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We isolated a Drosophila fickleP (ficP) mutant with a shortened copulatory duration and reduced adult-stage
life span. The reduced copulatory duration is ascribable to incomplete fusion of the left and right halves of the
apodeme that holds the penis during copulation. ficP is an intronic mutation occurring in the Btk gene, a gene
which encodes two forms (type 1 and type 2) of a Bruton’s tyrosine kinase (Btk) family cytoplasmic tyrosine
kinase as a result of alternative exon usage. The ficP mutation prevents the formation of the type 2 isoform but
leaves expression of the type 1 transcript intact. Ubiquitous overexpression of the wild-type cDNA by using a
heat shock 70 promoter during the late larval or pupal stages rescued the life span and genital defects in the
mutant, respectively, establishing the causal relationship between the ficP phenotypes and the Btk gene
mutation. The stage specificity of the rescuing ability suggests that the Btk gene is required for the development
of male genitalia and substrates required for adult survival.

The Src superfamily of non-receptor-type tyrosine kinases is
composed of four families, the Src family, the Csk family, the
Abl family, and the Btk family, each of which is represented by
multiple family members (37). These kinases have been sug-
gested to play diverse roles in cell proliferation, differentiation,
survival, and death (5, 8, 22, 32, 39, 41). Among these four
families, the Bruton’s tyrosine kinase (Btk) family is unique in
that the kinases in this family have extended N-terminal se-
quences that are called collectively the pleckstrin homology
(PH) domain (17, 18). This domain is known to bind the bg
subunits of heterotrimeric G proteins as well as membrane
lipids such as phosphatidylinositol-4,5-bisphosphate (16, 25,
27, 29). Another feature unique to the Btk family resides in the
restricted localization of its members in mammalian tissues.
For example, Btk is present only in B cells whereas the expres-
sion of Itk is confined strictly to T cells (2, 35). Similarly, one
of the two forms of the Tec kinase is liver specific whereas the
other is hepatocyte specific.

In Drosophila flies, Dsrc29A (11, 38, 43) is the sole kinase
that represents the Btk family, and it is most similar to Btk
itself in terms of overall homology. However, the reported
N-terminal sequence of Dsrc29A has no similarity to the PH
domain (37). This fact raises the possibility that Dsrc29A is not
an ortholog of Btk but represents a distinct member of the Btk
family. Deficits in Btk function are responsible for X chromo-
some-linked agammaglobulinemia in humans and X chromo-
some-linked immunodeficiency in mice, where B-cell matura-
tion is blocked (24, 28, 31, 40, 42). The defense mechanism
involving immunoglobulins secreted from B lymphocytes exists
only in higher vertebrates, and the machinery for antibody
production is expected to have its origin in an apparently
unrelated cellular function in lower animals. Thus, functional

analysis of Dsrc29A would provide insights into the evolution
of Btk-like kinases.

We have isolated a genetic variant, fickleP (ficP), that re-
moves the Btk homolog in Drosophila flies, which lack the
B-cell-dependent immune system, in a screening of mutants
with defects in mating behavior. The mating behavior of Dro-
sophila melanogaster is made up of several discrete elementary
steps (10, 13, 46). First, the male finds and tracks the female.
While tracking, the male approaches the female to tap her
abdomen with his forelegs. The male then performs courtship
songs by using unilateral wing vibration. Provided that she is
sexually receptive, the female frequently stops moving when
exposed to the courtship songs, offering the male a chance to
lick her genitalia and to attempt copulation. If the male is
successful, he mounts on and copulates with the female for 10
to 17 min. Upon termination of copulation, the male releases
his genitalia from the female’s and dismounts. These behav-
ioral acts are considered to be fixed-action patterns, i.e., in-
stinctive behavior (13).

There are mutations that are known to affect the unique
aspects of mating behavior in D. melanogaster (46, 47). The
fruitless (fru) and dissatisfaction (dsf) mutations alter the male’s
sexual orientation from heterosexual to homosexual or bisex-
ual (9, 19, 34, 45). dissonance (diss) (23), cacophony (cac) (44),
and croaker (cro) (48) are mutations that produce aberrant
courtship songs. Some mutant males court normally but fail to
copulate. celibate (cel) is an example of the class of mutation
causing this behavior (14).

Other type of mutations affect copulation and postcopula-
tory behavior. These include stuck (sk) and coitus interruptus
(coi) (14). The sk males often fail to withdraw their genitalia
after copulation, with the result that the male and female pair
tug at each other, pulling in opposite directions. The coi mu-
tation affects males, causing copulation to terminate prema-
turely, even before completion of the sperm transfer from the
male to the female. Phenotypically, ficP seemed to belong to
this class of mutations. The ficP flies exhibited an extremely
variable copulatory duration ranging from 1 to 15 min, in sharp
contrast to the wild-type flies (see above). Unlike wild-type

* Corresponding author. Mailing address: ERATO Yamamoto Be-
havior Genes Project at Mitsubishi Kasei Institute of Life Sciences, 11
Minamiooya, Machida, Tokyo 194-8511, Japan. Phone: 81-427-21-
2334. Fax: 81-427-21-2850. E-mail: daichan@fly.erato.jst.go.jp.

