
INTRODUCTION

The larval abdominal body wall musculature of Drosophila
consists of a regular, repetitive array of 30 different muscles
per hemisegment. Each muscle has a unique morphology,
orientation and position (Bate, 1990; Bate, 1993), and consists
of one single polynucleate myotube, while vertebrate muscles
consist of bundles of several myotubes. Common to both, the
myotubes are formed by fusion of mesodermal cells (Baylies
et al., 1998). Therefore, Drosophila is a well suited model
organism in which to study the genetics of myoblast fusion.

Specification of the muscle pattern starts during early
embryonic development. After formation of the mesodermal
cell layer, the mesoderm becomes subdivided into different cell
types based on levels of twist expression: low levels mark
future visceral and heart mesoderm, high levels prospective
somatic mesoderm (Baylies and Bate, 1996).

In the prospective somatic mesoderm, four cell groups are
specified dorsally, dorsolaterally, ventrolaterally and ventrally
by the expression of lethal of scute. From each of these groups,
one muscle progenitor cell is singled out by lateral inhibition
(Carmena et al., 1995). These cells divide asymmetrically and
provide the embryo with a subpopulation of myoblasts, the
muscle founder cells. The expression of genes such as S59and
krüppel, which specifically affect subsets of muscles, is already

switched on in corresponding founder cell subsets. Therefore,
the unique character of each future muscle is already
‘programmed’ into individual founder cells (Frasch, 1999).

The syncytial myotubes form during stages 11-14, when the
founder cells fuse with myoblasts of a second class, the fusion-
competent myoblasts. These cells do not contribute to the
identity of an individual muscles, but rather provide cell
material for the outgrowing muscle (Bate, 1990; Rushton et al.,
1995). 

Based on mutational analysis, several steps in the myoblast
fusion process can be distinguished (Paululat et al., 1999):
attraction and adhesion of fusion-competent myoblasts to
founder cells (blocked in mbc, snsand Df(1)w67k30 mutants
(Rushton et al., 1995; Bour et al., 2000; Ruiz-Gomez et al.,
2000); alignment of fusion-competent myoblasts and founder
cells with paired vesicles on either side of the adjoining
membranes (the prefusion complex); the formation of electron-
dense plaques; and, finally, vesiculation and membrane
breakdown.

For attraction, binding and the initiation of fusion, fusion-
competent myoblasts and founder cells need an asymmetric
equipment of extracellular membrane-bound components that
allows for attraction and discrimination; fusion-competent
myoblasts and founder cells fuse only with cells from the other
group, rather than with themselves (Baylies et al., 1998).
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The polynucleate myotubes of vertebrates and
invertebrates form by fusion of myoblasts. We report the
involvement of the Drosophila melanogasterRoughest (Rst)
protein as a new membrane-spanning component in this
process. Rst is strongly expressed in mesodermal tissues
during embryogenesis, but rst null mutants display only
subtle embryonic phenotypes. Evidence is presented that
this is due to functional redundancy between Rst and
its paralogue Kirre. Both are highly related single-
pass transmembrane proteins with five extracellular
immunoglobulin domains and three conserved motifs in the

intracellular domain. The expression patterns of kirre and
rst overlap during embryonic development in muscle
founder cells. Simultaneous deletion of both genes causes
an almost complete failure of fusion between muscle
founder cells and fusion-competent myoblasts. This defect
can be rescued by one copy of either gene. Moreover, Rst,
like Kirre is a myoblast attractant.
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Recently, two genes encoding members of the immunoglobulin
superfamily, snsand kirre (kirre was also named dumbfounded;
Ruiz-Gomez et al., 2000), have been reported to show the
expected features. Both encode transmembrane cell adhesion
molecules involved in myoblast attraction and/or fusion. While
Sns is expressed only on fusion-competent myoblasts, but not
on founder cells (Bour et al., 2000), kirre is expressed
selectively in the latter, but not in fusion-competent myoblasts.
We present new data concerning the role of kirre and the
involvement of its paralogue rst (Ramos et al., 1993; Reiter et
al., 1996) in myoblast fusion.

MATERIALS AND METHODS

Fly stocks and genetic methods
All stocks used in this work have been previously described.
Maintenance and manipulation of Drosophilastocks was performed
at 25°C on standard-cornmeal-molasses-agar food. Staging of
embryos was performed according to Campos-Ortega and Hartenstein
(Campos-Ortega and Hartenstein, 1997).

For misexpression and rescue experiments, we used Df(1)w67k30,
Nfa-g (courtesy of S. Artavanis-Tsakonas). The cross for the rescue
was Df(1)w67k30, Nfa-g/FM7;+/+;UAS-rst/+ × FM7/Y;twi-Gal4/+;twi-
Gal4/+. Lack of epidermal Rst expression was used as a marker for
the Df(1)w67k30 chromosome, and remnants of ectopic Rst in the
midgut region served as a marker for UAS-rst driven bytwi-Gal4.

Cloning of the kirre cDNA
During isolation of the D. virilis orthologue of rst (M. S.,
unpublished) we serendipitously isolated a related, paralogous
sequence. We subsequently identified and cloned the corresponding
D. melanogastersequence, which we named kirre, using RT-
PCR based on data of the EDGP (Cosmid 163A10– Accession
Number, AL035436; Benos et al., 2000). The complete kirre cDNA
sequence is available in GenBank under the Accession Number
AF196553.

