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Summary

In Drosophila melanogaster, the PGal4 transposon inserted at the chromosomal site 86E
"-#

is

associated with the Voila1 allele that causes multiple phenotypes. Homozygous Voila1/1 flies rarely

reach adulthood and heterozygous Voila1/ adult males display strong homosexual courtship

behaviour. Both normal behavioural and developmental phenotypes were rescued by remobilizing

the PGal4 element. Yet, the rescue of heterosexual courtship and of adult viability did not occur in

the same strains, indicating that these defects have different genetic origins. Furthermore, many

strains showed a partial rescue of both characters. Molecular analysis revealed that the PGal4

transposon is inserted upstream of the 5«UTR of the prospero gene. The excision strains with no

detectable fragment of the PGal4 transposon remaining showed a rescued viability for homozygote

adults. Moreover, the developmental period with the highest homozygote lethality was correlated

with the size of PGal4 element that remained inserted at the Voila locus. This suggests a

relationship between developmental viability and the amount of DNA inserted within the promoter

of prospero.

1. Introduction

Mutations often cause pleiotropic abnormal pheno-

types and one challenge of biology is to understand at

what level (molecular, genetic, behavioural) the

different functions of a given gene are intertwined

(Hall, 1994a). Behavioural phenotypes are complex,

often involving integration of many biological func-

tions in the organism, and can thus reveal subtle

alterations of developmental functions (Greenspan,

1995).

The study of courtship behaviour in Drosophila

mutants is particularly useful for detecting subtle

alterations of the ‘fixed action patterns ’ that constitute

the complex courtship behaviour and which are

thought to be genetically controlled (Hall, 1994b ;

Goodwin, 1999). Before mating, the male exhibits a

series of stereotypical sequences that depend upon the

integrity of his nervous system, particularly on sensory
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systems (Sturtevant, 1915; Hall, 1977, 1979; Markow,

1987).However, Drosophila courtship is more complex

than a stereotyped set of behavioural events (Green-

span & Ferveur, 2000). There is an active and

reciprocal exchange of multi-sensory signals between

the two sexual partners (Cobb & Ferveur, 1996) and

the intensity of male courtship has been shown to be

dependent upon the genotype of both partners

(Ferveur & Sureau, 1996; Sureau & Ferveur, 1999).

The genetic and neural bases of male courtship ritual

have been intensively explored, but with the notable

exception of fruitless ( fru) very few studies were

conducted on an extended series of mutant alleles

affecting the same locus (Gailey & Hall, 1989; Taylor

et al., 1994; Ito et al., 1996; Ryner et al., 1996; Villella

& Hall, 1996; Villella et al., 1997 ), or with different

protein motifs encoded by a single gene (Stanewsky et

al., 1996).

A large choice of molecular and genetic tools in

Drosophila melanogaster makes it possible to start

unravelling the pleiotropic effects of mutant genes.

The GAL4}UAS technique combines the ability to

https://doi.org/10.1017/S0016672301005006 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672301005006


Y. Grosjean et al. 240

produce insertional mutagenesis by the direct effect of

the P element with the possibility of driving the

expression of a second UAS-transgene (Brand &

Perrimon, 1993; Brand & Dormand, 1995). In spite of

the popularity of this technique, very few data are

available on the direct role that the PGal4 element

plays in the genome, specifically on its mutagenic

effects. It has been noted that P elements generally

affect the expression of quantitative traits more than

qualitative traits (Spradling & Rubin, 1983; Wilson et

al., 1990). Very few studies have compared the

phenotypic effects of genomic sequences of various

sizes resulting from a series of partial excisions of a

single P element transposon (Daniels et al., 1985;

Delidakis & Kafatos, 1989; Lapie et al., 1993).

Here, we compare different excision strains derived

from the Voila"-PGal4 enhancer-trap strain in order

to genetically and molecularly dissect the pleiotropic

effects of Voila1 on (i) low larval viability in

homozygotes of both sexes and (ii) abnormal courtship

behaviour in heterozygous male flies (Balakireva et

al., 1998, 2000). The two abnormal phenotypes were

compared in a series of excision lines (Voilaexc) that

were derived by remobilization of the transposon

from the Voila" strain. Rescue of the two phenotypes

did not coincide in the same Voilaexc strains, indicating

they have different genetic bases. Furthermore, the

fact that these phenotypes were not always rescued in

an ‘all-or-none’ manner suggests that Voila controls

both characters in a quantitative manner. Finally, as

the cytological position of the PGal4 transposon

insertion coincides with the position of the prospero

gene (86E
"
–
#
), we have started to investigate the

molecular relationship between Voila and prospero.

