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ABSTRACT 
The courtship song of a Drosophila melanogaster male consists of tone pulses interspersed with 

humming sounds. An X chromosomal mutation, cacophony (cac), causes the production of polycyclic 
pulses readily distinguishable from those in wild type, which are mono- or bicyclic. Yet, courtship 
hums and flight wing beats are normal in this mutant, suggesting a specific role of the cac gene in the 
neural program underlying one particular feature of the fly’s wing vibrations. A precise cytogenetic 
localization of cac is presented; this was obtained by uncovering the song abnormality with deletions 
that are missing all or the distal part of region 1 1A; the flies tested were diplo-X adults that had been 
turned into males by the transformer mutation. Duplications including distal 11A covered cac. The 
possibility of behavioral specificity for cac’s effects was examined by screening a variety of sexual and 
nonsexual behaviors; these experiments included tests of flies in which the mutation was uncovered 
by a small deletion. We conclude that cac causes only a limited array of well-defined defects: longer 
and louder tone pulses in the song and depressed locomotor activity. Further complementation tests 
involving cac and other closely linked genetic variants-the night-blind-A (nbA) visual mutation, 1( 4L13 
lethal mutations, and a series of X chromosomal breakpoints-suggested complex interactions among 
these factors: the breakpoints uncover all three types of mutations; cac and nbA appear to be alleles 
of 1( 1)L13, whereas the two behavioral mutations complement each other. 

OURTSHIP in Drosophila melanogaster is a ster- C eotypic action pattern, the most conspicuous 
component of which is the male’s wing vibration di- 
rected at the female. This produces a courtship song, 
consisting of tone pulse trains interspersed with ca. 
160 Hz hums (review: HALL 1985). The time between 
consecutive pulses, known as the “interpulse interval” 
(IPI), is ca. 35 ms for D. melanogaster. This IPI consti- 
tutes a species-specific signal that apparently helps the 
female recognize a conspecific male and also increases 
her sexual receptivity (BENNET-CLARK and EWING 
1969; SCHILCHER 1976a,b; KYRIACOU and HALL 
1982, 1984). The courtship song, however, is not a 
prerequisite for mating. Wingless males mate, al- 
though with longer than normal copulation latencies 
(e.g., SCHILCHER 1976b; KYRIACOU and HALL 1982, 
1986). 

The genetics of courtship song in Drosophila has 
been studied by selecting for males that vibrate their 
wings more or less vigorously (MCDONALD 1979; 
MCDONALD and CROSSLEY 1982). Inheritance of song 
components have in some cases been shown to be sex- 
linked, Hybrids between D. pseudoobscura and D. per- 
similis inherit the song of the maternal species (EWING 
1977a). From the cross between D. melanogaster and 
D. simulans, both reciprocally hybrid males sing with 
IPIs intermediate between the parental values (KA- 
WANISHI and WATANABE 1980; COWLING and BURNET 
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1981); but a rhythmic element of the pulse song 
(KYRIACOU and HALL 1980) is inherited with the X 
chromosome (KYRIACOU and HALL, 1986). 

The first single-gene mutation that was isolated 
based on apparently specific effects on the courtship 
song is cacophony (cac, SCHILCHER 1976c, 1977). In- 
dividual pulses in the mutant song are polycyclic and 
larger in amplitude than normal song (see below, 
Figure 2). Yet, courtship hums and the wing beat 
frequency during tethered flight (SCHILCHER 1977) 
are normal. Thus, it seems that this mutation exerts 
an effect on only one aspect of the fly’s wing vibra- 
tions. 

The neural control of the normal courtship song 
has been investigated in mosaics. A gynandromorph 
must have a brain that is at least partially male to be 
able to follow a female and extend wings at her (HALL 
1977, 1979). The normal pulse song has been found 
to be more closely associated with the genotypically 
male tissue in the ventral thoracic ganglia (SCHILCHER 
and HALL 1979). In larger insects, neurons associated 
with both song production and reception have been 
analyzed (e.g., SCHILDBERGER 1984; HUBER and 
THORSON 1985). 

The cac mutant could prove applicable to further 
genetic investigations of the neural program under- 
lying the basic song pulses in Drosophila. In order to 
determine if there is in fact a high degree of specificity 
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of this gene's action, we have carried out  a detailed 
analysis of the mutation's effects o n  singing plus other 
behaviors. 

We also performed a relatively high resolution cy- 
togenetic analysis of the cac locus and its environs. 
T h e  chromosomal region including cac (within a por- 
tion of the cytogenetic interval 11A) is associated with 
complex complementation patterns involving this be- 
havioral mutation, another behavioral mutant, a lethal 
complementation group, and several nearby chromo- 
somal breakpoints. By uncovering cac with certain of 
these chromosomal abnormalities we also showed that 
the phenotypic defects induced by cac are not limited 
to  an  abnormality of the courtship song, but do in- 
volve a limited number of rather sharply defined 
behavioral defects. 

MATERIALS AND METHODS 

General: Flies were raised on a corn/molasses/yeast agar 
medium. They were reared and stored at room temperature 
(ca. 22-23 ") under natural light conditions, unless stated 
otherwise. 

The basic strains used in phenotypic tests were a Canton- 
S wild-type, the cacophony mutant maintained in a balanced 
stock (see below), a true-breeding unmarked cac strain, or a 
true-breeding y cho cac stock provided by F. V. SCHILCHER. 
A list of other genetic variants used is in Table 1. The 
genetic organization of the cac region is shown in Figure 1. 

To  see if replacing large segments of the X chromosome 
would alter CUC'S song phenotype, males from the homozy- 
gous cac stock were crossed to two different stocks bearing 
X chromosomal markers. One strain carried vermilion ( U ,  
33.0), miniature (m,  36.1) garnet (8, 44.4) and scalloped ( s d ,  
51.5); the other, singed (sn;', 21.0), m, and furrowed ( f w ,  
36.85). F, progeny were crossed to each other within each 
mating scheme. Songs from F2 v cac and cac g' sd males, 
from the former cross and sn3 CUC males, from the latter, 
were analyzed. 

To determine whether cac phenotypes are sensitive to 
temperature changes, the mutant was reared at 18", 25", 
and 29" in incubators programmed for 12 hr/12 hr light/ 
dark cycles. 

To  ask if a cac-like song defect could arise from nonspe- 
cific secondary effects of neural or muscular defects, songs 
from flies expressing other kinds of behavioral mutations 
were examined (see Table 2). In addition, 23 lines selected 
for decrements in latencies to initiation of mating (gener- 
ously provided by H. ROBERTSON, University of Wisconsin) 
were screened for courtship song defects. 

Courtship song recording: Males isolated soon after 
emergence were placed singly in unyeasted food vials and 
aged for 3-5 days. The courtship song was recorded by 
placing a 3-5-day-old male with an attached-X female 
(C(I)DX, y f l  of a similar age inside a transparent plastic 
mating chamber (dimensions: diameter 1 cm, height 4 mm). 
The top and the bottom of the chamber are covered with a 
fine nylon mesh (Nitex). The chamber was juxtaposed with 
an electret microphone in an Insectavox, a special sound 
recording device (GORCZYCA and HALL 1987). The micro- 
phone has been modified to be sensitive to the particle 
velocity compound of sound, i .e . ,  the predominant acoustical 
energy resulting from wing beating at small distances (BEN- 
NET-CLARK 1984). The amplified song output from the 
Insectavox was fed to a Revox B710 MKII cassette tape 

recorder. The song was simultaneously displayed on a Tek- 
tronix T912 10 MHz storage oscilloscope; and a visual 
record of the song was obtained in selected cases on Kodak 
Linagraph direct print paper, using a Datagraph 5-144 
oscillograph tracer with CEC 5-059 take-up reel. 
Song analysis: Each pulse on the oscillograph is a wave- 

form consisting of peaks, extending above (positive) or be- 
low (negative) the baseline. In each pulse, the number of 
positive peaks were either equal to, or differed by one from, 
the negative peaks. The number of negative peaks in each 
pulse, which were essentially equal to the number of cycles 
in a pulse (defined in Figure 2), were counted to determine 
indirectly the cycles/pulse values. 