† Present address: School of Human Sciences, Waseda University,
Tokorozawa, Saitama 359-1192, Japan.

4405



flies, ficP mutant flies tended to mate repeatedly within a short
period (minutes).

In this paper, we show that these behavioral phenotypes of
ficP are probably a consequence of malformation of male gen-
italia. Another conspicuous phenotype of ficP is a reduced life
span after adult emergence. The functional rescue experiments
of the ficP mutant demonstrated that Drosophila Btk is re-
quired in the pupal stage for normal adult longevity and male
genital formation. The longevity phenotype is believed to be
linked to Btk expression in the developing brain, while the
genital phenotype is associated with its expression in the de-
veloping genital disc.

Interestingly, the Btk homolog is generated by an alternative
exon usage of the transcription unit for the Dsrc29A kinase
(11), which was recently reported to function in ring canal
growth during oogenesis (12, 33). Both the Btk-coding tran-
script (we refer to it as type 2) and the Dsrc29A kinase tran-
script (type 1) are expressed in the central nervous system
(CNS) and imaginal discs; the domains and/or timing of ex-
pression in these tissues are distinct from each other. Complete
loss of function of the gene (i.e., loss of both types 1 and 2)
causes oocyte undergrowth and embryonic death accompanied
by defective head involution, while selective loss of the type 2
transcript spares life but reduces the life span in the adult and
leads to malformation of the male genitalia. Thus, the single
Btk/Dsrc29A kinase gene exerts pleiotropic functions in differ-
ent developmental contexts in different tissues through the
generation of distinct forms of protein products by means of
alternative splicing.

MATERIALS AND METHODS

The jump-start method was used for mutagenesis with the BmD-w element as
a mutator and the P (ry1 D2-3) transposon as a jump starter. All flies subjected
to mutagenesis had a white2 (w2) background, whereas the BmD-w element
carried a copy of w1, allowing us to recover chromosomes with BmD-w insertions
by selecting flies with a nonwhite eye color. After establishment of fly lines with
new insertions, homozygous virgin males and females were collected at eclosion,
placed singly in food vials, and grown for 3 days. For behavior screening, single
male-female pairs were introduced into disposable plastic syringes (volume, 1
cm3). At least 10 pairs per strain were observed with the naked eye for 1 h, and
the time taken until copulation, the duration of copulation, and the percentage
of pairs copulating were recorded (19). The observations were performed by
experimenters ignorant of the genotypes of the flies. Through introduction of the
P (ry1 D2-3) chromosome into the ficP line, the mutator element was remobi-
lized, resulting in approximately 60 lines with white eyes. ficR and ficL1-3 are
representatives of these lines. The ficP mutant used in this study had been
outcrossed to the w1118 strain with the Canton-Special (CS) genetic background
for five generations. The mutant phenotypes were unchanged by this treatment.

For scanning electron microscopy, the flies were prepared for critical-point
drying and coated with a 2-nm layer of gold. Images were taken on a low-voltage
prototype scanning electron microscope.

The plasmid-rescued DNA fragment (15) was used to initiate a genomic walk
by using a l EMBL3 CS genomic library (Clontech Laboratories, Inc.). Using
Drosophila head and embryonic cDNA libraries (provided by T. L. Schwarz and
K. Zinn), 106 phages were screened and several Btk/Dsrc29A cDNAs were iso-
lated. The nucleotide sequences of the cDNAs were determined with a 377 DNA
sequencer (Perkin Elmer). Total RNA was isolated with Trizol (Gibco BRL),
and poly(A)1 RNA was prepared by oligo(dT)-cellulose affinity chromatography
with an mRNA purification kit (Pharmacia). A 1-mg portion of poly(A)1 RNA
was separated on a 1% agarose gel containing formaldehyde. Following transfer
to Biodyne-Plus (Pall), the filter was hybridized with digoxigenin (DIG)-labelled
probes and signals were detected with a DIG luminescence detection kit (Boehr-
inger Mannheim).

For the reverse transcription-PCR (RT-PCR) experiment, cDNA was synthe-
sized from 1 mg of total RNA with SuperScript II reverse transcriptase (Bethesda
Research Laboratories) and random hexanucleotide primers (Pharmacia) and
subjected to PCR with the Expand High-Fidelity PCR system (Boehringer
Mannheim). The synthetic primers used for the PCR were UPS-1 (59-CTGCG
TGAGTTTGGCAGAAACG), UPS-2 (59-CGCCCATTGGCGTGAGG),
DWS-C (59-GGTATACCGCCAGGCATATTGGC), and DWS-W (59-AGAGC
TCAAACAGCTCGGAAG). The RT-PCR products were separated by agarose
gel electrophoresis, stained with SYBR Green I (FMC Corp.), and observed with
a FluorImager 595 (Molecular Dynamics). The authenticity of the RT-PCR

products was confirmed by sequencing. Rapid amplification of cDNA ends was
performed with the Marathon cDNA amplification kit (Clontech).