2. Materials and methods

(i) Drosophila strains and crosses

All strains of D. melanogaster were maintained on

standard cornmeal and yeast medium under a 12 h

dark}12 h light cycle at 25 °C. A description of the

chromosomes and mutations used in this study can be

found in Lindsley & Zimm (1992). The Voila1-PGal4

insertion line in the Voila locus has already been

characterized for adult expression and behaviour

(Balakireva et al., 1998), and for pre-imaginal ex-

pression and behavioural defects (Balakireva et al.,

2000). Since Voila1 is a recessive lethal, the Voila1

chromosome was maintained over TM3, a balancer

chromosome carrying the dominant mutations Stubble

and Serrate (Sb, Ser).

To generate derivative lines of Voila1, we used the

scheme described by Cooley et al. (1988) to mobilize

the Voila1-PGal4 transposon. Excision of the trans-

poson was performed by crossing Voila1}TM3 females

with males from a jump starter strain which provided
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–3410
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–3398
X

–460
P

cb′
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+1074
H

c′b′′a′ba
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Fig. 1. Restriction map of the Voila locus. The triangle
symbolizes the inserted PGal4 (PGawB) transposon.
Restriction sites are X, XhoI ; H, HindIII ; B, BamHI; and
P, PstI. The distance (in base pairs) of each restriction
site from the 1 transcription site of the pros gene is
indicated. The primers (see Section 2) used for
amplification of sequences by PCR in several Voilaexc

strains are indicated by black arrowheads. Primers a and
a« were used for the amplification of the 5« flanking
region 1 kb from the P element insertion site. Primers b
and b« were used for the amplification of the 5« flanking
region close to the P element insertion site. Primers c and
c« for the amplification of the 3« flanking region close to
the P element insertion site and primers b and b«« were
used in the lines 14, 26, 28, 45, 60, 64, 65 to obtain the
genomic region left after excision. The black segment
represents the 5«UTR of the pros gene and the hatched
segment represents the translated pros region. The 3«
PGawB extremity was mapped at ®216 and the ATG
codon at 301.

the P element transposase (Robertson et al., 1988).

Male progenies carrying the Voila1-PGal4 transposon

and the transposase-producing ∆2-3 chromosome

were crossed to w ; }TM3 females. In order to

obtain flies without the P transposon, males of the

next generation were scored for the loss of the mini-

white+ gene. Each Voila excision line derived from

Voila1 resulted from a unique excision event on

chromosome 3 that was subsequently maintained over

a TM3 balancer chromosome.

Complementation analysis of Voila1 mutation was

carried out with deficiencies covering the chromo-

somal region between 86C and 87C (for information

about their breakpoints and origin, see Reuter et al.,

1987). The restriction map of the Voila locus together

with the site of PGal4 insertion is shown on Fig. 1.

The lethality induced by two copies of Voila1 or

Voilaexc was studied with a strain carrying the

dominant adult marker Sb.

(ii) Beha�ioural assays

Courtship tests were done using a modified version of

the protocol described in Ferveur & Sureau (1996).

Briefly, all behavioural assays were carried out on 4-

day-old subject males (kept alone after eclosion),
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individually aspirated into an observation chamber

(2±8 cm diameter, 0±5 cm height). After 10 min, a

second 4-day-old Canton-S (Cs) male, used as the

object fly, was introduced. The courtship index value

(CI) is the percentage of time that the subject male

spends in courting, during a 10 min observation

period. CIm represents the courtship index toward

control object male flies. Cs males were chosen as

control objects because of their clear behavioural

phenotype (Ferveur et al., 1997). Each subject and

object male was tested only once. Object males were

always decapitated in order to prevent reciprocal

courtship (Ferveur et al., 1995). Decapitation was

always performed 30 min prior to the experiment.

(iii) De�elopmental lethality

A procedure similar to Balakireva et al. (2000) was

followed. Eggs were collected over 24 h and placed in

vials at 25 °C. Between 35 and 40 h after the end of

egg laying, the number of dead embryos was counted.

Adults emerging from the pupal case were counted

according to their genotype (nA), and the frequency

of adult survival was estimated relative to the number

of surviving embryos (nA}nE). The frequency of

lethality during pupal life was also estimated (nP}nE).

The occurrence of lethality during larval stages was

thus the difference between the number of hatching

embryos minus the number of individuals that reached

(and died during) pupation and adulthood (nL¯
nE®[nPnA]). The strains carrying the TM3 bal-

ancer chromosome are expected to yield an average of

25% dead embryos and our measure was weighted

accordingly. We directly monitored the lethality of

each genotype during adulthood on 2- and 7-day-old

flies.