The number of cycles/pulse, averaged over 100 consec- 
utive pulses in each song analyzed, were computed (as de- 
scribed above) from the oscillograms of the mutant and 
control songs. Patches of songs sampled for the analysis 
typically contained 4-7-pulse trains (which in turn consisted 
of ca. 15-30 pulses per train) interspersed with courtship 
hums. Examination of song patches from the beginning, 
middle, or the end of 2-3 min of recorded songs did not 
change the results appreciably. Usually five males of a given 
genotype were analyzed; the standard deviation for an in- 
dividual fly's cycles/pulse value was 20-50% of the mean 
(cf: Figures 3 and 4). To specify the pulse characteristics for 
a genotype, a mean of the individual (per fly) means ( ~ S E M )  
was computed. 

Amplitudes of pulses were measured directly from the 
patches of songs displayed on the oscilloscope. Instrument 
settings and overall conditions were the same for all song 
recordings to facilitate comparison of amplitudes among 
songs from flies of different genotypes. The overall ampli- 
fication (cf: GORCZYCA and HALL 1987) was such that pulse 
amplitudes (between the positive and negative peaks of a 
cycle, see Figure 2) ranged from 1 to 4.5 V on the oscillo- 
scope tracings, depending on the genotype. 

Complementation tests: cac males homozygous for the 
third chromosomal tra mutation (STURTEVANT 1945) were 
crossed to In( I)FM7a/cac females heterozygous for tra ( i . e . ,  
carrying this sex transforming mutation in a balanced gen- 

The tra mutation was used so that diplo-X flies (e .g . ,  in a 
complementation involving cac) would sing, since XX; tra+ 
females do not. Song phenotypes of transformed females 
(pseudomales) homozygous for cac, or heterozygous for cac 
and the normal allele, were analyzed. In analogous crosses, 
cac was tested against deletions (Df's) that do or do not 
uncover cac (as the case may be); females generating such 
progeny carried the X chromosomal balancer (FM7a) in 
heterozygous condition with a given DJ Analogous crosses 
were performed involving females carrying a viable or lethal 
mutation (6 Figure 1 and Table 1) on one of their X 
chromosomes, in order to test the t ra l t ra  progeny for an 
interaction of cac with a variety of closely linked genetic 
variants. Deletion heterozygotes ( i .e . ,  Df/+; t ra l t ra )  or pseu- 
domales heterozygous for various lethal mutations and their 
normal alleles were tested as controls. Duplications (Dp's )  of 
X chromosomal material including or near the cac locus 
were tested for coverage of the singing defect in haplo-X 
males (hemizygous for cac or cac+, the latter serving as 
another control). These males carried a given D p  translo- 
cated to an autosome or to the Y chromosome (see Table 
1). 

Mating latencies: Single pairs of flies, each consisting of 
a 5-day-old attached-X female (see above) and a 4-day-old 
test male, were placed in a courtship observation apparatus 
(HOTTA and BENZER 1976) at ca. 25'. Cylindrical courtship 
chambers (diameter: 1 cm, height: 1 cm) can be assembled 

otype). 
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1Al to 1B2 (all 3 segments 
translocated to Y chromo- 
some) 

Dp(1 ;2)v6" lOAl to 11A7 (inserted into b, e, m 

Dp(1;3 )~+"~ 9E2 to l lB1-2 (inserted into b, e, 
chromosome 2) 

chromosome 3 )  
Inversions 

In( 1 )A97 l lA1-2; 1E1-2 g, k 
ln( 1 )N66 7A7-8; 11A3-5 g, k 
ln(1)A 7 8  10F-11A; 20A g, k 
In(1 )  + Tp(1)AlOl g, k 12E to 18B inverted and 11A 
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Alleles of l ( l ) L 1 3  (the first four listed were X-ray induced; last six 
by EMS): 

1(1)L13 11A2 g, k 
1 ( 1  )LlJRFz3 11A2 g, k 
1 ( 1 ) ~ 1 1 3 c 1 5 5  11A2 €5 k 
1 ( 1  )L13Hcr29 11A2 g, k 
1 ( 1  ) L l  3325 11A2 g, k 
1 ( 1)L135-8 11A2 g, k 
1 ( 1)L13320-' 11A2 g, k 
1 ( 1  )L l  JECz5' 11A2 g, k 
1(1)L13Dc752 11A2 g, k 
1 ( 1  )L13DA6w 11A2 g, k 

TA 

Mutations and chromosomal aberratic 

Viable X-chromospme Refer- 
mutations map position ences" 

gd, gastrulation defective 36.78 j, k, 1 
fi, furrowed 36.85 d, e, h, 

wy, wavy 40.7 h 
nbA , naght-blind-A 36.6 C 

Deletions X-chromosome breakpoints 

j 

Df ( l ) D A 6 2 2  
Df ( 1 )m259-4 
Of ( l ) M 1 3  
Of ( 1 )KA6 
Df ( l ) R A 4 7  
D f ( l ) R C 2 9  
Df (1)KAlO 
Df ( l )HF368  
Df ( l ) N 1 2  
D f  ( 1  K 2 4 6  

10B8; 10D2 
10C12; 10E1-2 
10D; l lA3-5 
10E1; l l A 7  
10F1; lOFlO 
(cytologically normal) 
11Al; 11A7 
l l A 2 ;  l l B 9  

11D; 12A1-2 
l lD1-2; l lF1-2 

Duplications 

Dp(1 ;2)v6" 9E1 to IOAll b, e, m 
Dp( 1 ; v)v+Yy' 9F4-5 to 10B17,20B to prox- 

imal heterochromatin and 
1Al to 1B2 (all 3 segments 
translocated to Y chromo- 
some) 

9F4-5 to 10E6, 20B to proxi- 
mal heterochromatin and 

b, e, m 

Dp( 1 ;k')v+Yy+3 b, e, m 

LE 1 

s used in complementation tests with cac 

Inversions 
(continued) 

to 12E transposed to 18B 
(i .e. ,  relatively near centro- 
mere) [new order: 1- 
llA(18B-12EI llA-12EI 
18B-201 

l n ( 1 )  + T(1;2)GEM224 1 1A4 to 1 1C3 inverted, and 
distal tip of X to l l C 3  (in- 
cluding the inversion) recip- 
rocally translocated to het- 
erochromatin of chromo- 
some 2 [new order: 1-1 1A 

g, k 

I 18B-12EI llA-12EI 18B- 
201 

Recessive X-chromosome location 
lethals (cytological) 

l ( 1  )L17 1 OF5* e, f, h 
1 ( 1  ) L l 8  1 0F66 e, f, h 
1 ( I )VAl71 1 OF7 g 
1 (  l)VE694 1 OF8 g 
1 ( l ) V A l 4 7  1 OF9 g 
1(1)A29 lOFlO g 
1(1)RF6 lOFl1 e, f 
1 ( 1  )L13 11A2 e, f, h 
41)tsg 11A3 g, k 
I (  1 )VA213 11A5 g 
l ( l ) L 2  11A6 f, h 

by rotating discs in this apparatus to bring holes (in the 
separate discs) into register, hence introducing ten separate 
male/female pairs to each other at one moment. The times 
elapsing between the moment of pairings and the initiations 
of copulation were recorded. 

Locomotor activity: Newly emerged males were aged 
singly in unyeasted vials for 4 days at room temperature, 
except for certain experiments (Figure 7) that involved 
rearing and storage at relatively high and low temperatures. 
Activity measurements were made on single flies at ca. 25" 
in a cylindrical plastic chamber (diameter: 1 cm, height: 1 
cm), divided across the diameter by a straight line. A single 
fly was transferred to the chamber; after a 5-min "accom- 
modation" period, the number of times the fly crossed the 
line in the next 5 min was scored. 

Flight: A transparent plastic cylinder (diameter: 7 cm, 
height: 30 cm) had its insides coated with paraffin oil (BEN- 
ZER 1973) and then was placed upright in an oil-containing 
petri dish. The length of the cylinder was marked at 2.5-cm 
intervals. From 25 to 50 flies, 5 days old, were dropped 
from the top entrance into the cylinder with minimum force, 
and the distribution of flies stuck to the sides along the 
length of the cylinder was counted. Each test of a given 
genotype was repeated with five groups of flies. 

Circadian rhythms: Circadian rhythms of locomotor ac- 
tivity were measured as described by HAMBLEN et aE. (1 986). 

Phototaxis: A Y-tube apparatus designed by QUINN, 
HARRIS and BENZER (1974) for testing visual learning in 
fruit flies was adapted to measure phototaxis. One arm and 
start tube of the apparatus were completely coated with 
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V m hv w y g  

. .  