For the generation of Btk/Dsrc29A transformant flies, the type 1 or 2 cDNA
was introduced into the CaSpeR-hs vector (hs-cDNA). hs-cDNA was then in-
jected into w1118 homozygous embryos with a phsp helper plasmid. Five inde-
pendent fly lines with hs-cDNA on the third chromosome were obtained, and fly
lines doubly homozygous for the transgene and ficP mutation were constructed
for examination of the activity of the transgene in rescuing the ficP phenotype.
Individuals were exposed repeatedly to heat shock treatment at 33°C for 1 h at
3-h intervals throughout the pupal stage.

In situ hybridization of whole-mount tissues was performed with DIG-labeled
single-stranded DNA probes by the method of Lehmann and Tautz (26).

Nucleotide sequence accession numbers. The sequences reported in this paper
have been deposited in the DDBJ/EMBL/GenBank database (accession no.
AB009840 and AB009841).

RESULTS

fickleP (ficP), a P-element-induced mutation in the locus
encoding the Btk homolog, was isolated during our screening
for mating-behavior mutants and found to be responsible for
variable copulatory duration with occasional remating (46).
The wild-type pair copulated for 10 to 17 min with a mean of
15 min. In contrast, copulation involving ficP mutant males
often terminated shortly after initiation. Pairs composed of a
wild-type male and a ficP female displayed a copulatory dura-
tion similar to that of wild-type pairs. Frequency histograms of
copulatory durations were constructed to aid quantitative com-
parisons of the durations of copulatory events involving the
wild-type and ficP males (Fig. 1a and b). The patterns of dis-
tribution of the copulatory durations are distinctly different in
the two histograms. The wild-type pattern basically follows a
normal distribution. Due to the significant contribution from
very short copulatory events, the distribution pattern for ficP is
seen to deviate grossly from the wild-type pattern. The distri-
bution pattern of copulatory duration for heterozygous males
is indistinguishable from that for wild-type males, indicating
that the ficP phenotype is recessive (Fig. 1c). Besides the vari-
able copulatory duration, some ficP males repeated copulation
with the same partners after uncoupling. Such multiple copu-
lation was observed in 8 of 105 pairs of wild-type females and
ficP males and in none of the 115 wild-type female-male pairs.

The mutation was considered to be induced by a P-element
insertion, because revertants were obtained at a high frequency
by excision of the P element. Among the 59 excision lines
established, 37 were phenotypically wild type (i.e., revertants),
and the remaining 22 were nonviable. Southern blot analysis
was used to define the molecular nature of these excision lines.
ficR is a revertant in which precise excision took place in the
genome and shows a normal distribution of copulatory dura-
tions (Fig. 1d). Two other fic alleles, l(2)k05610 and l(2)
k00206, were identified in a lethal P-insertion collection by
another research group (12). The fic locus thus represents an
essential gene (33). In accord with this, we obtained several
lethal alleles formed by imprecise excision of the P-element in
ficP.

The abnormal copulation behavior observed in ficP flies is
probably due to a defect in the genitalia. Although no overt
abnormality was detected in the ficP male external genitalia
from scanning electron microscopic observations (Fig. 2c and
d), dissected ficP male genitalia revealed a marked difference
from those of the wild type. Two apodemes were present bi-
laterally at the base of the penis apparatus in all ficP males (Fig.
2f), while in wild-type males a single apodeme was attached to
the penis apparatus (Fig. 2e). The genitalia of ficP/ficL1-3 males
were also noted to have two apodemes without exception (not
illustrated). ficL1-3 is a putative null allele of the locus, since its
lethality is not alleviated when it is placed over Df(2L)TE29Aa-
11, a large deficiency which deletes the entire Btk/Dsrc29A
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transcription unit together with some flanking genes. The pen-
etrance of the genital phenotype was lower in ficP/l(2)k05610
(65%) and ficP/l(2)k00206 (75%) mutants than in ficP and
ficP/ficL1-3 mutants (100% in both cases). Interestingly, in a
weaker hypomorph, ficEX1-52, obtained by imprecise excision of
the P-element from the ficP chromosome, a single apodeme
was often noted that split into left and right halves only in its
distal portion. This configuration of the apodeme suggests that
bilaterally symmetrical primordial apodemes failed to fuse dur-
ing development in these ficP mutants. In addition to apodeme
malformation, the ficP mutant males also exhibited prominent
atrophy of the posterior ejaculatory duct (not illustrated). As a
consequence of the behavioral and/or genital abnormalities,
ficP males are infertile.

The P-element insertion was located at 29A, as determined
by polytene chromosome in situ hybridization with a genomic
fragment obtained by plasmid rescue. Subsequent screenings
of a genomic DNA library allowed us to clone the 22-kb chro-
mosomal region flanking the P-element insertion site (Fig. 3).
Through a systematic search for transcripts from this region by
Northern blot analysis (see below), we identified a single tran-
scription unit that spanned the P-element insertion point (Fig.
3a).