RT-PCR 
Using the primers 5′-AGCACACCGCTTGAATCAGA-3′ and 5′-
ACAGATGCAGCACAGCACTTA-3′ specific for sequences
upstream from the two possible adenylation sites of the annotated
kirre open reading frame (Benos et al., 2000), we performed reverse
transcription (Superscript II, Life Industries) of 5 µg of total D.
melanogasterpupal RNA followed by a RNase H (Life Industries)
digestion as described by the manufacturer. Using Pfu turbo DNA-
polymerase (Stratagene), 10 µl of the resulting cDNA was used in a
100 µl PCR with 60 pmol of primers that flank the complete kirre
ORF (5′-TTAAACATGAGTGGCCAGAGG-3′ and 5′-TTGCCGC-
TGAAAATGAAGCG-3′). PCR conditions were 94°C for 3 minutes,
35 cycles of 94°C for 1 minute, 55°C for 1 minute and 72°C for 12
minutes, and finally 15 minutes at 72°C. PCR was performed in a
Robocycler (Stratagene). 

The untranslated regions (UTRs) were cloned using the Rapid
Amplification of cDNA ends (RACE) protocol as described elsewhere
(Dieffenbach and Dveksler, 1995). For the 3′UTR, the adapter primer
CCAGTGAGCAGAGTGACGAT15 was used in RT of 5 µg of total
pupal RNA as above. Primers for PCR were 5′-CAGAGTCCG-
TCCGGTCAGTT-3′ and 5′-CCAGTGAGCAGAGTGACG-3′, and in
a nested PCR 5′-GACCTCTGGCCACTCATGTT-3′ and 5′-GAGG-
ACTCGAGCTCAAGC-3′. 

For the 5′-UTR, the primer 5′-GGCGGAACGAGAACGGTTAG-
3′ was used in RT of 0.5 µg commercial embryonal polyA-RNA
(Clontech) as above. Nested PCRs were performed using 5′-GC-
GGATAAATGTCCAATGAG-3′ and 5′-TGCCGACCATCGAGTAG-
CGT-3′ with adapter primers as above. Amplification products were

subcloned into the pCRII-TOPO vector (Invitrogen) and sequenced
until all ambiguities were resolved. 

Single fly PCR
One to three flies of the relevant genotype were frozen in liquid
nitrogen and incubated overnight at −80°C. After addition of 50 µl 1×
PCR buffer per fly, the mixture was heated to 94°C for 3 minutes and
tissue was mechanically disrupted. The resulting solution (5 µl) was
used in a standard 50 µl PCR reaction. Primers specific for kirre were
5′-CTGATCCTGACGCTGCTCCT-3′ and 5′-GGCGGAACGAGAA-
CGGTTAG-3′. Primers spanning the presumed transcriptional start
site of rst were 5′-CACTCTGACTAATTCACAATG-3′ and 5′-
GAGTTGAGATCAAAGAGCCCAG-3′. PCR conditions were: 94°C
for 3 minutes, 5 cycles of 94°C for 1 minute, 58°C for 2 minutes and
72°C for 40 seconds, and then 30 cycles of 94°C for 30 seconds, 56°C
for 40 seconds and 72°C for 40 seconds, followed by 72°C for 10
minutes.

In-situ hybridization
Embryo dechorionation, devitellination and fixation was carried out
as previously described (Ashburner, 1989). In situ hybridization was
performed as described previously (Oxtoby and Jowett, 1993) and, for
probe [K], according to Tautz and Pfeifle (Tautz and Pfeifle, 1989).
Probes were selected on the basis of least nucleotide sequence
similarity to exclude potential cross-hybridization. For kirre two
different probes were used with identical results: probe [K] was
isolated using the primers 5′-CAAGAGCGAACAGAGCAAGA-3′
and 5′-CATCTGAACATCGGGCATCG-3′. Probe [K intra] was
isolated using the primers 5′-GTAATACCGGAGGCATCACG-3′ and
5′-TTAAACATGAGTGGCCAGAGG-3′. As for rst, we used a probe
isolated using the primers 5′CTGTAAGAAGCGCACCAAGC3′ and
5′-GCTAAGTGCCTAACCTAAGC-3′. 

Immunocytochemistry and microscopy
Immunocytochemistry was performed as described (Schneider et al.,
1995). Antibodies used were against myosin heavy chain (1:1000-
1:10,000; Kiehart and Feghali, 1986), Rst (1:10, mAB24A5.1;
Schneider et al., 1995), β-3-tubulin (1:1000, provided by R.
Renkawitz-Pohl), β-galactosidase (1:1000, abcam, Cambridge, UK)
and GFP (1:250, abcam). Laser scanning microscopy was carried out
with Leica TCS-NT and Leica TCS4D microscopes. Data were
processed using AMIRA-2.2 (Indeed, Berlin, Germany) and
Photoshop (Adobe).

Heat shock treatment
Homozygous pCa18Z∆3.1 flies (Moda et al., 2000) were placed on
grape juice plates for 1 hour to lay eggs. Eggs were allowed to develop
at 25°C for 7 hours and then incubated in a waterbath at 34.5°C for
4 hours. This means that individual embryos were heat-shocked
starting at late stage 11 to late stage 12 until late stage 14 to mid stage
15. Controls were treated at 25°C instead of 34.5°C.

RESULTS

Overexpression of rst interferes with muscle
development
Although the embryonic rst expression pattern is highly
dynamic, none of the known loss-of-function mutations is
lethal (Ramos et al., 1993). We used pCa18Z∆3.1 flies (Moda
et al., 2000) to overexpress a secretable extracellular version
of the protein by heat shock induction. Heat shocks applied
during stages 12 to 15 induced embryonic lethality. Analysis
of these embryos revealed muscle defects (Fig. 1A-D).
Secretable Rst interfered with myoblast fusion. In heat shocked
pCa18Z∆3.1 embryos, the muscles were thinner and more
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unfused myoblasts could be observed than in
heatshocked yw control embryos. 