( 5 1  6 1  7 1  n 1 9  i l o l l t ]  1 1 2  1 3 1 4  1 5 1  2j 
L17 VA171 VA147 RF6 kg VA213 

L 18 VE694 A29 L 73 L2 
Lethals 

Viables nbA gi C 

@$E 

FIGURE 1 .-Location of cac with respect to other mutations in the middle of the X chromosome. The top line represents recombination 
map between the visible markers, vermilion ( U )  and garnet (g).  located at 33.0 and 44.4 respectively; these flank the other visibles, m (36.1), 
+ (38.3) and wy (41.9); see LINDSLEY and GRELL (1 968) for a description of these mutations. The series of rectangles below the line represents 
a small cytologically defined segment of the X which excludes m (mapping within 10E1-2), but includes+ ( 1  1A4, LINDSLEY and ZIMM 1985). 
Each band is indicated by a number inside the rectangles. Recessive lethals and viable mutations are placed under the rectangles depending 
on their cytological locations, as determined in complementation tests involving these variants and deletions or duplications (see Table 1 and 
text). In addition, all the lethals except for 1(1)L17 and 1(1)VA171 were tested for complementation with cac in traltra pseudomales; each 
mutation (one allele per gene was used) failed to uncover cac (cycles/pulse values ranged from 1.7 to 2.2 for these seven genotypes). 

TABLE 2 

Behavioral and neurological mutants screened for courtship 
song defects 

A. Morphological defects in the nervous system (review: FISCH- 
BACH and HEISENBERG 1984): 
Vam Vacuolar medulla 
&A' 
Pas 
 SOP^^ small optic lobes 
mnb minibrain 
ombH3' optomotor blind 
mbdKs6' mushroom- bodies-deranged 
mnb solKss8 (double mutant) 
4 lobula plateless 

B. Flight defects (HOMYK and SHEPPARD 1977): 
j l rdN jlight reduced-N 
j l rdE jlight reduced-E 
Flu' 

C. Temperature-sensitive paralytic mutations (KULKARNI and PAD- 
HYE 1982): 
tip-A' temperature-induced paralysis-A 
tip-C temperature-induced paralysis-C 
tip-D temperature-induced paralysis-D 
tip-E temperature-induced paralysis-E 

D. Other behavioral mutants (review: HALL 1982): 
eag' ether-a-go-go 
ShS shKSl33 Shaker 
nbaEE171 , nbaH", nbAH" night-blind-A 

E. 23 lines selected for abnormally long latencies to initiation of 
copulation (H. ROBERTSON, University of Wisconsin, unpub- 
lished data) 

g i a n t j b e r d  
passover 

Flutter (LINDSLEY and ZIMM 1985) 

All stocks except the temperature-sensitive paralytics (tempera- 
ture of rearing, 18') were reared at room temperature (22-23"). 
Courtship songs of 5-day-old males, N = 3 for each of these mutants, 
were recorded at 25" (see MATERIALS AND METHODS). 

ing. 25-30 cac flies were placed in a dark start tube  a t  the  
entrance of the  Y-tube and  were allowed t o  r u n  toward the  
light for 120 sec. At the  end of the  test, flies distributed in 
each a r m  and  the  flies remaining in the  start tube  were 
counted. The controls (see Figure 6) included flies blinded 
by norpA mutations (PAK 1979). 

Longevity: Newly emerged flies from stocks maintained 
a t  room temperature were collected (see above) and stored 
one  fly per food vial. T e n  males and  10 females from each 
genotype were observed for survival a t  18" for 70 days. 
Flies were transferred every fourth day into new food vials. 
T h e  vials were observed each day to  see if the  animals were 
still alive. 

Morphology of thoracic muscles: Adult thoraces were 
fixed overnight in 4% paraformaldehyde and  embedded in 
paraffin. Sections (8-10 pm) were processed according to  
the  "Milligan trichome staining procedure" for  muscles, as 
described in HUMASON (1972). 

RESULTS 

Basic behavior and genetics of cue: The pulses of 
tone in the song of courting cac males are longer and 
louder than those of wild type (c$ SCHILCHER 1976c, 
1977). The unique polycyclic song pulses produced 
by this mutant are shown in Figure 2. Complete 
penetrance of this phenotype was observed in individ- 
ual song records of 20 cac males: when oscillograms 
from 20 mutant individuals were observed by eye and 
analyzed numerically, they were readily distinguisha- 
ble from the records of cycle/pulse values from 20 
wild-type males. Typically, the mutant songs had 3-7 
cycles/pulse, whereas control males had 1-3. 

Song phenotypes of cac males from the true-breed- 
ing stock (cycles/pulse: 3.8 f 0.1, this value being a 
mean of means, see MATERIALS AND METHODS; N = 5 
males tested) and the balanced stock (cac/Zn( I)FM7a) 

black tape. A n  opening was left a t  the  distal end of the  o ther  
a rm,  which was otherwise covered with tape. Fluorescent 
light (Champion, 25 W), was placed 15 cm f rom this open- 

were very (4-0 O. 3 = 5>. This suggests 
that there is little or no effect of the genetic back- 
ground on the mutant gene expression, in that selec- 
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A 

B 

C 

D 

wild-type (Cant0ll.S) 

3zs 
l(l)L13 /cac;b'&a 

FIGURE 2.-Oscillographs of short bouts of pulse songs from 
males or pseudomales. A, cac male from the true-breeding stock; 
B, wild-type male (Canton-S); C, 1(I)L13325/cac; traltra; D, 
l(1)L13325/+; traltra. These songs were recorded and displayed as 
described in MATERIALS AND METHODS. The space between two 
small arrows on the first pulse of the wild-type song (B) designates 
1 cycle--i.e., one complete oscillation of the waveform with respect 
to the baseline-for this particular pulse, which had 2 cycles. 

tion for factors ameliorating the defect in the hemi- 
zygous/homozygous stock seems not to occur during 
maintenance of the mutation in this genetic condition. 
The mutant phenotype was also retained in males of 
the genotypes sn3 cac (Figure 3), w cac and cac g' sd, 
(cycles/pulse: 3.6 f 0.1 and 3.9 k 0.1, respectively; 
N = 3 each); here again, segments of the X chromo- 
some flanking cac had been replaced with correspond- 
ing wild-type chromosome segments by recombina- 
tion (see MATERIALS AND METHODS). The behavior of 
these "cac recombinant" males once more militates 
against a contribution of the genetic background to 
the mutant song phenotype. 

Pseudomales of the genotype cac/cac; traltra (Fig- 
ure 3) expressed a polycyclic song characteristic of 
cac, whereas cac/+; traltra controls generated a song 
like that of wild type (cycles/pulse, 2.0 f 0.1, N = 5), 
consisting mostly of monocyclic and bicyclic pulses 
(Figure 3). Hence cac appears to be completely reces- 
sive. 

The cac song phenotype is not temperature sensi- 
tive, in that pulses remained polycyclic for cac males 
reared and stored (for 3-5 days) as follows: 18", 4.1 
k 0.2 cycles/pulse (from songs recorded at room 
temperature immediately after the low temperature 
storage); 25", 3.6 f 0.1; 29", 3.5 f 0.1; N = 5 in 
each case. Values for control males reared at these 
three temperatures defined the usual much lower 

1 3 5 7 9  

4.8 f 0.1 

40 

1 3 5 7 9  

3 
on cac 

Y 

3.8 f 0.1 

1 3 5 7 9  

E. E 
FM7 ' 4 2.0 f 0.1 

1 3 5 7 9  

CYCLES/PULSE 
FIGURE 3.-Distributions of song pulse cycles for mutant and 

normal males or pseudomales. These histograms show distributions 
of cycles/pulse for 100 individual pulses analyzed from the oscillo- 
graph trace of a courtship song recorded from the two males and 
the two pseudomales of the genotypes indicated. Below each geno- 
typic designation is the mean number of cycles/per pulse (fsm) 
for this fly. The wild-type is a Canton-S male. FM7 = In(l)FM7a 
(LINDSLEY and ZIMM 1982), an X chromosome balancer that does 
not influence the song: males hemizygous for this FM7a, or trans- 
formed FM7alCanton-S pseudomales, exhibited a wild-type pulse 
song (1.6 f 0.1 and 1.9 * 0.1 cycles/pulse, respectively; N = 3 flies 
of each genotype). 

range i.e., 1.6-2.1 cycles/pulse. [Note, however, that 
IPIs are rather temperature-sensitive (SHOREY 1962; 
KYRIACOU and HALL 1980).] 

