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SUMMARY

Mutations in the rolling pebbles(rols) gene result in severe
defects in myoblast fusion. Muscle precursor cells are
correctly determined, but myogenesis does not progress
significantly beyond this point because recognition and/or
cell adhesion between muscle precursor cells and fusion-
competent myoblasts is disturbed. Molecular analysis of
the rols genomic region reveals two variant transcripts of
rols due to different transcription initiation sites, rols6 and
rols7. rols6 mRNA is detectable mainly in the endoderm
during differentiation as well as in malpighian tubules and
in the epidermis. By contrast,rols7 expression is restricted
to the mesoderm and later to progenitor descendants
during somatic and pharyngeal muscle development.
Transcription starts at the extended germ band stage when
progenitor/founder cells are determined and persists until

stage 13. The proteins encoded by thmls gene are 1670
(Rols6) and 1900 (Rols7) amino acids in length. Both forms
contain an N-terminal RING-finger motif, nine ankyrin
repeats and a TPR repeat eventually overlaid by a coiled-
coil domain. The longer protein, Rols7, is characterized by
309 unique N-terminal amino acids, while Rols6 is
distinguishable by 79 N-terminal amino acids. Expression
of rols7in muscle founder cells indicates a function of Rols7
in these cells. Transplantation assays ofols mutant
mesodermal cells into wild-type embryos show that Rols is
required in muscle precursor cells and is essential to recruit
fusion-competent myoblasts for myotube formation.

Key words: Myoblast fusion, Ankyrin repeats, TPR repeats, RING
finger, Myogenesidprosophila

INTRODUCTION immunoglobulin family and presumably serves as an attractant
in the founder celldufwas the first gene shown to be essential
In Drosophila the establishment of muscle founder cellsin the founder cell to mediate already the first fusion to muscle
prefigures the larval pattern of body wall muscles (Bate andrecursor cells. These precursor cells then recruit additional
Martinez Arias, 1993). These cells are descendants &CMs from a common pool in the surrounding mesoderm to
progenitor cells, which are determined by the Notch pathwaform myofibers. IrDrosophila,myotube formation is finished
via lateral inhibition (Carmena et al., 1995) and specified byvithin a few hours.
signaling pathways such as the EGF receptor pathway (Buff et At the ultrastructural level, distinct steps in the fusion event
al., 1998). Each progenitor divides asymmetrically and giveare evident (Doberstein et al., 1997). First, cells recognize each
rise to two founder cells, each of which expresses a distinct sether and align. At the area of fusion where the cell membranes
of transcription factors and is determined to build a specifiwill later be degraded, vesicles accumulate between the
myofiber (Ruiz-Gomez, 1998; Frasch, 1999; Paululat et alindividual precursors and the FCMs. This prefusion complex
1999a). dissolves and is replaced by electron-dense plaques of
Founder cells first form bi- or trinucleated cells calledunknown composition; afterwards membrane breakdown
precursor cells by fusion to the second class of mesodermatcurs and the cells fuse. The electron microscopic studies of
cells, the fusion-competent myoblasts (FCMs) and then enlardg@oberstein et al. (Doberstein et al., 1997) were carried out with
by further fusion to form mature myotubes (Bate, 1990)stage 13 and stage 14 embryos at a time when the majority of
Recently, Ruiz-Gomez et al. (Ruiz-Gomez et al.,, 2000precursor cells have been established but abundant fusion to
analyzeddumbfoundedduf), which encodes a member of the mature muscles still takes place.
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Genetic approaches uncovered several genes essential forolsAP328 rolsXX117 ro|sP1027 and rolsP1729 were all allelic, as
myoblast fusion (Paululat et al., 1999b; Frasch and Leptirfetermined by failure to complement each other and the deficiency
2000; Taylor, 2000). The ultrastructural analysis of DobersteiRf(3L)BKA rols alleles were kept over a marked balantst3 Sb

et al. (Doberstein et al., 1997) revealed that mutations iRfd-lacZ to distinguish homozygous mutants and heterozygous

i ; ; ; mbryos at early stages. In the rP298 enhancer trap line, the P-element
individual fusion relevant genes interrupt myoblast fusion af localized on the X.chromosome (Nose et al., 1998) and the