We obtained two types of cDNA for this gene from subse-
quent library screenings. The type 1 clone was about 2.9 kb
long and was isolated from an embryonic cDNA library (a gift
from K. Zinn), whereas the type 2 clone was about 3.7 kb long
and was isolated from an adult head cDNA library (a gift from
T. L. Schwarz). Although the type 1 and 2 clones had identical
39 coding sequences, they differed from each other in the 59
half. This difference appears to have resulted from alternative
exon usage (Fig. 3a).

Sequencing of the type 1 cDNA clone revealed a long open
reading frame which encoded a protein of 603 amino acids
(Fig. 3b), if the first ATG codon was chosen as the translation
initiation site. A database search for similar sequences re-
vealed that an amino acid sequence very similar to that in the

aforementioned protein had been reported in Drosophila by
Gregory et al. (11). The reported sequence was that of
Dsrc29A. An important difference between the sequence
found in this study and the reported Dsrc29A sequence was
found in their N termini; the open reading frame for the cDNA
clones isolated by us was open for an additional 45 bp up-
stream of the methionine start codon chosen by Gregory et al.
(11). Furthermore, there were 34 amino acid differences in the
deduced protein sequences. Dsrc29A belongs to the Src super-
family, having highly conserved sequence motifs including the
SH2 (Src-homology 2), the SH3 (Src-homology 3), and the
catalytic (kinase) domains (Fig. 3b). Dsrc29A differs from Src
in that it has a long, basic N-terminal region upstream of the
SH3 domain (Fig. 3b).

Analysis of the type 2 cDNA revealed that the protein en-
coded by the second form of the transcript has an amino acid
sequence identical to that of the type 1 product in the C-
terminal two-thirds, including the SH3, SH2, and kinase do-
mains, but has a unique N-terminal stretch of 231 amino acids
(Fig. 3b). This isoform has not been reported previously. Al-
though the type 1 product does not contain any discernible
conserved motifs in its N-terminal extension, the newly iden-
tified type 2 isoform bears typical PH and TH domains, which
are regarded as hallmarks of the Btk family kinases, such as
Atk, Itk, Tec, and Btk. A striking difference between the type
2 product and Btk is the presence of a polyglycine stretch
insertion in the proline-rich region (Fig. 3b). Overall, the per-
cent similarity between the Drosophila type 2 protein and
mammalian Btk is 67.7%. When compared for each domain,
the value is 56.9% (PH), 33.8% (TH), 78.8% (SH3), 80.4%
(SH2), and 85.3% (kinase). The low value for the TH domain
is ascribable to the polyglycine stretch present in the Drosoph-
ila sequence. The similarity increases to 76.9% if only the Btk
motif in the TH domain is considered for comparison. Thus,
the type 2 product is very likely to be the Drosophila ortholog
of Btk.

Northern blot analysis with a sequence common to both type

FIG. 1. Behavioral and longevity phenotypes of the fic mutant. (a to f) Frequency distributions of copulation duration. The duration of copulation was measured
for each pair, and the copulatory events were sorted into groups defined by the duration of copulation. The number of copulatory events is plotted as a function of
duration (abscissa) for wild-type (a), ficP (b), ficP/1 (c), ficR (d), and ficP;hs-cDNA (e and f) males. ficP;hs-cDNA flies were raised at 25°C with (f) or without (e) exposure
to the heat shock regimen (see Materials and Methods). The females used were wild type in all cases. The distributions of the copulatory duration were compared
between wild-type, ficP, and ficP;hs-cDNA males with heat shock and ficP;hs-cDNA males without heat shock by nonparametric analyses of variance. The null hypothesis
that all four distributions are indistinguishable was rejected by using the Kruskal-Wallis test (in which the H variant was 64.285, where the 99.5% confidence interval
was H , 12.838). Subsequently, another null hypothesis, that two arbitrarily chosen distributions are indistinguishable, was evaluated by the simultaneous-comparison
procedure based on the Mann-Whitney U test. The distribution shown in panel f was considered to be different from that in panel b or e but not different from that
in panel a (P , 0.05), and thus we conclude that overexpression of hs-cDNA rescued the behavioral phenotype. The type 1 cDNA was used in the illustrated experiment.
A similar result was obtained with the type 2 cDNA. (g) Longevity of adult flies. Percent survival after eclosion is plotted for wild-type (CS), ficP, and ficP;hs-cDNA
flies which developed from pupae which had (1hs) or had not (2hs) been subjected to heat shock. Heat shocks were given during the period between pupation and
48 h after pupation. The type 2 cDNA was used in the rescue experiment illustrated here.
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1 and 2 clones as a probe revealed that a major 3-kb transcript
and a minor 4-kb transcript are expressed at constant levels
throughout development (Fig. 3c). In the adult stage, there are
additional transcripts, of 0.3 to 1.35 kb. The 4-kb transcript was
detectable in poly(A)1 mRNA extracted from the heads but
not from the bodies of adult flies. This transcript may represent
an isoform specific to neural tissue that occupies most of the
head. To determine the relative contributions of the type 1 and
2 transcripts to the expressed mRNA, the membrane was
probed with type 1-specific (probe A, Fig. 3a) and type 2-spe-
cific (probe B, Fig. 3a) sequences, respectively. In the wild-type
Drosophila, a 4-kb transcript was detected in the adult head
poly(A)1 RNA (Fig. 3e) when probed with the type 2-specific
sequence. In addition, the type 2-specific probe hybridized with
a transcript, of about 3 kb, in both the head and body parts
(Fig. 3e). On the other hand, the type 1-specific probe detected
a 3-kb transcript in the head and body poly(A)1 RNA. Thus,
the type 1 cDNA corresponded to a 3-kb transcript whereas
the type 2 cDNA corresponded to a different 3-kb transcript
and a 4-kb transcript. The 3-kb type 1 and 3-kb type 2 tran-
scripts are expressed in both the head and body, while the 4-kb
type 2 transcript is head specific.