In general, the amplitude of a cac song is 50-100% 
higher than that of wild-type (Figure 2, SCHILCHER 
1977). Deletions that uncover cac (e.g., Df(l)RC29, 
see below) when heterozygous with this mutation in 
traltra pseudomales, led to pulses with amplitudes 
similar to those produced by cac; traltra pseudomales 
(Figure 3) or haplo-X cac males (Figure 2). 

A polycyclic, cac-like song phenotype was not found 
as a secondary consequence of other behaviorally mu- 
tant phenotypes. That is, males from each of the 
mutant strains listed in Table 2 produced normal 
pulse songs (data not shown). The cac mutant had 
been isolated based on a longer than normal latency 
to mating (SCHILCHER 1976c, 1977). Yet, none of the 
males from 23 newly isolated mutant strains, identi- 
fied with respect to decrements in mating latency (H. 
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loo Dt(1)RCZS. fz 
CBC ’ tra 

80 4.0 *0.2 I 60 

40 

20 

(I) 

1 3  5 7 9 
W O  2 
d 
8 100 4 Df( lJRC29  . E 

FM7 ’ s - 80 4 2.2 * 0.1 

1 3 5 7 9  

5.6 * 0.2 i 
1 3 5 7 9  

1 DF(l)RA47 ha 

cac ’ t r s  

1 3 5 7 9  

P- Dp v+Yy + 

5.0 ? 0.1 1 
1 3 5 7 9  

1 3 5 7 9  

CYCLESIPULSE 
FIGURE 4.-Complementation tests involving c a c  and deletions 

or duplications. These histograms were prepared as described in 
the legend to Figure 3. cac was tested against deletions (DJ see 
Tables 1 and 3, and Figure 5) in tra pseudomales, and against 
duplications (Dp,  see Table 1 and Figure 5 )  in haplo-X males. 

ROBERTSON, unpublished data), sang with any notice- 
able abnormality (our data, not shown). 

Cytogenetic mapping: The map position of cac was 
originally reported to be at 34.6 on the X chromosome 
(SCHILCHER 1977). This would suggest that cac is 
included in the cytogenetic region 1 OB- 1 OF. A series 
of overlapping deficiencies and duplications, which 
include parts of the X chromosome between 1 OB and 
12B, were combined with cac or cat+. (The latter 
allele was tested in combination with a given Df or Dp 
to control for the possible nonspecific effects of a 
given chromosome aberration, and/or the genetic 
background of the strain carrying such a variant.) The 
singing abnormality of cac was uncovered by deletions 
missing various portions of proximal region 1 O/distal 
region 11: Df(l)KA6, Df(I)KAlO, Df(l)MI3, Df(1)- 
HF368, Df(l)NIO5, and Df(I)RC29, in diplo-X flies 
transformed into males by the homozygosity for tra 
(Figure 4). When each of these deletions was hetero- 
zygous with cat+, in traltra pseudomales, the songs 
were normal (cycles/pulse values ranged from 1.7 to 
2.4). 

Duplications that include portions of distal 1 1, 
Dp( l;2)v656 and Dp( 1 ;3)~+’~‘ (e.g., Figure 4) covered 
the song mutation; whereas cac males carrying dupli- 
cations that cover parts of region 9 and/or 10, but 
not I l A ,  had mutant songs (Figure 5). The duplica- 
tions did not by themselves cause any singing abnor- 
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$IF 368 - N12 DA 622 KAlO - 
L R C B  

- 
C246 

m47 j 
- .  

M I 3  : 
+63/ - je cac 

“+V”+3 - -, 

“+YY+ 
j Duplications 

.I @* 

..+74c 

FIGURE 5.-Cytological position of cac with respect to deletions 
and duplications involving the middle of the X chromosome. The 
row of rectangles at the top shows a diagrammatic representation 
of cytological segment 9D to 12A of the X chromosome. Each 
rectangle represents a “lettered” subsegment of a “numbered 
salivary gland chromosome region of the X (4 LINDSLEY and GRELL 
1968). Deletions (solid lines, whereby each line designates the 
missing material) were tested for complementation of cac in pseu- 
domales (see Figure 4). Duplications (shaded lines) were tested for 
coverage of this mutation in cac/Y males. Complete descriptions of 
these chromosome aberrations are in Table 1. The Of s that cross 
the dashed vertical line (and only them) uncover cac;  only the Dp’s 
that cross this line cover it. 

malities, in tests of haplo-X males carrying cat+ and a 
given Dp (cycles/pulse values ranged from 2.0 to 2.4). 

These results map cac to a distal portion of region 
11A. Thus, cac’s location with respect to the meiotic 
map should be revised somewhat to 36.6 ($ Figure 
1). (Note: the initial mapping of this mutation was 
rather imprecise, as it involved a very long cac-con- 
taining genetic interval.) 

The failure of Df(I)RC29 to complement cac (Fig- 
ure 4) is particularly informative. This Df is, on formal 
criteria, a deletion that uncovers several tightly linked 
loci: cac (Figure 4), and I( I)L13, gastrulation defective 
( g d ) ,  twisted gastrulation (tsg), plusfurrowed (fw) (KON- 
RAD AND MAHOWALD 1984; T .  GORALSKI, K. D. KON- 
RAD and A. P. MAHOWALD, personal communication). 
Using a variety of chromosomal aberrations involving 
region 11A (Table 1 ,  Figure I ) ,  these five loci have 
been mapped to region 11A2-11A4 (Figures 1 and 5 ;  
LEFEVRE 1981, LINDSLEY and ZIMM 1985, ZUSMAN 
and WIESCHAUS 1985, T .  GORALSKI et al., personal 
communication). The RC29 deletion, which is indeed 
deficient based on molecular analysis of material 
cloned from region 1 1A (T. GORALSKI et al., personal 
communication), is probably smaller than the interval 
just noted, given that this Df is invisible cytologically. 

Mutations at three of the loci deleted by Df(l)RC29 
complement cac in transformed males (three males of 
each genotype tested): gd6 (cycles/pulse: 2.3 & O.l), 
gd’’(2.1 f O . l ) , g d z z  (1.9 * O. l ) ,  tsgRF”g(2.2 f 0.1), 
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TABLE 3 

Interaction of cac with I(l)L13 and nbA mutations 

TABLE 4 

Effect of X chromosomal breakpoints on cac’s expression 

Genotype 

1 ( 1 )L 13lcac; traltra 
l ( l )Ll3/+; traltra 
1 (  1)L13325/cac; traltra 
1 ( 1  )L 1 3325/+; traltra 

nbAEE171 lcac; traltra 
nbAEE171 /+; traltra 
nbAH”lcac; traltra 
nbAH”l+; traltra 

Cycles/pulse Genotype Cy cles/pulse 

4.0 f 0.1 
1.9 f 0.1 
3.8 f 0.1 
2.1 f 0.1 

2.1 f 0.1 
1.7 f 0.1 
1.9 f 0.1 
1.8 f 0.1 

~ 

Each genotypic configuration shows a complementation or re- 
cessivity test involving an allele of either 1(l)L13 or nbA, heterozy- 
gous with cac or a Canton-Sderived X chromosome free of muta- 
tions (+), in diplo-X females homozygous for the third chromosomal 
tra mutation (see MATERIALS AND METHODS). The song data (cycles/ 
pulse f SEM, see MATERIALS AND METHODS) were determined from 
five flies tested for each genotype. 

tsgyN97 (2.3 & O.l),fw’ (1.8 & 0.1). Other lethal mu- 
tations mapping to the left or right of the interval 
defined by Of (I)RC29 complemented cac (see Figure 

Mutation cac fails to complement certain allelic 
lethal mutations in 11A: The cac mutation has its 
singing defect uncovered by genetic variants within 
the Z(I)L13 complementation group (Figure 2, Table 
3). In fact, each of ten independently isolated alleles 
of l ( I )L13  (Table 1 )  failed to complement cac in tra/ 
tra pseudomales. Cycles/pulse data for tra pseudo- 
males are given here in an order corresponding to the 
1(1)L13 list in Table 1 (three flies tested per genotype: 
4.7 & 0.1, 3.9 & 0.1, 4.0 & 0.1, 5.2 f 0.2, 4.2 k 0.2, 
4.1 ~0.1,4.5&0.2,3.6~0.1,4.2f0.1,3.8~0.1). 
Four of these ten lethals were induced with X rays 
(LEFEVRE 1981); the rest were isolated after ethyl 
methanesulfonate (EMS) treatments (K. D. KONRAD, 
personal communication). 