distinct steps with regard to cell adhesion, prefusion compleg]hancer rap pattern correspondsiembfoundedRuiz-Gomez et

and plaque formatlon. The 'germyoblast city (mbg IS al., 2000). By appropriate crosses we established a fly stock carrying
expressed in, besides other tissues, all myoblasts and is hgfgo|s deficiency on the 3rd chromosome over the marked balancer
required during an early step to mediate proper recognition anty3 sb Dfd-laczand the rP298 insertion on the X chromosome.
alignment between the founder cells and the FCMs (Rushton

et al., 1995). Mbc shows homologies to the human DOCK188emobilization of P-element insertions

protein and interacts with tHrosophilahomolog of CRK, an  The P-element imols”172%and inrolsP1027was remobilized by using
adaptor protein (Erickson et al., 1997; Doberstein et al., 199he transposase source of the Ilig&0%P[ry* A2-3]/ry>0%[ry* A2-3].
Galletta et al., 1999). However, as it is present only in thdhe loss of the P-element (visible by lossrosy” marker) was
cytoplasm, its precise function is still unclear. The same holddtected by crossing single jumpstarter males with females of the
true also for Blown Fuse (Blow), a protein that is uniformly alancer line 120 (Bloomington Stock Center). Isogenic individual

S . .7 rosy lines were analyzed concerning lethality, phenotype and allelic
distributed in the cytoplasm of all myoblasts and essential tg)ltuation to the deficiendf(3L)BK9. As we noticed a second lethal

proceed from prefusion complex formation to plaguenit on the P1027 chromosome (outside the breakpoints of the
formation, all the more as it shows no homologies to proteingeficiency), we crossed this strain five times (Davies et al., 1996)
identified so far (Doberstein et al., 1997) slitks and stones against theay5% allele and named the corresponding strain with the
(sn9 mutants, which correspond to tH8-49 fusion mutant P-element in the 68F locus after rebalancoig1027ber Although no
originally found on theost’20 chromosome (Paululat et al., second hit was observed iiols”1729 the P1729line was crossed in
1999b; Bour et al., 2000), myoblasts accumulate after plaqube same way (and nameslsP1729¢j,

formation (Doberstein et al., 1997). SNS is expressed in FCMﬁhmunohistological staining of embryos

but not in founder cells, and encodes a 162 kDa nephrln-llkle unostaining was performed as described previously (Paululat et

protein that crosses the membrane and contains Ig repeats IH.,I1995). We used antibodies agaBatiubulin (Leiss et al., 1988:

the extr_acellular do_mam (Bour et al., 2000). Overexpression uttgereit et al., 1996) and against Mef2 (Bour et al., 1995) to stain
a dominant negative form of the GTPase Dracl leads tQesodermal derivatives and developing muscles. A polyclongbanti
incomplete  membrane breakdown (Luo et al., 1994)gglactosidase antibody (Biotrend, dilution of 1:5000) was used to
Interaction between Mbc and Dracl may be required t@isualize muscle precursors of the enhancer trap line rP298, the
rearrange the cytoskeleton during myoblast fusion as Mbc hasgpression of the marked balancer, and the enhancer trap pattern in
been isolated independently as a suppressor of Dracl (Nolérerolling pebblesallelesrolsP1927androlsP172 Anti-Eve (Frasch et

et al.,, 1998). Both proteins are involved in a number ofl., 1987)_ was used to selectively stain _dorsal acute mugcle 1 (DA1)
developmental processes and are clearly essential, but fd pericardial cells. The Vectastain ABC  Elite-kit (Vector
specific, for myoblast fusion. Laboratories) was used as detection system. The embryos were

: . e ; . embedded in glycerol or dehydrated and embedded in Epon and
on@esﬁﬁtggﬂi%%:rbloi égfr;%rc])tn:anrf?s Zﬁ\c/jetLaelirsitr?tpesragzicfﬁzlg%homs were taken under Normarski optics with a Zeiss A?(iophot
known at the molecular level. An important question is whether lcroscope, digitalized and processed in Adobe Photoshop.