Additionally, we used the UAS/Gal4 system (Brand
and Perrimon, 1993) to express a full-length rst-
construct under transcriptional control of the da-Gal4
driver (Wodarz et al., 1995). The genotype da-
Gal4/+;UAS-rst/+, caused embryonic lethality and
induced defects in myoblast fusion: muscles were
conspicuously thin and unfused myoblasts were present
in large numbers (Fig. 1E, asterisk). Moreover, some
muscles seemed to be unable to find their proper
attachment sites within the epidermis (Fig. 1E, arrow).
Mesodermal overexpression of rst mediated by twist-
Gal4 (Baylies and Bate, 1996), 24B-Gal4 (Brand and
Perrimon, 1993) or twist-Gal4; 24B-Gal4 drivers
neither caused lethality nor scorable muscle
phenotypes. Ectodermal expression using 69B-Gal4
(Castelli-Gair et al., 1994) did not cause obvious
phenotypes, except for some unfused myoblasts
attached to the epidermis still present in stage 16 (data
not shown).

Removal or truncation of Rst causes mild
muscle defects: rst is not essential for muscle
development
As overexpression of Rst causes dramatic muscle
defects and lethality, we analysed rst mutants in detail.
Loss of Rst protein in rstirreC1 (Schneider et al., 1995)
was not lethal. However, embryos homozygous for
rstirreC1 did show mild muscle defects. Individual
muscles were missing in some, but not in all segments
(Fig. 1F, arrowheads). Embryos homozygous for the
allele rst6, carrying a truncated version of the
intracellular domain of Rst (Ramos et al., 1993),
showed thin muscles and sometimes lacked them
entirely (Fig. 1G, arrowhead) in some segments.
Furthermore, rst6 embryos exhibited muscles in ectopic
positions (Fig. 1G, arrow). 

kirre , a locus highly related to rst
The kirre locus maps cytogenetically to region 3C6 and lies 3
kb distal to Notch (Fig. 2A). The rst and kirre loci are separated
by 127 kb and are transcribed from opposite strands with their
5′ flanking regions towards each other (see Fig. 5A). The kirre
cDNA consists of 3295 residues and contains a single long
open reading frame encoding a protein of 959 amino acids.
Algorithms by Sonnhammer et al. (Sonnhammer et al., 1998)
and Nielsen et al. (Nielsen et al., 1997) identify a signal peptide
sequence (amino acids 7-31) and one putative transmembrane
region (amino acids 575-597).

The conceptual Kirre sequence shows an overall similarity
of 45% to Rst (BLAST algorithm; Altschul et al., 1997). Like
Rst, the predicted extracellular portion of the Kirre protein
displays an array of five immunoglobulin (Ig) domains (Fig.
2B; Walsh and Doherty, 1997). Stretches of high conservation
with Rst reside primarily in the region of the five Ig domains.
Within these domains, the degree of conservation successively
decreases from the N terminus to the transmembrane domain
(Figs 2B,C; boundaries of Ig domains as in Ramos et al.
(Ramos et al., 1993)). Both proteins contain stretches of amino
acids with short side chains at differing positions (Fig. 2B,

arrows): Rst contains a stretch of glycines between the second
and third immunoglobulin-domain and Kirre harbours an array
of 18 serines interrupted by a single glycine residue at the N
terminus.

The intracellular domain of Kirre is considerably longer than
that of Rst and displays only low overall homology with the
one of Rst. However, three highly conserved motifs were
detected (Fig. 2C): One is located close to the transmembrane
domain consisting of the sequence PADVI. The second motif,
R[Y/F]SAIYGNPYLR(S)[S/T]NSSLLPP, corresponds to the
consensus sequence of autophosphorylation domains of
receptor tyrosine kinases (Yarden and Ullrich, 1988). The third
motif, T[A/H]V, resides at the C terminus of both sequences
and corresponds to the consensus sequence of the PDZ-binding
motif ([T/S]XV; Garner et al., 2000). In addition to the site
contained in the putative autophosphorylation domain, one
putative tyrosine and one putative serine phosphorylation site
are conserved between Rst and Kirre (NetPhos 2.0 algorithm)
(Blom et al., 1999). A conspicuous difference between the
Kirre and Rst proteins is the lack of the opa-like repeat of Rst
in Kirre (Ramos et al., 1993).

Fig. 1. Rst overexpression and mutant phenotypes in the stage 16 abdominal
muscle pattern. Three dimensional reconstructions of confocal stacks of
antibody staining against β-3-tubulin. Anterior is to the left and dorsal is
upwards. (A) Heatshocked ywembryo. Arrowheads indicate ventral acute (va)
and ventral oblique (vo) muscles. (B) Heatshocked pCa18Z∆3.1embryo.
Muscles are thin and some are missing (e.g. ventral acute muscles).
(C) Heatshocked ywembryo. Single confocal plane interior to the muscles.
(D) Heatshocked pCa18Z∆3.1 1embryo. Single confocal plane as in C,
showing a large amount of unfused fusion-competent myoblasts. (E)da-
Gal4/+;UAS-rst/+ embryo showing unfused fusion-competent myoblasts
(asterisk), thin muscles and some muscles with ectopic projections (arrow).
Several muscles are missing. lt, lateral transversal muscle. (F)rstirreC1 mutant
embryo showing missing and thin muscles (arrowheads). (G)rst6 mutant
embryo with misled (arrow) and thin muscles (arrowhead). Asterisks mark
unfused fusion-competent myoblasts. Scale bars: 20 µm.
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Similarity searches using the BLAST algorithm showed that
the four N-terminal Ig domains of Kirre, Rst, Sns (Bour et al.,
2000) and Hibris (GenBank Accession Number, AF210316)