(iv) Statistical tests

For courtship tests, CIms (courtship index toward

decapitated male object) of all Voilaexc, of Voila" and

control w− strains were compared using ANOVA.

Voilaexc lines were then grouped according to the

difference between their CIm value and the CIm of

mutant and of control males. Within each group,

strains were ranked according to the level of signifi-

cance of these differences (see Table 1).

(v) Molecular techniques

Genomic DNA was isolated from whole flies (3- or 4-

day-old males and virgin females) and homogenized

in 100 mM NaCl, 100 mM Tris pH 7±6, 100 mM

EDTA, 0±5% SDS. Purification was done according

to Sambrook et al. (1989), using the DNA from

approximately seven flies per lane.

The PGawB vector (Brand & Perrimon, 1993) was

used to generate probes that were used to map the

different fragments of the vector. They correspond to

the following restriction fragments of the PGawB

vector (Fig. 1) : a 2±6 kb HindIII–XhoI DNA fragment

corresponding approximately to ‘Gal4’, a 5 kb

HindIII–XhoI DNA fragment corresponding to ‘mini-

white ’, and a 2±9 kb BamHI–PstI DNA fragment

corresponding to ‘pBSK’. Fragments were then $#P-

labelled by random priming with the Prime-a-gene kit

(Promega).

Genomic DNA was digested with XhoI and HindIII.

Electrophoresis and Southern blot analysis were

performed according to Sambrook et al. (1989). Seven

oligonucleotide primers belonging either to the

genomic excision site flanking regions (a: CACACAC-

ACACACACACACATTTAT; a«: CTGCTTTTTC-

TCTGGCAATACC: b: ACTACAAACACAGCAG-

CAAGGAC; b««: GAACGACGATTCACTTTACT-

GTTC; c«: CAAACAGCTCGTTCAGCATCT) or

internal to the transposon (b«: AAGACAGTAG-

CTTCATCTTTCAGGA; c: CTAGCTAGAGCTT-

TGCGTACTCG; see Fig. 1) were used for PCR

reactions in order to produce DNA the sequence of

which was eventually determined (MWG-Biotech,

Germany).

3. Results

(i) The PGal4 transposon causes the de�elopmental

lethality in Voila1 strain

To verify the involvement of the PGal4 transposon in

the developmental lethality observed in the Voila"

strain, we induced the remobilization of this trans-

posable element by crossing the Voila" strain with a

strain containing the transposase enzyme (see Section

2). This procedure yielded 61 stable excision lines

(Voilaexc). All Voilaexc lines were tested for the

presence and viability of homozygous Voilaexc/exc

adults (Table 1, second column). Thirty-four lines

produced viable and fertile homozygous flies (VB lines

¯ adult viable) and 27 lines had no viable fertile adult

homozygotes (LT lines¯ adult lethal). Therefore, the

fact that adult viability was rescued following re-

mobilization of the PGal4 element confirms that the

transposon caused the developmental lethality of

Voila1/1 individuals (Balakireva et al., 2000).

(ii) The de�elopmental pattern of lethality �aries

between Voilaexc strains

The developmental pattern of lethality was analysed

in 18 strains belonging to both viability groups (11

VoilaLT and 7 VoilaVB). For each Voilaexc strain, the

frequency of homozygote lethality was measured

either indirectly (by estimating survivorship at the end
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Table 1. Viability of homozygotes and courtship beha�iour of heterozygous males from �arious strains

Strains
Homozygote
viability

Homosexual courtship

Difference in CIm compared with

CIm
Mean³SE

Voila1}TM3
(mutant)

w; }TM3
(control)

Mutant Voila1/TM3 LT 42³4±8

Control w; /TM3 VB 7³2±3

Voilaexc/TM3

Rescue group 2 () LT 13³4±2 *** NS
4 LT 18³4±6 *** NS
5 VB 16³5±4 *** NS
6 VB 18³4±6 *** NS
7 VB 17³3±8 *** NS
8 () LT 18³4±1 *** NS
9 VB 18³4±1 *** NS