All l(I)L13 mutations (Table 1 )  when heterozygous 
with cac in transformed flies (e.g., Figure 2C), sang 
with pulse amplitudes that were 50-100% greater 
than those in the songs of either cac/cac or Df/cac 
pseudomales. In addition transformed 1( I)L13/+ con- 
trols (e.g., Figure 2D) sang 50-100% louder than did 
cat/+ or Of/+ controls. Nevertheless, all control pseu- 
domales carrying cat+ on at least one of their X 
chromosomes failed to sing with cac-like polycyclic 
pulses. Therefore, louder than normal pulses ( i . e . ,  in 
Z(I)L13/+) do not necessarily go hand in hand with 
extra cycles. 

Chromosomal aberrations with breaks in l l A 2  
affect the expression of cue: Heterozygotes involving 
cac and each of four inversion-containing strains- 
In(I)A97,In(I)N66,Zn(l)A78andIn(l) + T’(I)A101- 
exhibited a cac phenotype, in tests of the appropriate 
diplo-X tra/tra males (Table 4). These aberrations 
were isolated initially as lethal alleles of 1(1)L13 by G. 
LEFEVRE, JR. (1  98 1 ,  and personal communication). 

1 )* 

In( 1 )A97/cac; traltra 
In(1 )A97/+; traltra 
In( 1 ) + Tp( 1 )A 101 lcac; trajtra 
In(1) + Tp(l)AlOl/+; traltra 
In( I )N66/cac; traltra 
In( l)N66/+; traltra 
In(1)A 78lcac; traltra 
In(l)A78/+; traltra 
ln(1) + T(1;2)GEM224/cac; traltra 
ln (1 )  + T(1;2)GEM224/+; traltra 

3.6 f 0.1 
1.5 f 0.1 
4.1 k 0.1 
1.6 f 0.1 
4.5 f 0.1 
1.9 f 0.1 
4.4 f 0.1 
1.8 f 0.1 
2.2 f 0.1 
1.8 f 0.1 

Each genotypic configuration shows a complementation or re- 
cessivity test (4 Table 3). The five chromosomal aberrations used, 
each of which includes a breakpoint in region 11A of the X chro- 
mosome, are described fully in Table 1. Five flies of each genotype 
were tested. 

Their interaction with cac is consistent with the fact 
that one breakpoint within each strain (see Table 1)  
is near or at the Z(l)L13 locus. A fifth variant, Zn(1) + 
T(1;2)GEM224, which has one of its breaks in a more 
proximal position (see Table 1) and uncovers furrowed 
mutations (Figure I), complemented cac (Table 4). 

Singing behavior of the night-blind-A mutant and 
its interaction with cac and Z(l)L13: night-blind-A 
(nbA, 1-36.6) is a locus defined by three allelic muta- 
tions affecting visual system function. nbA mutants 
have higher than normal thresholds for optomotor or 
phototactic responses (HEISENBERG and GOTZ 1975); 
also amplitudes of “light on” and “light off” transient 
spikes of the electroretinogram (ERG) are reduced 
in these mutants (review: HALL, 1982). One allele, 
nbAEE1’l, has been tested by T. HOMYK and Q. PYE 
(unpublished data) against some of the other genetic 
variants mapping nearby. They found that this muta- 
tion is uncovered by Df(I)RC29 (4 Figure l ) ,  in that 
the hemizygous mutant females essentially lack ERG 
transients. These investigators also showed that het- 
erozygotes involving nbAEEI7’ and each of five 
l ( 1 ) ~ 1 3  mutations ( l ( l )L13,  Z(I)L13c’55, l(1)L13DA600, 
Z(I)L13Dc752, Z(I)L13EC252, Table 1)  have mutant 
ERG’S, as do heterozygotes between nbAEE17’ and each 
of four chromosomal aberrations: Zn(I)A97, Zn( 1)N66, 
In(I)A78 and In(l)+Tp(I)AIOI (cJ: Table 1) .  

Since these same l ( l )L13  alleles and X chromosomal 
breakpoints also uncover cac (see above), one might 
predict that cac would interact with nbA. But record- 
ings of ~ a c / n b A ~ ~ ’ ~ ’ ;  traltra pseudomales showed com- 
pletely normal singing behavior with respect to cycles/ 
pulse values (Table 3) and pulse amplitudes. Controls 
of the genotype nbA/+; traltra also had a normal song 
phenotype (Table 3), as did males from three inde- 
pendently isolated nbA strains (cf. Table 2): their 
cycles/pulse values ranged from 1.8 to 2.2. 

Therefore, the I(I)L13 mutations (and the locus 
defined by them) may be complicated, such that these 
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variants could disrupt more than one unrelated func- 
tion or unrelated but closely linked genes. The same 
might be true of the small chromosomal region de- 
fined by the nearby breakpoints that fail to comple- 
ment cac, nbA and the Z(I)L13 mutations. This matter 
is addressed further in the following analysis of gen- 
eral behavior exhibited by the cac mutant. 

Phototaxis: When a choice between a dark tube 
and an illuminated tube was presented to ca. 150 flies 
tested in groups of 25-30 in a series of Y-tube tests 
(see MATERIALS AND METHODS), cac and recombinant 
sn3 cac flies responded in a manner similar to wild 
type (or females heterozygous for a normal chromo- 
some and any of the genetic variants in question), in 
that these mutant flies strongly preferred the illumi- 
nated tube (Figure 6). The slightly lower scores for 
cac hemizygotes and homozygotes, compared to the 
behavior of cat+ bearing flies (see legend to Figure 6), 
are probably explainable by the slight sluggishness of 
cac’s general movements (see below). 

Flies expressing nbA EE171 by itself-or in heterozy- 
gous condition with Df( l )RC29,  l ( I )L13,  or break- 
points in 11A2 that uncover nbA’s ERG defect-were 
dramatically defective; they in fact preferred the dark 
tube (Figure 6). This nbA mutation therefore seems 
to cause an abnormal visual response different from 
that associated with total blindness (the norpA controls 
in Figure 6). However, the “photophobic” behavior 
of nbAEE17’ variant is not weird: phototaxis of normal 
Drosophila varies qualitatively with the wavelength 
and the intensity of light; for example, in tests per- 
formed under diffuse low intensity yellow light, wild- 
type flies are photophobic (JACOB et a l . ,  1977). Hence, 
nbA may be interpreting bright white light as similar 
to this anomalous type of stimulus. 

In any event, the behavioral effects of nbA (when 
expressed by itself or when uncovered) permitted 
complementation tests involving it and cac: females 
carrying the two mutations in trans responded nor- 
mally (Figure 6). Females hemizygous for cac were 
weak in their phototactic behavior (Of ( l )RC29/sn3 cac 
in Figure 6), though this seems to be due to the 
general sluggishness exhibited by these flies, i .e . ,  many 
of them remain in the “start tube” (Figure 6). Such 
behavior-which does not reflect poor phototaxis per 
se (cf. the norpA control)-parallels the sluggish per- 
formance of cac-hemizygous females in other behav- 
ioral experiments (next section). In summary, cac itself 
causes no apparent visual defects and complements 
nbA in this respect, even though the two mutations 
are mutually uncovered by l ( l )L13  mutations and 
certain breakpoints in 11A2. 