are closely related (Fig. 2C). Sns and Hibris have been shown
to be involved in muscle development (Bour et al., 2000) (H.
A. Dworak and H. Sink, personal communication).
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Fig. 2.The kirre and rst genes and proteins. (A) Physical map of the kirre locus. The first exon of kirre resides about 30 kb distal and is not
depicted. Unbroken lines symbolize genomic DNA present in the depicted deficiency chromosomes and the cosP479BEtransgene. Hatched
bars refer to the closest possible breakpoint predictions. Arrowheads symbolize kirre-specific primers used in single fly PCR. Open reading
frames are depicted as black bars and orientation of transcription by arrows. Restriction sites: B, BglII; E, EcoRI; H, HindIII; S, SacI; Xb, XbaI;
Xh, XhoI. (B) Schematic comparison of the Rst and Kirre proteins. Numbers refer to sizes of Immunoglobulin (Ig) domains and to percentages
of sequence identities of paralogous Ig domains, respectively. Arrows indicate the serine- and glycine-rich repeats of Kirre and Rst,
respectively. An asterisk marks the sequence stretch separating the autophosphorylation domain and the PDZ-binding motif in Kirre.
(C) Alignment of Rst, Kirre, Sns and Hibris. Residues identical in Rst and Kirre are on green background, residues identical within all four
sequences are boxed in red. Borders of Ig domains (Ramos et al., 1993) are marked by a vertical bar and an inverted triangle. Arrows indicate
cysteines involved in forming a disulphide bond. Serine- and glycine-rich repeats of Kirre and Rst, respectively, are underlined. Putative
phosphorylation sites conserved within Kirre and Rst are marked by P in an inverted triangle. Unconserved sites are boxed. APD,
autophosphorylation domain with consensus sequence below; IC, intracellular domain; IG, Immunoglobulin domain; PADVI, conserved motif;
opa, opa-like repeat; PDZ, PDZ-binding motif; SP, signal peptide; TM, transmembrane domain. Boxed sequence stretches contain the
corresponding patterns.
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The spatial expression patterns of rst and kirre
overlap in muscle founder cells 
We performed in situ hybridization using probes specific for
kirre and rst, respectively (see Materials and Methods), to
identify temporal and spatial expression domains for both
genes.

Expression of rst mRNA could be detected in embryonic
stages 4 to 14 (Fig. 3A-F) (Ramos et al., 1993). During
stage 12, the rst transcript was detected in the majority
of mesodermal cells (Fig. 3E). During stages 13 to 14
mesodermal expression of rst could be detected close to the
epidermis at positions where muscle founder cells reside (Fig.

3F′out), as well as immediately interior of the founder cells
where fusion-competent myoblasts can be found (Fig. 3F,
asterisk, Fig. 3F′ in). Unlike for kirre, we were never able to
identify individual muscle precursors based on rst labelling.

In comparison with rst, the expression of kirre is more
restricted and switched on later during development. The kirre
mRNA was detected from stage 11 through to stage 16 (Fig. 3G-
L). During stages 12-13, the kirre probe labelled segmental
clusters of mesodermal cells close to the epidermis. Based on
position and morphology, this suggests that kirre is expressed in
muscle founder cells (Fig. 3I,I′). During stages 13 to 14, kirre
labelled outgrowing founder cells and muscle precursors (Fig.

Fig. 3. Comparative analysis of rst and
kirre expression patterns. Anterior is
towards the left. Dorsal is upwards for
A,I,K (lateral view) and F,H,L
(ventrolateral view). (B-E,G) Dorsal
view. (A-F) rst in situ hybridization.
(A) Expression ofrst starts during stage 4
in seven stripes enveloping the embryo.
Soon thereafter this pattern fades and rst
is expressed dorsally in procephalic
regions and in the future amnioserosa,
while ventrally the striped pattern
remains present during invagination of
the ventral furrow (data not shown).
(B) At stage 8, rst labels a segmental
pattern in mesectodermal cells.
(C) During stage 9, rst is expressed in the
midline (arrow) and mesodermal cell
clusters (arrowhead). (D) At stages 10 to
11, the staining in the midline increases
and rst starts to label progenitors of the
visceral muscles (arrowhead). (E) At
stage 12, the midline staining fades and
rst is expressed strongly in the majority
of mesodermal cells. (F) At stages 13-14,
rst labels segmental stripes of
mesodermal cells close to the epidermis.
(F′out) Focal plane close to the epidermis:
rst expression includes regions where
founder cells reside. dl, dorsolateral; l,
lateral; v, ventral clusters (d, dorsal
cluster out of focus in F’out). (F’in) Focal
plane somewhat further interior within
the mesoderm: rst is expressed where
fusion-competent myoblasts reside.
(G-L) kirre in situ hybridization.
(G) Expression of kirre starts during
stage 11 in the progenitors of the visceral
muscles (arrowhead). (H) kirre
expression can be detected up to stage 16, when kirre labels a ventral u-shaped structure at the posterior end of the head region (arrowhead) and
two regions more anterior (arrow). (I) During stages 12 to 13, kirre is expressed in segmental clusters close to the epidermis at positions where
founder cells reside. (I’) Higher magnification of the boxed region in I, showing kirre expression in the dorsal group of muscle founder cells
(d). (J) Scheme of the larval muscle pattern. Depicted in red are muscle groups that can be identified in K′,L′. (K,K′,L,L′) Expression of kirre in
outgrowing muscle founder cells/precursors in stage 13-14. lt, lateral transversal muscle precursor; vt, ventral transversal precursor. (M-O) Rst
antibody staining of abdominal hemisegments of embryos of the rP298lacZenhancer trap line. Green labels β-galactosidase-expressing nuclei
and red highlights Rst signal. (M) Single confocal plane within somatic mesoderm of a stage 13-14 rP298lacZembryo. Arrowheads indicate
cells labelled for Rst and β-galactosidase. (M′) Reconstruction of one hemisegment viewed from anterior. Position and morphology of Rst-
labelled cells that do not express β-galactosidase strongly suggests that these cells are fusion-competent myoblasts. vm, visceral muscles.
(N,N′) Staining of stage 13 to 14 rP298lacZembryos in a mbcC1 background are roughly comparable with M,M′. (O) In older embryos of the
same genotype, Rst expression can be detected in fibrous cells expressing β-galactosidase (founder cells), while it is very weak in fusion-
competent myoblasts. v, ventral founder cells; sb, founder cell of segment border muscle. Scale bars: 20 µm.
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3K,K′,L,L′). Our data regarding kirre localization reconfirm
results reported by Ruiz-Gomez et al. (Ruiz-Gomez et al., 2000). 