11 () LT 8³1±6 *** NS
13 () LT 12³2±4 *** NS
14 () VB 21³4±6 *** NS
15 VB 14³4±4 *** NS
16 VB 17³3±5 *** NS
18 LT 18³3±8 *** NS
20 VB 20³4±8 *** NS
23 VB 11³2±5 *** NS
30 VB 11³3±1 *** NS
37 VB 16³3±8 *** NS
38 LT 21³3±7 *** NS
43 LT 12³3 *** NS
50 LT 16³5±8 *** NS
52 VB 21³3±8 *** NS
57 VB 11³4±4 *** NS
59 VB 15³5 *** NS
62 VB 10³2±5 *** NS
68 VB 21³4 *** NS
69 () LT 20³3±8 *** NS
70 VB 11³3±3 *** NS
75 LT 14³4±8 *** NS
19 LT 22³4±4 ** NS
24 () LT 19³4±8 ** NS
29 LT 18³4±6 ** NS
39 LT 18³7±3 ** NS
41 VB 21³5 ** NS
54 VB 18³7 ** NS
64 () VB 22³3±8 ** NS
21 LT 20³7 * NS
25 LT 20³6±6 * NS
31 LT 23³4±7 * NS
45 () VB 22³3±5 * NS
58 VB 18³6±5 * NS
60 () VB 21³6±3 * NS

Intermediate group 61 () LT 23³4±2 ** *
79 () LT 28³4±2 * **
3 () LT 24³4±3 * *

10 VB 27³1±5 * *
17 () LT 25³4±8 * *
26 () VB 27³4±8 * *
28 () VB 24³3±8 * *
36 VB 25³3±8 * *
48 VB 24³4±4 * *
49 VB 23³5±9 * *
65 () VB 25³6±1 * *
66 LT 27³4±8 * *
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Table 1 (Cont.)

Strains
Homozygote
Viability

Homosexual courtship

Difference in CIm compared with

CIm
Mean³SE

Voila1}TM3
(mutant)

w; }TM3
(control)

Mutant group 27 () LT 35³5±3 NS ***
35 VB 35³6±1 NS ***
56 LT 35³6±1 NS ***
78 () LT 31³3±5 NS ***
51 LT 31³3±7 NS **
67 VB 30³6±5 NS **
12 VB 28³5±1 NS *
63 VB 28³5±1 NS *

The viability (VB) or the lethality (LT) of homozygous adults belonging to 61 Voilaexc strains, to mutant Voila" and to control
w; Cs strains is shown in the first column. The strains that were tested in detail for their developmental viability are indicated
(). All subject males tested for courtship behaviour were heterozygous and carried a similar TM3 balancer chromosome.
The intensity of courtship (¯ courtship index of male subjects) was measured towards decapitated Canton-S male objects
(¯CIm). Courtship index is the percentage of time spent courting by the subject male during a 10 min observation period.
Data shown are the mean³SEM for n¯15–25. The CIm of all Voilaexc}TM3, Voila1}TM3 and w; }TM3 control males
was tested with an ANOVA. The level of significance is indicated as follow: *** P! 0±001 ; ** P! 0±01 ; * P! 0±05; NS,
not significant. Strains were grouped according to their effect (Rescue, Intermediate and Mutant). The courtship index with
decapitated control females (CIf) was 74³5 for mutant Voila1}TM3 males and 46³6±5 for control w; Cs males (n¯ 20).

of embryonic, larval and pupal stages) or directly (in

2- and 7-day old adults).

Homozygous individuals from these Voilaexc strains

showed very different patterns of lethality during their

pre- and post-metamorphic phases of development.

As expected, homozygotes from all selected VoilaVB

lines (Fig. 2C) very frequently survived to the ‘2-day-

old’ adult stage whereas most, if not all, homozygotes

from the selected VoilaLT lines died before reaching

this stage (Fig. 2A, B). The peak of homozygote

lethality shown by these VoilaLT strains occurred at

different developmental periods: Voila(), Voila) and

Voila'* died mostly during larval development (very

similarly to Voila"/"). Voila#%/#% individuals died mostly

during pupal development whereas lethality of Voila#/#

and Voila#(/#( occurred constantly throughout most

developmental stages from the larva to the 7-day-old

adult. Homozygotes from Voila$, Voila"$ and Voila(*

lines, and to a lesser extent from Voila"" and Voila'"

lines, showed high mortality during the first 2 days of

adult life. Homozygous adult males in these lines were

not fertile, probably due to their behavioural weakness

during their brief adult life. However, homozygous

females were fertile (e.g. Voila$ and Voila'" lines).

(iii) Relation between the pattern of lethality and the

size of the inserted material at the Voila locus

First, the site of PGal4 insertion was precisely mapped

using primers corresponding to the 5« pros coding

region and to the pBSK fragment of the transposon

(Vaessin et al., 1991 ; Brand & Perrimon, 1993). The

insertion site was located at 216 bp from the coding

region, upstream of the 5«UTR (untranslated region)

of the pros gene (Fig. 1). Furthermore, our sequence

(data not shown) matches exactly the published pros

sequence (Vaessin et al., 1991).