Locomotor tests: After rearing and testing the flies 
at room temperature, cac females and to a lesser 
degree cac males were not as vigorous as the various 
controls, i . e . ,  wild type or females carrying a normal 
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FIGURE 6.-Phototaxis influenced by cac and closely linked ge- 
netic variants. The preferences of flies, of the indicated genotypes, 
for an illuminated us. a dark tube of a Y-shaped apparatus were 
assessed in a series of tests involving 25-30 flies per run. The mean 
percentages (per run) of flies that entered the illuminated tube 
were indicated by the unshaded bars (+SEM, with the total number 
of flies tested for a genotype noted at the top of each bar). The 
shaded bars indicate the mean percentages of flies remaining in the 
start tube of the Y. For genotypes not involving complementation 
tests (e.g., + = Canton-S wild-type strain or cac by itself), males and 
females were tested separately; the responses of the two sexes were 
so similar that the data were pooled (within a genotype). Additional 
pooling was performed with respect to the blind norpA mutants, 
i . e . ,  two separate alleles ( ~ O T P A “ ‘ ~  and norpAPZ4) led to essentially 
the same responses. In the tests involving I(I)LI3, two alleles 
(I(I)LI3’” and I(I)L13c’55) were tested (heterozygous with nbAEEE”’ 
or +); they led to the same responses, and so these data were pooled. 
The same was done with respect to the two 11A breakpoints (b.p.) 
tested (heterozygous with nbAEE”’ or +): In(I )A97 and In( l )A78.  
In the same kinds of tests, two additional 11A breakpoints (in In(I) 
+ Tp(I)AIOI and In(I)N66) had the same effects as Zn(I)A97 and 
In(I )A78.  Another breakpoint in this region, in I n ( I )  + 
T(I;2)GEM224,  which fails to uncover cac’s song phenotype (Table 
4), and two mutations at the neighboring gastrulation defective locus 
(gd” ,  gd”), led to a normal phototactic response when heterozy- 
gous with nbAEE”’. RC29 is a small deletion that uncovers these 
breakpoints, cac, nbA, and Z(I)LI3. For several of the individual 
genotypes here, excluding those involving nbA (by itself or uncov- 
ered) and norpA, multiple regression analysis on their phototaxis 
probabilities (fraction of the population choosing to move towards 
light for each run within each genotype) was performed. This 
analysis indicated that only two of the nine genotypes, cac and sn’ 
cac flies showed significantly lower probabilities of moving towards 
light. However, note that a relatively high proportion of unmarked 
C U E  males and females remained in the “start tube” (cf. Table 5). 
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TABLE 5 

Locomotor activity influenced by c m  and a deletion of the locus 

Experimental 
genotype Activity (N) Control genotype 

cac/Y 104 f 4 (60) cac+/Y 
caclcac 81 f 3 (60) cac+/cac+ 
cac/Df 73 * 4 (60) cac/+ 

cac/Df; traltra 50 f 9 (20) Of/+; traltra 
+/+; traltra 
cac/+; traltra 

Of/+ 

Activity (N) 

127 f 4 (60) 
110 k 2 (60) 
128 rt 3 (60) 
145 -C 7 (20) 
180 f 12 (20) 
131 f 8 (20) 
105 -C 5 (20) 

Flies were reared and tested at room temperature ( E f :  Figure 7). 
Activity i s  expressed as the number of lines crossed (within a 
chamber), f SEM, in a five minute period (see MATERIALS AND 
METHODS). Twenty males or females were tested separately for each 
genotype. Activity data for cac recombinants (sn' cac and cac g' sd, 
N = 20 males and 20 females for each) were so similar to those for 
cac (N = 20 + 20) that they were pooled. Hemiz gous and homo- 
zygous cac+ controls: pooled Canton-S (+), sn', J s d  females (N = 
20 each). cac/Df = pooled data for Df( I)RC29 over cac, SR' cac, or 
cac g' sd females (N = 20 each). Pooled heterozygous controls: + 
over cac, sn' cac, or cac g' sd (N = 20 each). 

chromosome heterozygous with C U E  or deletion of the 
locus (Table 5). Df(l)RCP9/cac females were much 
more sluggish than Of/+ controls (Table 5, CJ Figure 
6). Pseudomales of the genotype Df(l)RC29/cac; tra/ 
tra were also 3 times more sluggish than Df(l)RC29/ 
+; traltru controls (Table 5), suggesting further that 
the reduced locomotor activity in cac females is caused 
by a lesion at or very near the cac locus. 

Males and females from both the original and re- 
combinant cac stocks, grown at either a higher (25" 
and 29") or lower (18") temperature than normal 
(22-23"), showed a marked decrease in their loco- 
motor activity when tested at 25" (Figure 7). The 
same held true for females heterozygous for cac and 
a deletion (Df(I)RC29) that uncovers it. Flies carrying 
cacf were affected in a similar manner, but not as 
severely, especially in regard to high temperature 
rearing. 

The behavioral effects of elevated temperature are 
not so detrimental that these conditions grossly im- 
pinge on mating: cac stocks can be readily maintained 
at 29". 

Mating latencies: To assess cads mating perform- 
ance in more detail, the cumulative percentages of 
flies initiating copulation during 60-min observation 
periods were determined (Figure 8A). All of the wild- 
type control males mated with wild-type females (av- 
erage time elapsed before mating: 6.1 k 1.0 min), 
whereas only 55% of the cac males did so (average 
time for those successful: 14.3 f 1.2 min). The same 
kinds of behavioral data were collected after eliminat- 
ing the male song (by removing both wings with small 
scissors at the time of initial collection). It has been 
shown that females cannot perceive any acoustical 
stimulation from wingless males (SCHILCHER 1976a). 
If song were the only factor governing mating laten- 
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FIGURE 7.-Locomotor activity of cac and wild-type flies reared 

at different temperatures. Test flies were reared and stored at four 
different temperatures: 18", 22", 25" and 29", then testedat 25" 
for locomotor activity; each point is an activity score f SEM ($ 
Table 5). A group of 20 males or females was tested separately for 
each genotype. Although there was a consistent tendency of males 
to be more active than females of the same genotype, in no case 
was the difference significant (3-way ANOVA). Therefore data for 
males (N = 20) and females (N = 20) within each genotype were 
pooled. Furthermore, the responses from recombinant cac flies and 
their (marked) controls were so similar to cac (original) and wild- 
type flies, respectively, that the cac and cac+ data were (separately) 
pooled. Therefore, each point represents the mean activity, after a 
given rearing temperature, for Canton-S, sn', g2 sd (closed circles, 
N = 120); Df(I)RC29/+ females (open circles, N = 20); cac, sn3 cac 
and cac g' sd (open squares, N = 120); Df(I)RC29 over either cac, 
sn' cac, or cac gz sd (closed squares, N = 60). The  3-way ANOVA 
also indicated that genotypes and temperatures have significant 
effects on the locomoter activity and that there is interaction 
between genotypes and temperatures (i.e., genotypes responded 
differently to temperatures). The genotypes sorted into two groups: 
cac (less active) and cac+ (more active). In every case, cac' is more 
active than the corresponding control (g' sd females more active 
than cac g' sd females, etc.). The Of/+ females stood out as more 
active than any other genotype. 

cies for cac males, then one might predict that wingless 
cac males could mate as efficiently as wingless wild- 
type males. However, wingless cac males were still 
worse than normal (Figure 8A): latency, 45.0 f 3.5 
min, (10% mating in 60 min); wingless control males: 
21.2 +. 4.0 min (50% mating). This confirms the 
report of SCHILCHER (1 976c) which, however, did not 
present any specific data on the mating latencies of 
wingless cac males. 

Recombinant sn3 cac males, in spite of their abnor- 
mal polycyclic pulse songs, initiated matings with wild- 
type females (latency: 7.2 f 1.0 min, 100% mating) 
much more quickly than did males from the original 
cac stock (Figure 8B us. 8A). The  marker (sn3) used 
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FIGURE &-Mating latencies of GQC and wild-type males. Males were individually paired with females in courtship chambers at 2 5 " ,  and 

the time elapsed before initiation of copulation (i.e., mating latency) was noted in each case. Twenty male/female pairs were tested for each 
genotypic combination. A, Open squares, wild-type (Canton-S) males and females; closed circles, cac males with wild-type females; closed 
squares, wingless wild-type males with wild-type females; open circles, wingless cuc males with wild-type females. B, Open circles, sn3 males 
with wild-type females; open squares, g" sd males with wild-type females; closed squares, sn3 cuc males with wild-type females; closed circles, 
cac g" sd males with wild-type females. 

to create this recombinant chromosome did not ap- 
pear to affect mating performance (again, Figure 8B 
us. 8A). Therefore, the genetic factor associated with 
relatively mediocre mating performance of cac-at 
the time of the mutant's isolation and now (Figure 
8A)-is separate from the mutation causing the sing- 
ing defect (Figure SB), just as it is separable in the 
surgical experiment [SCHILCHER (1 976c) and Figure 
SA]. Moreover, this factor would seem to be located 
to the left of sn3 (within the distal one-third of the X 
chromosome). Mating latencies of cac 2 sd males 
(latency, 13.4 f 3.3 min, 80% mating in 60 min), 
generated by recombination to the right of cac, were 
subnormal, especially in comparison to the behavior 
of 8 sd controls (Figure 8B). 