A monoclonal antibody against Rst (Schneider et al., 1995)
was used to address protein expression in more detail.
Crossreactivity of this antibody with Kirre was ruled out by the
complete absence of staining of embryos homozygous for the
rst null allele rstirreC2 (see Fig. 5A). As the proximal breakpoint
of this inversion lies within the second intron of the rst gene,
it should leave expression of kirre unimpaired, which resides
about 127 kb more proximal. Moreover, staining of wild-
type embryos using this antibody reconfirmed rst in situ
hybridization patterns.

To determine the myogenic cell types expressing Rst, we
used the muscle founder cell-specific enhancer trap line rP298-
lacZ (Nose et al., 1998). During embryonic stages 13 to 14, all
cells expressing β-galactosidase also showed Rst staining in
their periphery (Fig. 3M), indicating that Rst is expressed by
muscle founder cells. As predicted by in situ hybridization, Rst
was also detected in mesodermal cells that did not express β-
galactosidase. Morphology and position of these cells suggest
that they are fusion-competent myoblasts (Fig. 3M′). The
localization of Rst within the membranes of myogenic cells
was restricted to discrete spots (Fig. 3M,N).

In rP298-lacZ embryos, fusion-competent myoblasts that
have started to fuse with founder cells begin to express β-
galactosidase. This complicates the distinction between the two
cell types. To determine whether Rst is expressed in isolated
founder cells, we crossed rP298-lacZ into a mbcC1 genetic
background (Fig. 3N-O). In mbcC1 embryos, myoblast fusion
is almost completely blocked and by stage 16 these embryos
display a pattern of isolated, globular, fusion-competent
myoblasts and stretched out, fibrous muscle founder cells
(Rushton et al., 1995). By stages 13 to 14, antibody staining
for β-galactosidase and Rst revealed a pattern comparable with
staining in a wild-type background (Fig. 3N,N′). However,
during stages 15 to 16, Rst expression on fusion-competent
myoblasts almost completely disappeared, while labelling was
pronounced on the cytoplasmic extensions of founder cells
(Fig. 3O). Moreover, as rP298lacZ mirrors kirre expression
(Ruiz-Gomez et al., 2000), it follows that the expression
patterns of rst and kirre overlap.

Muscles attach at specific sites in the epidermis, the
apodemes. Rst is also expressed in the apodemes (Fig. 4), as
shown by immunodetection of Rst in embryos of the apodeme-
specific lacZ-reporter Wβ1HI-lacZ (Buttgereit, 1993).

Deletion of kirre does not cause obvious muscle
defects: kirre is not essential for muscle
development
We used combinations of available chromosomal
rearrangements to generate flies deficient for the kirre gene.
Several deletions are available that remove the Notchlocus and
varying stretches of the genomic area 5′ of Notch(Fig. 5A). In
order to obtain kirre-deficient males, we combined Df(1)N54l9

(Lefevre and Green, 1972; Perlman, 1983) with the transgene
cosP479BE(Fig. 5A) that rescues the Notch function (Ramos
et al., 1989). Similarly, kirre-deficient females were generated
by placing Df(1)N54l9 in trans over Df(1)w67k30. The latter
deficiency removes the genomic region, including subdivisions
3C2 to 3C6 that containw, rst and vt (Fig. 5A) (Lefevre and
Green, 1972). The proximal breakpoint is located just proximal
to the region where kirre is located and leaves Notch intact
(Fig. 2A) (Grimwade et al., 1985). The progeny of both crosses
carry at least one wild-type copy of Notch and hence rescue
the Notch-dependent lethality. 

As reported previously (Lefevre and Green, 1972; Ramos et
al., 1989), both crosses give rise to viable adult flies. We
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Fig. 4.Rst is expressed in the apodemes. Double staining of
abdominal hemisegments of the Wβ1HI-lacZapodeme specific
enhancer trap line shows overlap during stage 14: (A) Rst channel.
(B) Overlay of Rst (red) and β-galactosidase (green). a, anterior;
iapo, intersegmental apodemes; p, posterior. Scale bar: 20 µm.