It was crucial to check that no genomic alterations

occurred in the regions flanking the PGal4 insertion

point. Therefore, we used PCR to isolate and amplify

the DNA covering 2 kb in the 5« region and 1 kb in the

3« region flanking the transposon. Primers were

designed from the sequence of each genomic region as

well as the transposon (Fig. 1). Resulting amplified

fragments were compared with the respective frag-

ments of the control strain. No alterations were found

in either region for any of the 18 Voilaexc strains (data

not shown), indicating that the developmental defect

does not depend upon the DNA surrounding the

transposon but is a direct effect of the transposon.

Therefore, to evaluate whether the different profiles

of homozygote lethality were related to genetic and}or

molecular differences caused by imprecise excision,

each Voilaexc strain was analysed for the presence and

size of an unexcised transposon sequence. Restricted

DNA from flies of the 18 Voilaexc strains was probed

with the three principal genetic sequences (Gal4, mini-

white and pBSK) carried by the PGal4 transposon

(Fig. 1 ; see Section 2). The size of each detected

fragment was compared with that of the equivalent

fragment probed in the Voila" control strain (Fig. 3).

Our data suggest that Gal4 is still present in many

Voilaexc strains (2, 8, 11, 13, 24, 27, 69, 78 and 79).

However, in strains 13 and 69, Gal4 seems to be
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Fig. 2. Developmental lethality in homozygous flies of various Voilaexc strains, and of Voila" and control strains.
Cumulated lethality was estimated, or directly noted, at the end of each main developmental period (see arrowheads) :
embryonic (E), larval (L) or pupal (P) and in 2- and 7-day-old flies (for details see Section 2). For the sake of clarity,
strains were grouped according to the stage of development during which lethality peaked: (A) larval or pupal, (B) early
imaginal and (C ) normally viable and fertile. n¯104–745 except for Voila"% (52) and Voila() (38). Days were counted
after egg-laying (at 25 °C).

altered compared with Voila" (2±6 kb). The mini-white

fragment was detected only in strains 3, 8 and 78 and

its size seemed to be altered in all three strains. This

result was expected because excision events were

selected on the basis of the loss of white+ function.

Thus, the mini-white fragments that remain inserted

in strains 3, 8 and 78 are likely to be non-functional.

The pBSK fragment seems to be intact in strains 2, 3,

8, 24, 27, 61, 69 and 78, and has probably been altered

in strain 79 (Fig. 3C).

It is possible that the differences in lethality among

Voilaexc strains are caused by size differences of the

fragments that remained inserted at the chromosomal

site 86E
"-#

. In fact, there is a relationship between the

size of the remaining fragment and the developmental

stage of lethality in homozygous individuals (Fig. 4).

The Voilaexc strains with larval lethality (as in Voila1/1 )

were those that generally retained the largest fragments

(generally including most or all of the Gal4 and pBSK

sequences). In addition, Voila() and Voila) still carried
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Voi 3 14 26 27 2824 Voi 45 65 79 +/TM36460 61 Voi 7869131182

Voi 3 14 26 28 Voi 45 65 79 +/TM36460 61 Voi 786913118224 27

Voi 3 14 26 28 Voi 45 65 79 +/TM36460 61 Voi 786913118224 27

4800 pb

5500 pb

2600 pb

(b)  Mini-white

(a)  Ga14

(c)  pBSK

Fig. 3. The genomic material of the PGal4 transposon has been differently excised after remobilization in various
Voilaexc strains. Southern blots were performed on digested DNA from the Voilaexc strains previously assayed for
homozygote viability (see Fig. 2). Probes consisted of fragments of either Gal4 (A), mini-white (B) or pBSK (C )
radioactively labelled (see Section 2). Because of the high number of strains to be tested, each series was divided over
three separate gels, each one including DNA from the mutant Voila1 (Voi), used here as a control. Arrows indicate the
expected size for each fragment in Voila" flies (HindIIIXhoI).

a portion of the mini-white sequence. The Voila#(,

Voila#% and Voila# strains showed massive homo-

zygous lethality during pupal and}or early imaginal

stages. These three strains carried a smaller fragment

of the transposon from which the mini-white sequence

was completely excised. The size of the fragment

detected in these three strains seems to be very close to

that of the Voila'* strain that displayed high larval

lethality.

Homozygotes from the otherVoilaLT strains (Voila$,

Voila"", Voila"$, Voila'" and Voila(*) died more

frequently during early adulthood (Fig. 2B). Their

inserted fragments are smaller than in Voila1 and in

the previously described VoilaLT strains (Figs. 3, 4),

consisting of either an altered Gal4 sequence (in

Voila"" and Voila"$), a complete Gal4 sequence with

an altered pBSK sequence (in Voila(*), or a complete

pBSK sequence (alone in Voila'", or combined with

an incomplete mini-white sequence in Voila$).