Mating behavior was extremely poor in tests of 
Df( l)RC29/cac; traltra and Df ( l ) R C 2 9 / + ;  traltra 
pseudomales: 0% mating within 60 min (N = 20) for 
the former, and 15% mating (mean latency 24.2 k 
5.7, N = 20) for the latter. These flies sing abnormally 
and normally, respectively (see above); but it is diffi- 
cult to interpret a comparison of their mating per- 
formances (to each other and to wild-type) because of 
the apparent complication of tra's effects, in these 
particular genetic backgrounds, on general aspects of 
courtship. (Note: traltra males free of other genetic 
variants mated much more readily than did the Of/ 
cac or Of/+ types tested here; CJ: HALL 1979.) 

Possible effects of cac on female receptivity to male 
mating attempts were assessed in tests (N = 20 in each 

case) involving wild-type males paired with cac fe- 
males; and cac or cac recombinant males paired with 
cac females, cac recombinants, or females hemizygous 
for cac. The results were essentially the same as when 
the females were wild-type. That is, cac males X cac 
females from the original stock were deficient (1 7.2 
f 2.0 min latencies, 55% mating within 60 min), 
compared to sn3 CUC males X cac (original) females (7.6 
f 2.0, 80%) and wild-type males X cac (original) 
female pairings (6.3 f 0.6, 85%). Curiously, cac (orig- 
inal) males showed improved performance when 
paired with sn3 cac females (9.8 f 2.0, 60%) or, 
especially, with Df(l)RC29/cac females (7.0 f 1.0, 
100%). The robust behavior of the latter pairs could 
be influenced by the fact that these females are the 
least active types we have observed (Table 5) and that 
female hypoactivity in general can accentuate recep- 
tivity to mating attempts (e.g., GAILEY, LACAILLADE 
and HALL 1986). Thus, the faulty performance of the 
cac (original) males could be overcome by the low level 
of this female's general mobility. Yet, Df(l)RC29/cac 
is not in and of itself a "superfast" mater, for these 
females with wild-type males exhibited latencies within 
the normal range (7.9 f 1.8 min latency, 100% mating 
within 60 min, N = 20). 

Flight: No differences were found when distribu- 
tions of cac flies along the length of the cylinder (see 
MATERIALS AND METHODS) were compared with those 
for control flies (Figure 9). Df(l)RC29/cac females 
gave a distribution similar to that of the control. 
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FIGURE 9.-Flight performance of cac and wild-type flies. Flies 

were reared at the room temperature (ca. 22-23’). Groups of 25- 
50 flies of each genotype were tested as described in MATERIALS 
AND METHODS, and the numbers of flies at successive landing seg- 
ments (each of whose lengths = 2.5 cm) was noted. Each experiment 
was replicated five times (data points are plotted * SEM). Thus, a 
total of ca. 200 flies from each of the following genotype were 
tested: open squares, wild-type males and females (mixed); closed 
circles, cac males and females (from the original stock); closed 
squares, cac/Df( I)RC29 females. The wild-type was Canton-S, and 
the deletion here is defined in Table 1 and Figure 6. 

Therefore, it was concluded that the gross flight sys- 
tem is not perturbed by cac or other genetic factors 
present in the stock as originally isolated. 

Circadian rhythms: Five flies of each of the follow- 
ing genotype were tested for circadian rhythms of 
locomotor activity; all individuals were rhythmic ex- 
cept for one homozygous cac female. The average 
periods (in hours) were: cac males, 24.5 -I- 0; y cho cac 
males, 24.0 +- 0.2; Canton-S males, 24.0 -I- 0; caclcac 
females, 24.7 +. 0.3; cac/Df(l)RC29 females, 24.0 -I- 
O. All these values are in the normal range (e.g., 
HAMBLEN et al. 1986). 

Longevity: In these measurements of life span, five 
out of 10 cac males and four out of 10 cac/cac females 
were dead by day 45; those still alive at this time did 
not appear to be generally debilitated. The 50% mor- 
tality time for controls (+/+ and cat/+ females, N = 
20 of each) was 50 days, i.e., about the same as for 
cac. In contrast, many morphological and other mu- 
tants in this species have significantly shorter than 
normal lifespans (e.g., GONZALEZ 1923; TROUT and 
KAPLAN 1970). 

Thoracic morphology: At the light microscope 
level (magnification: X450) the gross morphology of 
the dorsal longitudinal and dorsoventral flight muscles 
plus the tergotrochanter jump muscles appeared to 

be normal in both cac males and females (not shown). 
The morphology of several small “direct” flight mus- 
cles (e.g., LAWRENCE 1982; TANOUYE and KING 1983) 
could not be assessed in these sections. 

DISCUSSION 

Behavior of cac and other behavioral mutants: 
The cac mutant was isolated on the assumption that 
certain offspring of mutagenized flies would be males 
that mate with longer than normal latencies because 
they generate abnormal courtship songs (SCHILCHER 
1977). Flies expressing the cac mutation in its original 
genetic background exhibit behavioral abnormalities 
in addition to those involved in such singing 
(SCHILCHER 1976c). However, by testing cac-bearing 
chromosomes that had undergone recombination and 
by uncovering it with a small deletion, we now con- 
clude that the mutation causes a very limited array of 
behavioral defects: longer and louder tone pulses in 
the song and depressed locomotor activity. Ironically, 
cac by itself and the singing defect it causes does not 
appear to affect its overall mating performance (Fig- 
ure 8B)-although the original cac stock, containing 
both a song mutation and a courtship-disturbing fac- 
tor (or factors), is reproducibly defective in mating- 
initiation kinetics [Figure 8A and HALL et al. 
(1 980)]. 

Several other behaviors that we measured were 
normal in flies hemizygous for cac, in males or in 
transformed diplo-X pseudomales, and in homozygous 
mutant pseudomales or females. It is especially notable 
that flight (Figure 9) and wing beat frequency 
(SCHILCHER 1977), which result from the fly’s usage 
of neuromuscular machinery that is in many respects 
the same as employed in courtship singing (EWING 
1977b; 1979) are undisturbed in the cac mutant. 

The cac gene can be viewed as a rather “special” 
factor, involved rather specifically in controlling the 
courtship song, from another angle. Aberrant songs 
were not detectable in our tests of several other be- 
havioral mutants, including a number of courtship 
variants (Table 2). A similar strategy was employed 
previously in studies of avoidance conditioning in this 
species of Drosophila: DUDAI (1977) screened a host 
of mutants-visibles, plus those isolated with respect 
to a variety of behavioral and neural abnormalities- 
and found essentially all of them to be normal learn- 
ers. 

Genetics and cytogenetics of the cac-containing X 
chromosomal region: We have uncovered a rather 
complex series of interactions among genetic variants 
mapping in the vicinity of the cac song mutation. One 
set of complementation results could imply that this is 
a vital gene, given that the viable cac mutation’s effects 
are uncovered by several allelic lethal mutations in 
the Z(l)Ll3 complementation group (Table 3, Figure 
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2). Thus, cac would presumably be a hypomorphic 
mutation, defining a gene that, when more severely 
mutated, causes lethality (see below). More specifi- 
cally, it is known that 1(1)L13 mutations kill developing 
embryos (PERRIMON, ENCSTROM and MAHOWALD 
1984; K. D. KONRAD, personal communication). 

That there may be an essential role for cac+ action 
is in a sense undermined by the finding that 1(1)L13 
mutations fail to complement night-blind-A (nbA) mu- 
tations, whose effects on behavior and physiology 
seem to have no relation to those of cac. This is 
correlated with the complex complementation map 
that is immediately created by our finding that cac/ 
nbA flies are normal in singing behavior (Table 3) and 
in visual responses (Figure 6). Therefore, it could be 
that the 1(1)L13 mutations are the culprits, in that 
they might gratuitously inactivate both cac- and nbA- 
controlled functions; the latter two would therefore 
be separate and independently functioning genes that 
are concerned only with singing and seeing, respec- 
tively. 