Fig. 5.kirre is not essential for muscle development. (A) Schematic depiction of the white-Notchregion and deficiencies used in this study (see
text). Df(1)w67c23is a viable deletion removing 3C2-5 (Lefevre and Green, 1972; see discussion). (B) Single fly PCR proves that kirre is not
present in the genome of Df(1)N54l9/Y;cosP479BE/+ flies. Lanes 1,3,5: kirre-specific primers. Lanes 2,4,6:rst-specific primers. Lanes 1,2:
Df(1)N54l9/Y;cosP479BE/+as template. Lanes 3,4: wild-type Berlin males as template. Lanes 5,6: no template. (C) Abdominal muscle pattern
of Df(1)N54l9/Y;cosP479BE/+embryo stained for muscle Myosin is indistinguishable from wild type. Anterior is towards the left, dorsal is
upwards. Scale bar: 20 µm.
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performed single fly PCR on Df(1)N54l9/Y;cosP479BE/+males
to confirm the absence of the kirre locus in Df(1)N54l9. The
experiments reproducibly failed to reveal an amplification
product using kirre-specific primers (Fig. 2A, arrowheads; Fig.
5B, lane 1), while the same primers gave rise to PCR products
on wild-type males (Fig. 5B, lane 3). PCR with rst specific
primers used as controls for the integrity of the DNA
preparation always showed amplification products on the same
Df(1)N54l9/Y; cosP479BE/+DNA preparations used with the
kirre-specific primers (Fig. 5B, lane2) and also on wild-type
control males (Fig. 5B, lane 4). 

To reveal a putative muscle phenotype of kirre-deficient
embryos, we analysed the muscles of non-balanced embryos.
We were unable to find defects (Fig. 5C). The GFP balancer
we used for selection of the appropriate genotypes
(FM7i,P{w+mC=ActGFP} JMR3) does not allow clear
distinction between balanced and non-balanced embryos
before stage 16-17 because of a strong maternal contribution
of GFP. To rule out the possibility of kirre-deficient embryos
displaying a muscle phenotype that arrests development before
these stages, we analysed 110 embryos resulting from a cross
Df(1)N54l9/FM6 x X/Y;cosP479BE by anti-Myosin staining and
confocal microscopy. Aside from the expected Notch
phenotypes, no defects were detectable with this antibody (data
not shown). The deficiency Df(1)N54l9 does not extend into the
rst locus, as Df(1)N54l9/rst6 females do not display the rst eye
phenotype of rst6 (data not shown). 

A kirre, rst double mutant is lethal and shows severe
muscle defects
The deficiency Df(1)w67k30 causes embryonic lethality and
displays an almost complete lack of myoblast fusion (Fig. 6;
Ruiz-Gomez et al., 2000). The genomic interval removed by
Df(1)w67k30 extends from white to kirre. As yet, there is no
single embryonic lethal locus known within this region. Hence,
the Df(1)w67k30phenotype could be caused by the removal of
two or several loci. Kirre has been shown to be a myoblast
attractant expressed on founder cells and reintroduction of kirre
can partially rescue the Df(1)w67k30 phenotype (Ruiz-Gomez
et al., 2000). Therefore, removal of kirre is partly responsible
for the Df(1)w67k30 phenotype. However, as shown above,
embryos deficient for a smaller genomic region including kirre
do not show a defect in myoblast fusion. Therefore, removal
of kirre alone cannot be responsible for theDf(1)w67k30

phenotype. As the situation for rst is similar – rst is involved
in but not essential for myoblast fusion – we conclude that the
phenotype of Df(1)w67k30 is caused by the simultaneous
removal of the rst and kirre loci.

Reintroduction of rst rescues the Df(1)w67k30

phenotype
To test the hypothesis that the Df(1)w67k30 phenotype is
partially caused by the removal of the rst locus, we
reintroduced rst into the mesoderm of Df(1)w67k30 embryos
(Fig. 7) using the UAS/Gal4-system. We used twi-Gal4 as a
driver, which mediates expression within the entire mesoderm
from gastrulation up to late stage 11, when the expression
becomes restricted to somatic muscles and to the heart (Baylies
and Bate, 1996). Expression of rst under the control of the twi-
Gal4 driver in the background of Df(1)w67k30 almost
completely restored the wild-type muscle pattern (Fig. 7B).

The muscle pattern of the rescued embryos displayed only
small defects such as ectopically projecting or thinner muscles
(Fig. 7B, arrow and asterisk). We conclude that rst alone is
sufficient to rescue the Df(1)w67k30phenotype. As the same has
been shown for kirre (Ruiz-Gomez et al., 2000), this supports
the hypothesis that the Df(1)w67k30phenotype is caused by the
simultaneous removal of rst and kirre.

Rst is a myoblast attractant
Ectopically expressed Kirre recruits fusion-competent
myoblasts to ectopic sites in a background null for bothrst
and kirre (Ruiz-Gomez et al., 2000). If Rst and Kirre are
functionally equivalent during myoblast fusion, Rst should also
be sufficient for ectopic recruitment of fusion-competent
myoblasts. We tested this hypothesis (Fig. 8) using the same
driver lines as were used for Kirre, wg-Gal4(Glise and Noselli,
1997) and dll-Gal4 (Calleja et al., 1996).

The cross Df(1)w67k30/w; dll-Gal4/+ x w/Y; +/+; UAS-rst
yielded progeny hemi- and heterozygous for Df(1)w67k30. In a
Df(1)w67k30background, overexpression of Rst driven by dll-
Gal4 recruited myoblasts to the epidermis analogous to the
results for Kirre. Fusion-competent myoblasts that would
normally reside further inside the embryo are attracted towards
the sites of ectopic Rst expression in the leg discs and in the
head region (Fig. 8B,C). Embryos that carry at least one non-
deficiency X-chromosome, albeit not defective in myoblast
fusion, also displayed attraction of fusion-competent
myoblasts to sites of ectopic Rst expression (Fig. 8D-I). These
myoblasts were still present in late stages (around stage 16),
when embryos from the same cross that did not express Rst
ectopically displayed none or only few unfused myoblasts.
Misexpression of Rst under the control of the wg-Gal4line in
a wild-type genetic background yielded comparable results:

Fig. 6. Df(1)w67k30is a rst, kirredouble mutant and shows severe
muscle defects. (A) Wild-type abdominal muscle pattern as revealed
by staining against β-3-tubulin. vl, ventral longitudinal muscles; sb,
segment border muscle. (B)Df(1)w67k30embryos display a drastic
myoblast fusion phenotype with thin outgrowing muscle founder cells
and many unfused myoblasts (asterisks). (C) Detailed view of two
abdominal hemisegments of the same embryo. Scale bars: 20 µm.
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fusion-competent myoblasts were attracted to the epidermis in
areas where Rst was ectopically expressed. During stage 16
these myoblasts were still present and resided exterior to the
developing ventral acute muscles (Fig. 8K,L).