The difference between wild-type and ficP strains was evi-

dent when a type 2-specific probe was used for Northern blot
analysis (Fig. 3e); neither of the 4-kb and 3-kb transcripts were
detected in ficP flies. The absence of these transcripts is asso-
ciated with the fic mutation, since ficR, a phenotypic revertant
obtained by excision of the inserted P element (Fig. 1d), has
both the transcripts (Fig. 3d). The sole transcript detectable in
ficP flies with the type 2-specific probe was distinct from any of
the transcripts found in the wild type. The mutant transcript
was slightly shorter than the wild-type 3-kb type 2 transcript,
implying that it was a truncated version of the type 2 transcript.
An RT-PCR experiment supported this hypothesis: PCR was
performed with the downstream primer specific to the com-
mon region in combination with the type 1-specific and type
2-specific upstream primers at each time. The RT-PCR prod-
ucts derived from both the type 1 and 2 transcripts were suc-
cessfully amplified from wild-type total RNA. In ficP, in con-
trast, the type 2-specific primer did not yield any product but
the type 1-specific primer successfully amplified a sequence
(Fig. 3f). Another PCR experiment demonstrated that the 59
half of the gene encoding the type 2 transcript was incorrectly
spliced to an exon of the mini-white (w) gene carried by the P
element (BmD-w) in ficP. In this experiment, the type 2-specific
upstream primer and a downstream primer specific to exon 3

FIG. 2. Morphological phenotype of the ficP mutants and tissue localization of fic mRNA. (a to d) Scanning electron micrographs of the male external genitalia
of ficP (c and d) compared with wild-type (a and b) flies. (b and d) Enlarged views of panels a and c, respectively. (e to h) Dissected male genitalia from wild-type (e),
ficP (f), ficP;hs-cDNA not exposed to heat shock (g), and ficP;hs-cDNA exposed to heat shock (h) flies. The type 2 cDNA was used for the rescue experiment. (i to p)
fic mRNA expression detected by in situ hybridization. (i and j) Ventral views of early pupal genital discs hybridized with a probe specific for type 1 (i) or type 2 (j).
(k to p) fic mRNA expression in the brain at 4 h after pupation (k), early-pupal (1-day-old) (l), and mid-pupal (3-day-old) (m and n) stages in wild-type flies. Striking
accumulation of type 2 mRNA in the mushroom body was observed only in the prepupal stage (arrow in panel k; an enlarged view is illustrated in panel o) and in the
late pupal stage (arrow in panel n). In the mid-pupal stage, expression of type 1 mRNA became widespread in the brain, with prominent expression in the midline glia
in the ventral ganglion (arrow in panel l). In the late pupal stage, type 2 expression was restricted to the mid-frontal region of the brain near the antennal lobe (arrow
in panel m; also shown at a higher magnification in panel p). A type 1-specific probe was used in panel l, and a type 2-specific probe was used in panels k, m, n, o, and
p. Use of a sense probe in hybridization yielded no signal (not illustrated).
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FIG. 3. Molecular analysis of the Btk/Dsrc29A locus. (a) Restriction map of the chromosomal region defined by the ficP P-element insertion (indicated by a triangle).
The Btk/Dsrc29A transcription unit is shown below the map. The direction of transcription is indicated by arrows. The exon-intron organization is illustrated below the
map at two different scales. Open boxes represent noncoding regions; solid boxes represent coding regions; and lines represent introns. The sequences used as probes
in Northern blot analysis are indicated by dotted lines at the bottom. The upstream primers (UPS-1 and UPS-2) and the downstream primers (DWS-C) for the PCR
experiments are also shown. S, SacI; H, HindIII; P, PstI; E, EcoRI; B, BamHI; X, XbaI. (b) Primary structures of the Btk/Dsrc29A products deduced from the cDNA
nucleotide sequences, and alignment of the amino acid sequence with that of human Btk. Identical residues are marked with asterisks. Conservative substitutions are
dotted. The PH, TH, SH3, SH2, and kinase domains are indicated. The Btk motif and the proline-rich region are underlined. (c) Northern blot analysis of the
developmental profile of Btk/Dsrc29A transcripts. The 4- and 3-kb mRNA species are expressed in embryos, second-instar larvae, third-instar larvae, and pupae. The
4-kb transcript is abundant in the head (H) but is not detectable in the body (B) of the adult flies. The blots were also hybridized with the Dras2 probe as a reference
for the loading amount. (d) Comparison of the transcripts expressed in the adult stage between wild-type (CS), ficP, and a revertant, ficR. Probe A (see panel a) was
used. (e) Similar comparison of the transcripts in CS, ficP, and ficR adults, detected with probe B (see panel a), which selectively hybridizes with the transcript having
the PH domain-encoding region (i.e., type 2). ficP lacks two kinds of type 2 transcripts (i.e., the 3- and 4-kb transcripts), both having the 59 sequence corresponding
to the PH domain. These two transcripts are present in ficR and in the wild type. The 4-kb type 2 transcript is detectable only in the head part in wild-type and ficR