There are four breakpoints in region 11A2 of the 
X chromosome that fail to complement not only these 
two behavioral mutations (Tables 3 and 4, Figure 6, 
and T. HOMYK and Q. PYE, unpublished data), but 
also 1(1)L13 variants (G. LEFEVRE, JR. 1981 and per- 
sonal communication), and, as it turns out, mutations 
at the nearby gastrulation defective locus (T. GORALSKI, 
personal communication) (cf. Table 1 and Figure 1). 
Some possible explanations for the broad effects of 
these breakpoints are (1) that the chromosomal lesions 
inactivate closely linked but independent loci by gra- 
tuitous “spreading effects” (e.g., a breakpoint creates 
damage not only at its precise site, but also disturbs 
expression of nearby factors by a position effect, albeit 
not involving heterochromatin in these cases); or (2) 
that they create malfunctions of a rather complicated 
but single locus, which influences multiple pheno- 
types. 

On the second point just noted: The chromosomal 
aberrations would be “broken” in one 11A gene 
which, when affected in this manner, causes lethal- 
ity-as do putatively point mutations in the l(l)L13 
complementation group. The cac, nbA, and gd muta- 
tions could have occurred in this self-same lethally 
mutable and breakpoint-defined gene, whereby the 
three phenotypically unrelated mutations comple- 
ment each other for reasons that are a complete 
mystery. Consider, though, the possibility that there 
is indeed one genetic unit involved in these several 
phenotypes which could, however, be transcribed into 
alternatively spliced mRNAs having not only different 
structures but also widely different developmental and 
physiological functions. The 11A breakpoints and the 
I(I)L13 mutations might therefore be altered in re- 
gions in common to the separate, final product of 

these transcripts, whereas cac and nbA would repre- 
sent changes in regions unique to only certain splice 
products. From an analysis of molecular clones iso- 
lated from region 11A (T. GORALSKI, K. D. KONRAD 
and A. P. MAHOWALD, personal communication) the 
four breakpoints in this region that fail to complement 
cac, etc., have been shown to be dispersed over a 
genomic interval whose length-17-23 kb-is in fact 
on the order of coding region sizes for certain other 
loci in D. mebanogaster: the (at least) 25-kb unit of the 
dunce (dnc) gene (DAVIS and DAVIDSON 1984, 1986) 
and the ca. 18 kb region encoding tropomyosins (KAR- 
LIK and FYRBERC 1986). The expressions of these 
factors at the transcriptional level also happen to be 
examples of differential splicing in this organism 
(DAVIS and DAVIDSON 1986; KARLIK and FYRBERC 
1986). 

T o  continue with the notion that all the phenotypes 
disrupted by genetic changes in the 11A interval 
involve one complicated genetic unit, consider that 
two or more of the relevant functions could physically 
overlap with each other in this region of the genome. 
This might be analogous to the “gene-within-a-gene” 
or  “opposite-strand” transcription units now known in 
this species (HENIKOFF et al. 1986; SPENCER, GIETZ 
and HODGETTS 1986). Thus, schemes designed to 
isolate the easiest kinds of mutations identifiable in 
11A (lethals) might tend to have hit more than one of 
these “overlapping” factors; whereas screens aimed at 
identifying more subtle and limited defects (e.g., in 
courtship or in visual responses) could not be fatally 
damaged in the DNA that is hypothetically common 
to all of these different functions-if only because 
viable mutants were demanded in such searches (HEI- 
SENBERC and GOTZ 1975; SCHILCHER 1976c, 1977; 
KONRAD et al., 1985). 

What, then, if cac is truly an allele of the l(1)L13 
gene? In this regard, certain behavioral mutations in 
this species have been shown to be alleles of genes 
that can mutate to lethality. For example, a mutation 
isolated with respect to defective orientation of adults 
to a vertical line of black-white contrast (optic-ganglion- 
reduced; LIPSHITZ and KANKEL 1985), and another 
which specifically eliminates jump muscles in the 
thorax (non-jumper-42; review: HALL 1982), turned 
out to be nonlethal alleles of vital genes. Yet, other 
behavioral mutants in this organism do involve ines- 
sential genes, which may eventually be revealed for 
cac as well (that is, if it is to turn out not to be mutated 
in precisely the same genetic unit as that defined by 
I (  I)L13 alleles). Analogous cases would include the 
small-optic-lobes (sol) gene, whose mutations reduce 
the size and cell number of optic lobes (FISCHBACH 
and HEISENBERC 1984); a locus that plays a major role 
in biological rhythms (period, per, review: ROSBASH 
and HALL 1985); and the aforementioned dnc gene, 
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which affects learning and memory (review: QUINN 
and GREENSPAN 1984). For sol, each of 15 apparent 
point mutations isolated as noncomplementers with 
one of the original (viable) alleles turned out in sub- 
sequent generations to allow for viability and to cause 
phenotypic defects no more severe than in the original 
sol mutants (K. F. FISCHBACH, personal communica- 
tion). For per (e.g., HAMBLEN et al. 1986) and dnc 
(BYERS, DAVIS and KICER 198 l), synthetic, homozy- 
gous deletions of the loci allow for adult survival and 
cause arrhythmicity or learning abnormalities plus 
female fertility problems, respectively; that is, the 
deletions behave as do apparently null point mutations 
at either of the X chromosomal loci. Whereas certain 
visible, viable mutations in D. melanogaster are now 
known to identify genes whose functions seem dispen- 
sable (LINDSLEY and GRELL 1968; LEFEVRE 1974; 
LINDSLEY and ZIMM 1985), the behavioral mutations 
of this type are somewhat special, because they are 
completely undetectable in the usual screens that hope 
to “saturate” a given region of the genome with mu- 
tations defining all the loci there (e.g., LEFEVRE 19’74). 

T o  ask further if cac is its own separate and nonvital 
genetic unit, it will be useful to isolate new cac alleles 
“over” the original mutation, i.e., by putting mutagen- 
ized chromosomes in heterozygous conditions with 
cac in traltra pseudomales. Whereas one could readily 
predict that further induction of Z(I)L13 alleles would 
produce variants with multiple effects, new and de- 
pendently isolated cac mutations per se might allow 
for adult viability and affect only courtship song. 
These further cac alleles could, on the other hand, be 
more complicated in their effects: they might, for 
example, disrupt song and vision (if there is in fact a 
region of physical overlap with the DNA involved in 
nbA’s expression), or they could simply expand the 
already large group of l(1)L13 alleles, by turning out 
to be lethal as well as affecting the two viable pheno- 
types. 

Subsequent genetic and molecular manipulations 
should address some of the issues now being raised. 
For example, given that the X-chromosomal DNA 
which is altered in the cac, nbA and Z(l)L13 mutants 
may have been cloned (T. GORALSKI et al . ,  personal 
communication), it will be possible in the near future 
to plan the appropriate germ-line transformation ex- 
periments (review: RUBIN 1985). That is, use of judi- 
ciously chosen portions of the extant cloned material 
could lead to “rescue” of the cac-induced behavioral 
defects in a manner analogous to the restoration of 
rhythms to per mutants (review: ROSBASH and HALL 
1985). For cac, it may turn out that only one pheno- 
type (aberrant singing) will be rescued, in the sense 
that the relevant transduced pieces of DNA might not 
“cover” l(1)L13 or nbA mutations. In this regard, note 
that transformation-mediated rescue of white muta- 

tions is affected by a transduced DNA fragment from 
the X chromosome (HAZELRIGG, LEVIS and RUBIN 
1984) that does not include the site of a particular 
genetic aberration which impinges on w+ expression 
(cf. LEVIS and RUBIN, 1982). An analogous situation 
may ultimately be revealed for cac and the breakpoints 
that damage the expression of this song gene. That is, 
the cac locus may be identified in transformation tests 
as distinct from the aforementioned 17-23 kb of DNA 
to which these lesions in 11A2 have been localized (T. 
GORALSKI et al., personal communication). This result 
would indicate that the effects of these breakpoints 
on cac indeed “spreads” from them to the song gene. 

Identification of cac at the molecular level would 
also allow for an eventual assessment of the tissue 
distribution of the gene product(s). Information of 
this kind will be essential for further interpretations 
of CUC’S action as a putatively specific, vs. pleiotropic, 
gene. The direct determination of where cac is ex- 
pressed can be usefully compared to the genetic “fo- 
cusing’’ of the mutation (review: HALL 1985), which 
is currently being carried out in transformed diplo-X 
flies whose tissues are mosaic either for cac vs. cac/+ 
or for Z(I)LI3 vs. l ( I )L13/+ .  The combination of these 
genetic and molecular approaches may help identify 
the portions of the fly’s neuromuscular system that 
underlie the male’s control of his singing behavior in 
courtship. 
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