(iv) The reproducti�e ability of homozygous adults

�aries between VoilaVB strains

The seven strains with rescued homozygous adult

viability (VoilaVB) were also tested by Southern blot to

check for the presence of the three fragments

composing the PGal4 element (Fig. 3). None of these

strains retained any detectable part of the three

fragments, indicating that the complete rescue of

homozygous adult viability correlates well with the

absence of inserted material. However, in four VoilaVB

strains (26, 28, 60 and 65) we found a clear difference

in the frequency of homozygous adults. In these

strains, we first noted that after more than 50

generations the frequency of homozygous adult flies

stabilized at around 30–35%. However, the fact that

crosses of homozygotes within these strains yielded

viable adult progeny suggests that homozygous flies

were selectively disadvantaged in the presence of

Voilaexc}TM3 heterozygotes. The fact that the three

other VoilaVB strains (14, 45 and 64) produced only

homozygous adults after several generations indicates

that the TM3 balancer has been eliminated. Overall,

these observations suggest that the excised chromo-

some III provides a reproductive advantage over the

TM3 balancer chromosome in the three later VoilaVB

strains, but not in the former ones. DNA sequencing

in the region surrounding the PGal4 insertion point

revealed that the four strains with disadvantaged

homozygotes retained a small sequence of roughly

100 bp that remained inserted and which corresponds

to the inverse terminal repeats of the P element (data
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Gal4 mini-white pBSKVoila1 Larval

Schematic transposon site Peak of lethalityVoila excision
lines

Larval

Pupal or
intermediate

Adult < 2-day
old

Adult < 7-day
old

8, 69, 78

2, 24, 27

79

3

11

61

13

26, 28, 60, 65

14, 45, 64

Fig. 4. Relationship between developmental lethality and
the size of inserted DNA. On the basis of data produced
by developmental lethality (Fig. 2) and on the
approximate size of the genomic material still inserted at
the site of insertion (Fig. 3), there seems to be a
relationship between the size of the inserted DNA and the
developmental period during which homozygote lethality
peaks.

not shown). Conversely, in lines 14, 45 and 64, the

PGal4 element has been completely excised. In

conclusion, these data strongly suggest that there is a

relationship between the developmental period during

which the viability defect occurred and the amount of

genetic material that remained inserted in chromo-

somal site 86E
"-#

after remobilization of the Voila1-

PGal4 transposon.

(v) The PGal4 transposon causes abnormal male

courtship in Voila"

As expected, Voila1}TM3 males showed abnormal

courtship behaviour because they actively courted

both mature virgin females and males. First, we

wanted to know whether the abnormal male courtship

behaviour observed in Voila1}TM3 male was caused

by the PGal4 element. For the sake of clarity, the

courtship index of Voilaexc}TM3 males from the 61

Voilaexc lines was measured in the presence of

decapitated control males. We focused our attention

on the intensity of the homosexual courtship index

(CIm) because the relative increase in CIm between

control and mutant males was much greater (" 500%)

than the relative increase in the courtship index

towards control female flies (61%; see legend of

Table 1). The CIm of Voilaexc}TM3 males from 61

Voilaexc lines towards decapitated control male target

flies was noted (Table 1). The CIms of heterozygous

Voilaexc}TM3males of all Voilaexc lineswere compared

with the CIm of Voila1}TM3 mutant subject males,

and with the CIm of w ; }TM3 control subject males

(Table 1).

In 41 Voilaexc lines males showed no significant

difference in their CIm when compared with w ;

}TM3 control males, indicating that the intensity of

their homosexual courtship was normal (‘Rescue

group’). The rescue of normal (¯ virtually absent)

homosexual male courtship indicates that the PGal4

transposon inserted in the Voila" strain caused the

high intensity of homosexual courtship. However, the

fact that the CIm yielded by male flies of these strains

showed different levels of significance when compared

with the CIm of Voila1}TM3 mutant males indicates

that the intensity of courtship varies.

Study of the CIm produced by males from the other

20 Voilaexc lines supports the hypothesis that the

remobilization of PGal4 has not rescued normal male

homosexual courtship in an ‘all-or-none’ manner (e.g.

causing the absence or the high level of homosexual

courtship). In 12 Voilaexc lines, the rescue of normal

male homosexual courtship was partial, because CIm

was significantly different from the indices produced

by both control and mutant male flies (‘ Intermediate

group’). In eight other Voilaexc lines, the CIm values

were not different from the CIm of Voila1}TM3 males

(‘Mutant group’). The variation in the level of

significance observed between these mutant strains

also indicates that some of these strains (12, 51, 63

and 67) have a weaker CIm than Voila1}TM3 mutant

males.