flies. (f) PCR amplification of the type 1 and 2 products with CS and ficP RNA. Molecular size markers are shown in lane M. The primers used are as illustrated in
panel a. The type 1-specific primer and the type 2-specific primer are expected to yield products of 426 and 324 bp, respectively (arrows). ficP lacks the type 2 product.
(g) PCR amplification of CS and ficP RNA with the type 2-specific upstream primer and the mini-w-specific downstream primer. The product is detectable only in ficP

(arrow). The size of the product (approximately 900 bp) matches the expected size when the 59 half of type 2 RNA is spliced to the second exon of the mini-w gene
in the P-element. (h) Sequence of the chimeric transcript composed of 59 exons of type 2 and mini-w mRNA.

VOL. 19, 1999 DROSOPHILA Btk NEEDED FOR SURVIVAL AND GENITAL FORMATION 4409



of the mini-w gene yielded an RT-PCR product from ficP total
RNA. Sequencing of this PCR product demonstrated that the
splice donor site at the 39 end of exon 5 of the gene encoding
the type 2 transcript conjoined the splice acceptor site of
mini-w exon 2 (Fig. 3h). Therefore, we conclude that the func-
tional type 2 transcript is lost in the ficP mutant. From these
experiments, it is also clear that the 4- and 3-kb transcripts
share the 59 sequences. On the other hand, a 39 rapid ampli-
fication of cDNA ends experiment yielded two products of
different sizes. Since the size difference is ascribed exclusively
to a noncoding sequence, the two type 2 transcripts must pro-
duce the same protein.

To examine whether the ficP phenotypes are causally linked
to malfunction of the cloned gene, we generated ficP mutant
lines carrying the full-length type 1 or 2 wild-type cDNA driven
by the heat shock promoter (hs-cDNA). Although the pheno-
types of ficP resulted from the selective loss of the type 2
transcript, ubiquitous overexpression of either type 1 or 2 sim-
ilarly rescued these phenotypes. This fact suggests that the
specific phenotype of the ficP mutant reflects disruption of
specific temporal and/or spatial expression of the type 2 tran-
script rather than functional specificity of the type 2 product.

Mutant flies carrying hs-cDNA, reared at 25°C, retained the
ficP phenotype: the apodeme of the male genitalia remained
torn (Fig. 2g). Consistent with this observation, the histogram
for copulatory duration revealed a pattern similar to that for
ficP flies without hs-cDNA (Fig. 1e). Heat shock application
upon ficP homozygotes without hs-cDNA did not alleviate the

genital and behavioral phenotypes (data not shown). Subject-
ing the ficP;hs-cDNA males to heat shock throughout the pupal
stage restored normal apodeme structure (Fig. 2h) and was
accompanied by a dramatic alteration in mating behavior after
emergence (Fig. 1f). The pattern of distribution of copulatory
duration for the ficP;hs-cDNA flies after heat shock resembled
that for wild-type flies (Fig. 1a and f). The results of nonpara-
metric analyses of variance indicated that the distribution of
copulatory duration for ficP;hs-cDNA flies which had not been
subjected to heat shock was significantly different from that for
wild-type flies but not from that for ficP flies. Conversely, the
distribution for ficP;hs-cDNA flies after heat shock was signif-
icantly different from that for ficP flies but not from that for
wild-type flies. Thus, expression of hs-cDNA in the pupal stage
rescues the ficP defect in the genitalia and restores normal
copulation behavior, establishing the causal relationship be-
tween the mutant phenotype and the gene. Heat shock induc-
tion of hs-cDNA on the first or second day of pupal life was
sufficient for rescue of both the behavioral and genital pheno-
types (Fig. 4). Repeated remating was not observed between
pairs of ficP;hs-cDNA males and wild-type females, when the
males had been exposed to heat shock after the third-instar
larval stage until emergence (data not shown).

