 0.005
Hybrid ¢ D. melanogaster & D. simulans & ns p < 0.005

Hybrid & D. simulans & ns ns

Hybrid & D. melanogaster &* ns p < 0.01
D. melanogaster & D. melanogaster @ Hybrid @ p < 0.01 ns
D. melanogaster @ Hybrid & D. melanogaster & Not comparable (see text)
D. simulans & D. simulans @ Hybrid 9@ ns p < 0.005
D. simulans @ D. stimulans & Hybrid & ns ns

¢ Abbreviations as for Table I.

The PC measure shows much higher variability. From Table II, it can
be seen that hybrid males are more acceptable to and/or more stimulated
by D. simulans females than hybrid females. Unfortunately, data for D.
melanogaster females could not be included in Tables I and II because in
four runs only six copulations were observed and the calculation of MS and
PC would have been meaningless. Thus hybrid males do well with D. simu-
lans females, less well with hybrid females, and very badly indeed with D.
melanogaster females. This last result is probably not based on female dis-
crimination alone, because the males were extremely sluggish courters in
this combination. Hybrid females copulate in a low frequency with D.
simulans males, are intermediate with hybrids (although the difference is
not significant), and accept D. melanogaster males most frequently, the dif-
ference between hybrid and D. melanogaster males accepted being signifi-
cant at the 1% level. In fact, with regard to the PC measure, hybrid females
appear as acceptable to D. melanogaster males as their own females, but
MS is slower with hybrid fémales.

D. simulans males mate very slowly with hybrid females. In this case,
our observations suggest that the males were again "at least partly
responsible for the resuit, because they were extremely inactive in this com-
bination. There is no significant difference between D. simulans and hybrid
males with D. simulans females.

Courtship Song and Wingbeat Frequency

The ipi’s of D. simulans and hybrid males are almost identical (Table
I11, Fig. 1). The ipi of D. melanogaster males is significantly different from
both (p < 0.001).



Courtship Song and Mating Speed Between D. melanogaster and D. simulans 4 401

Table III. “Interpulse Intervals’” in Courtship Song and
Wingbeat Frequency in Flight of the Males of the Two Species
and Their Hybrid

Wingbeat frequency + SE

Ipi + SE (cycles/sec)
D. melanogaster 346 & 0.4 218.3 + 2.4
D. stmulans 48.7 = 1.2 252.7 £ 2.9
Hybrid 47.7 £ 1.2 240.6 4 2.6

simulans

hybrid

melanogaster

Fig. 1. Oscilloscope records of the songs of males of D. simulans, D. melanogaster, and their
hybrid. Redrawn from a photograph.
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Wingbeat frequencies of hybrid and D. simulans males are signifi-
cantly different from each other (p < 0.01) and the hybrid frequency is in-
distinguishable from the midparent value for this trait.

DISCUSSION

Hybrid males are very readily accepted by D. simulans females, and
we deduce that part of the reason for this is the similarity in ipi between
hybrid and D. simulans males. Of course, it is possible that hybrid males
are inheriting dominant or sex-linked genes from their D. simulans fathers
which code for the sensory and/or neuronal wiring responsible for the re-
ception and recognition of stimuli functioning as releasers of sexual be-
havior. In other words, hybrid males could be more stimulated by D. simu-
lans females. The latter argument might be supported by the studies which
have demonstrated the existence of female sex pheromones in Drosophila
(Ehrman, 1969; Shorey and Bartell, 1970; Sloane and Spiess, 1971), al-
though they have not conclusively been shown to act as stimulators of
sexual behavior. _

In fact, the quest for an answer to the question of which sex de-
termines mating speed seems futile as long as one tries to tackle it using
matings set up between different strains, mutants, or allopatric species. As
our ‘data show, males and females can be very fast with. one partner and
very slow with another. The courtship system of a population whose gene
pool is more or less distinct is so intricate and so dependent on interactions
between the sexes that any answer can emerge when males and females are
used which have not had the chance of coadapting their communication .
system. This is in fact what has been found (e.g., Kessler, 1968; Elens et al.,
1973). Trivers (1972) has discussed this question in relation to the greater
““parental investment” of females, which should make them more dis-
criminating than males. To test this prediction, one would need to look at
the respective contributions of the two sexes to mating speed wnhm popula-
tions or between sympatric species.

Finally, the fact that D. simulans and hybrid males have nearly
identical ipi’s could be explained by two different modes of inheritance. Ipi
could be a sex-linked character, or it could equally well be that D. simulans
ipi-determining genes are dominant over the homologous D. melanogaster
genes and distributed throughout the autosomes. We may note that domi-
nance seems to be the rule rather than the exception for the morphology of
the male genitals (Tsacas et al., 1971). Nevertheless, these results certainly
do not contradict sex linkage, as is found in D. persimilis and D. pseudoob-
scura.

The interesting difference in mherltance between i 1p1 and wingbeat fre-
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quency proves that the similarity between hybrid and D. simulans ipi is not
simply due to similarity in their thoracic structure. Clearly, ipi has had an
evolutionary past distinct from that of wingbeat frequency. This is not
_surprising in view of the fact that ipi probably was subjected to the very
strong and specific selection pressures characteristic for traits functioning
as ethological isolating mechanisms. ‘
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