(vi) The rescue of adult �iability is not correlated

with the rescue of male courtship

The rescue of normal CIm shows that the PGal4

insertion causes the abnormally high level of homo-

sexual courtship. However, the viability of homo-

zygous adults was not rescued in all the Voilaexc lines

that showed rescue of normal (¯quasi-absent) male

homosexual courtship. This can be seen in Table 1 :

the lethality character of homozygous adults (VB or

LT) was evenly distributed among the three behavi-

oural groups. Therefore, no relationship was found

between the rescue of male courtship and the size or

nature of the PGal4 fragment that remained inserted.

In conclusion, there was no correlation between the

rescue of the two defective phenotypes caused by the

Voila1-PGal4 element studied here.
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4. Discussion

This study has focused on the genetic characterization

of the Voila" strain that carries the PGal4 transposon.

Two abnormal phenotypes have previously been

shown to be associated with this P element : (i)

lethality between larval and early imaginal stages in

homozygotes, and (ii) strong homosexual male court-

ship behaviour in heterozygous adult males. Both

phenotypes were previously mapped with a set of

deletions covering the chromosomal region which

corresponds to the site of PGal4 insertion (86E
"-#

;

Balakireva et al., 1998, 2000). Here, we have shown

that both normal phenotypes can be rescued following

remobilization of the PGal4 transposon. The fact that

the rescue of the two phenotypes did not necessarily

occur in the same Voilaexc strains indicates that these

characters have different genetic bases. Furthermore,

neither behavioural courtship nor developmental

phenotype was rescued in an ‘all-or-none’ manner.

The first character which we have analysed geneti-

cally and molecularly is the pattern of viability of

homozygotes during their pre-imaginal and early

imaginal development. We measured the number of

homozygous Voilaexc/exc individuals dying during each

principal developmental stage, from embryonic de-

velopment up to 7-day-old flies. Voila1/1 individuals

generally died during larval development (Balakireva

et al., 2000). The use of a TM3 fluorescent balancer

(which makes it possible to score the genotype directly ;

Ferrandon et al., 1998) indicates that roughly half the

homozygotes died before reaching their second larval

instar and a third died before pupation (Y. Grosjean,

unpublished observation).

In VoilaLT strains, the escaping homozygous adults

were not viable enough to produce progeny. In most

of these VoilaLT strains, the peak of lethality was

delayed relative to the Voila" strain, occurring during

either late larval, pupal, or even early imaginal

development. Our results suggest that there is a

relationship between the period of peak homozygote

lethality and the size of the fragment that remained

inserted at the original site of the Voila1-PGal4

transposon (Fig. 4). However, several factors pre-

cludes a rigorous statistical analysis of the relationship

between developmental lethality and the size of the

inserted fragment. First, lethality did not occured in a

linear manner because development is a succession of

discrete steps of transformation. Second, we have not

precisely measured the length of the inserted fragment

(except for a few strains that were sequenced).

Moreover, a similar degree of lethality (peaking in

early imagos) seems to be caused by the combination

of different sequences, the total length of which is

roughly similar (see strains 79, 3, 11, 61 and 13; Figs.

3, 4). This result excludes the possibility that a

transplicing effect is involved in lethality. As the

lethality phenotype was associated with gustatory

problems in Voila1/1 larvae (Balakireva et al., 2000),

we are currently investigating whether the variation in

developmental lethality correlates with a quantitative

variation in taste function and more specifically with

abnormal food uptake by first and second instar

larvae.

This PGal4 element is inserted at the chromosomal

location (86E
"-#

) that corresponds to the site of the

pan-neural gene prospero (pros ; Doe et al., 1991).

Given that this transposon is inserted at 216 bp

upstream of the 5«UTR of pros, we suggest that the

variation in developmental lethality among Voilaexc

strains is a consequence of quantitative variations in

the Pros product. We are currently investigating

whether our various lethality phenotypes could result

from alterations in the stability of the pros transcript

or from lower levels of the Pros protein. No difference

in either the pattern or the strength of Gal4 expression

was noted between various Voilaexc strains (N. Gendre

and R. F. Stocker, unpublished data). Complementa-

tion experiments combining Voilaexc with several

available pros alleles (Deak et al., 1997) are in progress

in order to understand the relationship between Voila

and pros. The Voila1 PGal4 strain shows a very similar

embryonic expression pattern to that observed with

pros"$* (a PlacW enhancer-trap strain; Chu-Lagraff et

al., 1991 ; Balakireva et al., 2000), but larval and pupal

expression pattern are not available for pros. It is

unlikely that Voila1 insertion interferes with gene(s) in

the opposite direction, because the nearest gene

(KP78a) is located at 21 kb and it encodes a

ubiquitously expressed protein kinase which is in-

volved in cell-cycle regulation (Schulman et al., 2000).