As Rst is expressed in the apodemes, it remains unclear why
fusion-competent myoblasts do not attach to apodeme cells.
However, Rst could be detected at sites of ectopic expression
in much higher quantities than in the apodemes (Fig. 8M) and
closer analysis of different confocal sections revealed that Rst
in apodeme cells resides primarily in rings around the apical
domains (Fig. 8M,N) of apodeme cells, and not basally, where
fusion-competent myoblasts would be suspected to make
contact.

DISCUSSION

The Kirre and Rst proteins are closely related
Rst and Kirre are highly related proteins. In the extracellular
domain, all Ig domains display relatively high conservation,
with the first two domains being most similar. In contrast to
Ruiz-Gomez et al. (Ruiz-Gomez et al., 2000), we also detected
three motifs of very high sequence conservation in the
intracellular domain. Interestingly, two of these motifs may be
functionally relevant in signalling processes: one contains the
consensus sequence for autophosphorylation domains of
ligand-dependent tyrosine kinases (Yarden and Ullrich, 1988).
As we have no indication that Rst or Kirre display kinase
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Fig. 7. Reintroduction of Rst
into the mesoderm rescues the
phenotype of Df(1)w67k30, Nfa-g

embryos (see Materials and
Methods). (A)Df(1)w67k30, Nfa-

g/Y embryo displaying a strong
myoblast fusion phenotype.
(B) Df(1)w67k30, Nfa-g/Y, twi-
Gal4 x UAS-rst embryo
displaying a nearly wild-type
abdominal muscle pattern with
minor defects: some muscles are
thin (arrow) and some terminate
in ectopic positions (asterisk). (C) Hetero- or homozygously balanced embryo out of the same cross (indistinguishable from wild-type). vl,
ventral longitudinal muscles. Scale bar: 20 µm.

Fig. 8.Ectopic expression of Rst attracts
myoblasts to ectopic sites. Embryos are
stained in green for muscle-specific markers
((A-C,J-L) β-3-tubulin (D-I) muscle myosin)
and for Rst in red. (C,F,I,L) Merged images.
(A) Df(1)w67k30, Nfa-g embryo: only very few
myoblasts can be found close to the
epidermis. (B,C) Df(1)w67k30, Nfa-g; dll-
Gal4/+, UAS-rst/+embryo: attraction of
myoblasts towards the epidermis around
legdiscs (arrowheads). (D-I) Embryos from
the same cross, which are either heterozygous
or homozygous for the balancer. (D,G)
Embryo not misexpressing Rst. (E,F,H,I) dll-
Gal4/+, UAS-rst/+ embryos: ectopic
myoblasts cluster in ventral regions of the
thoracal segments up to stage 16 (E,F,
arrowheads) and in the head region (H,I,
arrowheads). (J) wg-Gal4/wg-Gal4control
embryo. (K,L) wg-Gal4/UAS-rstembryo:
attraction of myoblasts to epidermal sites
distal to the ventral acute muscles. (M,N) Two
single focal planes through the epidermis: (M)
apical position; (N) 2,5 µm below. Rst labels
basal membranes of epidermal cells only at
sites of ectopic expression (ectopic) and only
very weakly in apodemes (apo). Scale bars:
20 µm.
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activity, we propose a putative as yet unknown interaction
partner to do so. Additionally, a C-terminal stretch corresponds
to the PDZ-binding motif, which may have implications for the
subcellular localization of the proteins (Garner et al., 2000).
Indeed, Rst distribution in all tissues studied so far shows
strong subcellular localisation.

The expression patterns of rst and kirre overlap, but
are not identical
Expression patterns of rst and kirre overlap in muscle founder
cells. With regard to kirre, our results confirm those of Ruiz-
Gomez et al. (Ruiz-Gomez et al., 2000), showing expression
in founder cells and muscle precursors. As for rst, the
expression is more widespread and includes, in addition to
expression in founder cells, fusion-competent myoblasts.

Although Rst immunoreactivity is present in founder cells,
we could not unequivocally identify individual outgrowing
precursors based on Rst staining, because of subcellular
localization and the strong expression of Rst in fusion-
competent myoblasts directly adjacent. However, on
identification of precursors by staining for β-3-tubulin, a weak
residual Rst immunoreactivity can initially be detected in
precursors until the end of stage 13, which fades soon
thereafter (data not shown). With regard to the muscle
precursors, this downregulation of Rst seems to be dependent
on the occurrence of muscle fusion. In contrast to wild type,
Rst is still expressed on founder cells at stage 16 in a mbcC1

background (Fig. 3O), where myoblast adhesion is almost
completely blocked (Rushton et al., 1995). In fusion-competent
myoblasts, however, Rst is downregulated in a mbcC1

background, with large numbers of unfused fusion-competent
myoblasts still being present at that stage. This asymmetry in
regulation of Rst expression in both cell types is noteworthy.
Fusion-dependent downregulation of Rst in muscle precursors
could function in size regulation of muscles.