Apart from the defects in the male genitalia and mating
behavior, we noted that the life span after eclosion was de-
creased in ficP flies compared to wild-type flies (Fig. 1g). The
longevity phenotype of ficP adult flies was also rescued by
ubiquitous overexpression of either type 1 or 2 cDNA (Fig. 1g

FIG. 4. Time specificity in the rescuing effects of hs-cDNA (type 1) expression. (a) Schematic of the period when a heat shock was applied to induce transgene
expression. Six regimens (a to f) were tested. L3, third-instar larval stage. (b) Frequency histograms of the duration of copulation. The genotypes of the flies tested are
indicated above the histograms. The two histograms on the left are reproduced from Fig. 1, for comparison. Below the genotypes, the period of heat shock induction
is indicated (regimens a to f; see panel a). APF, after puparium formation. (c) Percentage of male flies having abnormal apodemes. The actual number of flies is given
below (aberrant/examined). (d) Distribution of the life span after eclosion for CS flies and ficP;hs-cDNA flies exposed to heat shock at various stages. Shown on the
coordinate is survival (in days) after emergence. The uppermost line and the lowermost line indicate the days on which 90 and 10% of the observed flies died,
respectively. The upper side and lower side of the box represent the days on which 75 and 25% of the observed flies died, respectively. The line illustrated in the box
corresponds to the day on which 50% of the flies died, i.e., the median value. N.T., not tested.
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and 4), indicating that the type 1 and 2 transcripts are func-
tionally equivalent to each other in terms of life span regula-
tion. This implies that a specific site at which type 2 mRNA,
but not type 1 mRNA, is expressed plays a critical role for adult
survival. Heat shock application upon ficP homozygotes with-
out hs-cDNA did not improve adult survival (data not shown).

The most effective period of hs-cDNA induction for rescue
of the longevity phenotype was between the last day of the
third larval instar stage and the first day of pupation (Fig. 4).
Thus, the results of the heat shock experiments suggest a
requirement for Btk/Dsrc29A in the prepupal to early pupal
stage for normal copulation and genital formation and in the
third larval instar to early pupal stage for normal adult life
span.

To study the tissue localization of the Btk/Dsrc29A transcript
during the “critical period,” whole-mount in situ RNA hybrid-
ization was performed (Fig. 2i to p). Both the type 1 and 2
transcripts were detected in the male genital disc (Fig. 2i and
j), although their expression patterns were distinctly different
from each other. The expression of the type 1 transcript is
confined to the middle portion of the anterior bulbus (Fig. 2i),
which is known to form the internal genitalia (4). On the other
hand, the type 2 transcript is strongly expressed along the edge
of the male genital primordium facing the lumen (Fig. 2j). Fate
map studies (4) indicated that this part of the male genital
primordium contributes to the main body of the male genitalia
including the penis apparatus, to which the apodeme is at-
tached. This finding supports the notion that the specific phe-
notype of the ficP mutant correlates with the spatial restriction
of the type 2 transcript.

The other tissue that is rich in Btk/Dsrc29A mRNA is the
CNS: particularly strong expression was detected in the cells of
the inner optic anlage (not illustrated). Several hours after
puparium formation, strong Btk/Dsrc29A mRNA expression
was noted in the cells above the mushroom bodies (Fig. 2k).
Hybridization with type-specific probes demonstrated that the
transcript expressed in the mushroom body region consisted
exclusively of the type 2 transcript. In other areas of the brain,
type 1 transcript predominates. These cells are thought to
contribute to the development of mushroom bodies (20). The
expression was detected in many mushroom body ganglion
cells but not in neuroblasts (Fig. 2m and o). Soon thereafter,
weak expression of type 1 was noted in many scattered cells in
the central brain and ventral ganglion while expression in the
optic lobe ceased. In the ventral ganglia, weak Btk/Dsrc29A
expression was detected in many scattered cells in a manner
similar to that in the central brain. Strong expression was
observed in the cells on the midline of the ventral ganglion.
Since these were irregularly shaped cells enwrapping the an-
terior and posterior comissures in each segment (Fig. 2l), they
are likely to be midline glia (1, 21, 30). The expression in the
ventral ganglia consisted exclusively of the type 1 transcript. No
expression of the type 2 transcript was detected in this region.
At around 72 h after puparium formation, nearly half of the
cells in the brain expressed type 1 mRNA. At this stage, ex-
pression of the type 2 mRNA was observed only in a cluster of
cells just above each antennal lobe (Fig. 2m) and cells near the
mushroom body. The level of type 2 mRNA expression in these
cells was remarkably high. Most of the cells expressing this
mRNA in the antennal lobe region appeared to be neurons
because the cell bodies were round. The antennal lobe is
known to consist of approximately 1,200 cells (36). Of these,
only a very small portion exhibited strong Btk/Dsrc29A expres-
sion. Interestingly, there were other clusters of cells above the
antennal lobes that did not express Btk/Dsrc29A (Fig. 2n and
p). On the other hand, four clusters of cells expressing the

mRNA per hemisphere were observed in the mushroom body
region. Each cluster apparently corresponded to the progeny
of one of four mushroom body neuroblasts. Thus, it is con-
cluded that the type 2 transcript is selectively expressed in the
cells of the mushroom body and the antennal lobe whereas the
type 1 transcript is expressed in dispersed neurons and the
midline glial cells in the CNS during the larval and pupal
stages. The localizations of types 1 and 2 mRNA appear to be
mutually exclusive in both the CNS and the genital disc.