Roughly half of the Voilaexc lines showed rescued

adult homozygous viability (VoilaVB). However, in

some of these strains the reproductive success of

homozygous flies seems to be reduced when they are

mixed with heterozygotes. Behavioural assays and

particularly multiple-choice courtship tests are cur-

rently being undertaken to reveal whether homo-

zygous flies are behaviourally disadvantaged when

competing with same-sex heterozygous flies. We are

trying to understand the molecular nature of the

100 bp fragment that remained inserted in some

VoilaVB strains. The sequence of this fragment barely

corresponds to the feet of the transposon and could be

the result of an internal rearrangement analogous to

what has been described when hopping out transposon

(Preston et al., 1996). Preliminary sequencing of some

of the Voilaexc strains indicates that Gal4 and pBSK

share a common molecular sequence. The simul-

taneous presence of repeated sequences within the

transposon could explain the increased frequency of

imprecise excisions within the PGal4 transposon (Y.

Grosjean, unpublished data). The present data reveal

that the PGal4 element was cleanly excised in only
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three of 18 Voilaexc strains. If we exclude a possible

bias caused by our sampling procedure, the high

percentage of imprecise excision events found here

(83%) is not very far from the frequency reported in

another study (75% in [P-rosy] ; Daniels et al., 1985).

In conclusion, we found a clear relationship between

the developmental defect and the amount of inserted

DNA within the promoter of the pros gene.

Male homosexual courtship behaviour is the second

Voila1 phenotype that was rescued after remobilization

of the PGal4 transposon. We focused on the intensity

of male homosexual courtship (CIm) because this

parameter differed more than 5-fold between control

and mutant males. Of 61 strains, 41 exhibited a

rescued CIm (¯ a low level of homosexual courtship) ;

while the strains with a clean excision of the Gal4

transposon (14, 45 and 64) were among this group of

rescued strains, so were other strains still retaining a

PGal4 sequence. In a limited number of strains, the

CIm was intermediate between the CIm of control

and mutant strains, and in another small group of

strains the CIm was not different from that of

Voila1}TM3 mutant males (¯ a high level of homo-

sexual courtship). The continuous variation in CIm

indicates that the intensity of male homosexual

courtship can be quantitatively controlled by various

Voila alleles. Voila1-PGal4 is strongly expressed in the

mushroom bodies in the central nervous system and in

the gustatory neurons of the legs and the proboscis, all

of which are involved in pheromone perception and

discrimination (Ferveur et al., 1995; Balakireva et al.,

1998; Savarit et al., 1999). However, we do not know

yet which part of the nervous system controls the

quantitative variation of homosexual male courtship

that occurs among the various Voilaexc strains. We

can exclude a general defect in locomotor activity

because no correlation was observed between CIm

and male locomotor activity in Voilaexc strains (data

not shown). We can also exclude the possibility that

homosexual courtship depends upon the presence of

the mini-white marker (Zhang & Odenwald, 1995),

because no such relation was found in our Voilaexc

strains.

Although the present data did not reveal a clear

relationship between homosexual courtship and the

amount of DNA inserted in the promoter of pros,

preliminary experiments performed with several pros

alleles support the hypothesis that this gene indeed

controls courtship behaviour (M. Balakireva & J.-F.

Ferveur, unpublished results). The future exploration

of the courtship defect in Voilaexc strains will be

carried out using RT-PCR analysis, in order to

determine whether different levels of homosexual

courtship are related to the aberrant production of

one or several transcripts, as in the fruitless gene

(Goodwin et al., 2000).

In conclusion, we have shown that the devel-

opmental and courtship defects described in the Voila"

strain are both caused by the PGal4 transposon, but

that they are under separate genetic control. The new

series of excision alleles will allow for a detailed

genetic and molecular dissection of these two complex

characters. Our preliminary molecular dissection

suggests that the different peaks of developmental

lethality are related to the size of inserted material,

which could in turn induce a quantitative decrease in

the Prospero protein that is normally required during

different stages of development. We have not found

any molecular correlate at the site of PGal4 insertion

to explain the variation in male courtship. For this

reason, we are currently undertaking the molecular

dissection of the regulatory regions of the Voila}pros

genomic region in order to elucidate the role of this

locus in the control of male reproductive behaviour.
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