Rst overexpression and mutant phenotypes
Although the rst gene is not essential for muscle fusion, small
defects like thinner and missing muscles can be detected in rst6

and rstirreC1 individuals, indicating the involvement of rst in
muscle development.

Overexpression of a secretable, extracellular version of Rst
during stages when myoblast fusion occurs (stages 12-15)
leads to embryonic lethality and defects in myoblast fusion.
Mechanistically, the extracellular part of the protein may
compete with endogenous Rst for an as yet unknown
extracellular ligand or, as the Rst protein has been shown to
mediate homophilic cell adhesion (Schneider et al., 1995), the
extracellular domain could also bind to endogenous Rst and
thereby disturb its function.

Ubiquitous overexpression of the full-length Rst protein also
caused embryonic lethality and a severe muscle fusion
phenotype. Ectodermal overexpression of Rst did not cause
defects in the muscle pattern but ectopic localization and
prolonged occurrence of myoblasts at sites of ectopic Rst
expression. Mesodermal expression did not induce any
detectable phenotype. The reason why global misexpression of
Rst differs from misexpression in the mesoderm alone (in most
of which Rst is expressed anyway) and from misexpression in
the ectoderm alone appears to be the increase of Rst expressing
sticky surfaces: the withdrawal of fusion-competent myoblasts

from recruiting founders and precursors may considerably
lower the probability for these cell types to contact each other.

Some of the defects observed in rst mutants concern muscles
in ectopic positions (Fig. 1E,G, arrows). Even though Rst is
expressed in the apodemes, our data do not point to an essential
role for kirre and/or rst in myotube guidance or attachment:
analysis of the subcellular localization shows accumulation of
Rst primarily around the apical borders of the apodemes, rather
than basally, where outgrowing muscles would be expected to
make contact. Moreover, apodeme specification is also not
blocked in individuals lacking ectodermal Rst and Kirre, as
judged by the muscle pattern (Fig. 7B). Hence, a putative
function of Rst in apodeme specification would be redundantly
safeguarded by additional as yet unknown factors. Apodeme
specification is also not disrupted in da-Gal4/+;UAS-rst/+
embryos, as revealed by antibody staining against Alien
(Goubeaud et al., 1996; data not shown). This clearly rules out
the possibility that the strong muscle phenotype observed in
these embryos is due to defects in specification of the muscle
attachment sites, and argues that restricted expression of Rst is
not essential for normal apodeme specification to occur. This
is underlined by the fact that 69B-Gal4/+;UAS-rst/+embryos
that express Rst only in the ectoderm do not show attachment
defects (data not shown).

Simultaneous deletion of kirre and rst blocks
myoblast fusion
The deficiencyDf(1)w67k30deletes the genomic region 3C2-
3C6, including rst and kirre. It has been reported previously
that Df(1)w67k30 is associated with a lethal myoblast fusion
phenotype (Ruiz-Gomez et al., 2000). Our analysis of flies
deficient for kirre, but not for rst, revealed that neither kirre
nor rst alone are essential for myoblast fusion. Moreover,
reintroduction of rst into the mesoderm restored the
Df(1)w67k30phenotype to almost wild-type, as has been shown
for kirre (Ruiz-Gomez et al., 2000). Hence, one copy of either
rst or kirre is sufficient to restore the wild-type muscle pattern.
Furthermore, ectopic expression of Rst mediated ectopic
recruitment of fusion-competent myoblasts as has been shown
with Kirre (Ruiz-Gomez et al., 2000). Given the overlapping
mesodermal expression patterns of rst and kirre, and the
significant structural similarity between the two proteins, we
conclude that rst and kirre have at least partially redundant
functions during muscle development.

Our findings may provide a molecular basis for the findings
of Lefevre and Green (Lefevre and Green, 1972), who
proposed a genetic duplication between 3C2-5 (the rst locus
resides at 3C5) and 3C6: individuals are viable when either one
of the regions 3C2-5 or 3C6 is deleted; however, they die when
both are missing (Fig. 5A). Even though kirre is now mapped
to 3C7 (FlyBase – http://flybase.bio.indiana.edu), the mapping
data of Lefevre and Green can account for kirre, since other
mapping data put the kirre locus into 3C6: the 5′ end of Notch
was mapped in between 3C6 and 3C7 (Rykowski et al., 1988)
and the faswb deletion, which resides in between kirre and
Notch(Fig. 2A) (Ramos et al., 1989), has been shown to fuse
3C6 and 3C7 (Keppy and Welshons, 1976).

Rst, Kirre and the fusion machinery
Rst expression in fusion-competent myoblasts is not essential
for their attraction towards ectopic Kirre or Rst: myoblasts can

http://flybase.bio.indiana.edu
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be attracted to ectopic sites in a Df(1)w67k30background, where
Rst is only present at ectopic sites and not in fusion-competent
myoblasts – thus strongly suggesting a heterophilic trans-
interaction. However, as Rst has been shown to mediate
homophilic cell adhesion (Schneider et al., 1995), a homophilic
trans-interaction of Rst may also contribute to the fusion
process.

At present, the data do not allow a prediction of the
molecular mechanisms in which Rst and Kirre take part;
however, it is conceivable that they include the related cell
adhesion molecules Sns and Hbs that are expressed on fusion-
competent myoblasts (Bour et al., 2000) (H. A. Dworak and
H. Sink, personal communication). A model of the fusion
machinery may include assembly of adhesion molecules
within heteromeric complexes with differing compositions on
the side of the fusion-competent myoblasts (including Sns,
Hbs and Rst) and on the founder cells (including Kirre and
Rst). These complexes may still function after loss of single
components. It will need further analysis and binding assays
to elucidate how these membrane proteins play together and
how they are connected to the other components of the fusion
machinery.
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