DISCUSSION

In this study, we demonstrated that a hypomorphic mutation
in the Drosophila gene encoding the Btk-like tyrosine kinase
impairs genital development, leading to premature termina-
tion of copulation. The defects in genital structure and copu-
latory behavior were both rescued by overexpressing the wild-
type product of Btk/Dsrc29A in the first 2 days of the pupal
stage of the mutant flies. The coincidence of time specificity in
the rescuing effect of wild-type Btk/Dsrc29A cDNA on these
two phenotypes suggests that the malformation of the male
genitalia during the pupal stage is responsible for the abnormal
copulatory behavior in the adult. It should be noted, however,
that the temporal correlation between the genital and behav-
ioral phenotypes revealed by the rescue experiments with time-
restricted Btk/Dsrc29A expression does not exclude the possi-
bility of a neural origin of the behavioral phenotype. Besides
the genital and copulatory phenotypes, ficP also affects the
longevity of adult flies. The critical period for the rescue of the
longevity phenotype by the wild-type transgene was found to
be from late third instar to the early pupal stage, which is
different from that for the genital and copulatory phenotypes.

Since Btk/Dsrc29A products were expressed at high levels in
the CNS, this is a possible site of their action affecting longev-
ity. Since the ficP mutant with reduced adult life span selec-
tively eliminates the type 2 transcript, the site which normally
expresses type 2 but not type 1 mRNA should be responsible
for this phenotype. It is intriguing that the type 2 transcript
transiently accumulates in the mushroom body and the anten-
nal lobe, which are essential for higher-order behavior includ-
ing olfactory learning and memory (6, 7) and sexual orientation
(19). For determination of whether these sites are critical for
the expression of the behavioral phenotypes as well as the
longevity phenotype, further experimentation is required to
identify the tissue in which the wild-type product of Btk/
Dsrc29A must be expressed for the phenotype rescue to occur.
A targeted expression system utilizing the yeast GAL4 and the
upstream activation site sequence (3) would allow us to deter-
mine the site of Btk/Dsrc29A action relevant to longevity.

Even though a hypomorphic allele of ficP is associated with
highly specific phenotypes, Btk/Dsrc29A is pleiotropic. The
phenotypic specificity of ficP may be correlated with the obser-
vation that expression of only the type 2 transcript is affected in
the mutant, leaving expression of the type 1 transcript intact. In
fact, the Dsrc29A kinase, together with the Dsrc64 kinase, has
recently been shown to be required for ring canal growth in the
egg chamber. The widespread expression of the Btk/Dsrc29A
product also suggests that this gene is indeed pleiotropic. This
contrasts with the physiological functions of its mammalian
counterparts, Btk and Itk, which play specific roles in the
differentiation of B and T cells, the only cell types which ex-
press the respective kinases. It is speculated that the Btk/
Dsrc29A-like kinases, which are widely expressed and are
pleiotropic in function, represent ancestral members of the Btk
kinase family, which have developed during mammalian evo-
lution by gene duplication. It is probable that the descendants
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of the Btk kinase family, presumably arising from gene dupli-
cation, acquired specific roles only in the cell types to which
their expression is limited. Btk and Itk are probably represen-
tatives of such kinases.

The Btk/Dsrc29A gene is distinctly different from other
members of the Btk family genes in two respects. First, it is
alternatively spliced so as to give rise to two different proteins,
one of which has, at its N terminus, a unique domain without
sequence homology to any other known protein, in place of the
PH domain in the sibling protein. Second, the N-terminal
segments in both isomers are separated from the main body of
the protein by an intervening polyglycine stretch. This struc-
tural complexity may be necessary for the support of the pleio-
tropic functions of the Btk/Dsrc29A kinase in Drosophila, in
which no other members of the Btk kinase family exist.

It is of interest that the PH domain is dispensable for normal
copulation and survival, as evidenced by the observation that
the hs-type 1 cDNA was effective in rescuing both phenotypes
when expressed in ficP. It should be pointed out, however, that
the adult life span of the rescued mutant flies was not identical
to that of wild-type flies. Such partial rescue may indicate that
the function of the type 1 product only partially overlaps that
of the type 2 product. The type 1 product, when ubiquitously
overexpressed by heat shock induction, can complement the
loss of the type 2 product to a certain extent. Alternatively,
ectopic expression, inappropriate temporal expression, or
genomic insertion site-specific expression of the hs-cDNA
transgene could be the cause of the incomplete rescue. The
structural motifs common to type 1 and 2 isoforms may be
involved in the molecular interactions required for normal
genital development and survival.

The identification of unique associating proteins for Btk/
Dsrc29A would provide insights into the molecular signals
crucial for genital formation and for longevity. The yeast two-
hybrid system would probably enable us to identify candidate
proteins that potentially interact with the functional domains
of Btk/Dsrc29A. Screening for dominant modifiers of the ficP

phenotypes might be a feasible genetic approach to elucidate
the molecular cascade of the action of Btk/Dsrc29A in vivo.
Such experiments are currently in progress.
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