the establishment of muscle precursor cells by initial fusiomhole-mount in situ hybridization

and further growth to muscles by recruiting further fusionwhole mount in situ hybridization was carried out essentially as
competent cells is just a timewise difference, or whethedescribed by Tautz and Pfeifle (Tautz and Pfeifle, 1989). We
distinct genes are required to proceed from the precursor to tRgnthesized antisense DIG-labeled probes by single strand PCR using
mature muscle. We present data that suggdiatg pebbles primers specific for theols6 transcript (st-Primgr: '5ACTQCCA-

(rols) might be a key component specifically required in thé3ATCGACGACCGGTTG) or therols7 transcript (It-primer: 5
muscle precursor cell to recruit surrounding myoblasts fogvgiégggﬁggéiT;gbe‘%ﬁR'(;egsphel:g‘é?\'lﬁ Igoe:]dedlitrlmogia?}lgﬁ
fUSan. Alternat_lvely the loss Of .ROIS might reduce thekindly provided by Susan Abmayr (Bour et al., 2000).

efficiency of fusion so that only mini-muscles are formed.

Electron microscopic analysis

The electron microscopic analysis was carried out as described by
MATERIALS AND METHODS Doberstein et al. (Doberstein et al., 1997) usingdls®P3283]lele.

Drosophila stocks and genetic analysis Plasmid rescue and isolation of the  rolling pebbles

The rols relevant deficiency lin@®f(3L)BK9 (which corresponds to genomic region, chromosomal walk and cDNA library

Umea stock #54650) as well as the enhancer trap Rié27and  Screening

P1729(Spradling et al., 1995) were obtained from the BloomingtonPlasmid rescue was carried out using standard molecular biology
and Umea Stock Cente21729corresponds to stock numbérk729  methods. Genomic DNA ablsP1729 flies was digested witbbal,

and P{PZ}1(3)08232 and carries a P-element at 68F01-B2027  ligated overnight and transformed into high efficiency ultra competent
corresponds to stock numb&t027and P{IArB}A490.2M3 the P-  cells (XL2-Blue, Stratagene). Thus, we obtained a 5 kb genomic
element was placed in 68F. The allelelsAP328 and rols*117were  fragment flanking the P-element insertion. Accordingly, we obtained
found in an EMS mutagenesis screen for the 3rd chromosome carriadt kb genomic fragment by digesting genomic DNAot§1027flies

out by Skeath and Doe in which the FGF-receptor muteattless  usingSal.

was found (Gisselbrecht et al., 1996). A Canton-S genomic library (Stratagene, made from 0-12 hours
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embryos) was screened using the 5 kb plasmid rescue fragment asleads to a 708 bp fragment (primer LDIIDO,TBCGGCAAATCAT-
initial probe. Several overlapping clones were isolated, subsequent@GCCGATAC; and primer LDIISP,"BCTGCCAGATCGACGAC-
subcloned into the Bluescript plasmid vector (Stratagene) and us@GGTTG, flanking the smaliols6 specific intron). A primer pair
for additional screenings. A Bxtension of 3 kb was obtained by the (B1E1D, CCAAGCTGGTCAGTGC; and B1E2U, GAGCCTCGTT-
analysis of the P1 phage DS00075 (Kimmerly et al., 1996) so that tt@TCGATG) was used to amplify a 601 bp fragment ofheéubulin
different phage clones finally spanned a genomic region of 60 kb. mRNA. All primers were chosen so that they flanked an intron in the
We isolated three cDNAs from the embryonic LD-cDNA library pre-mRNA, to distinguish amplification from genomic DNA. As the
from the BDGP EST Project (made by Ling Hong) by using aBl-tubulin fragment (601 bp) is very similar in size to tbls PCR-
genomic 3 kb probe from the mostrBgion of therols transcription  product,B1-tubulin primers were omitted in thels PCR reactions,
unit. Two of these three cDNAs were identical (6.3 kb), whereas thbut included as internal control in th@ls6 androls7 reactions. Per

third one, 5.8 kb length, differed in therggion. RT-PCR reaction with approx. 20 ng poly*}ARNA (isolated with
) o o the Qiagen One-step kit) amplifications were carried out at the
Sequence analysis, determination of ORFs and prediction appropriate annealing temperature with 30 to 35 cycles.

of protein domains

To determine exon/intron boundaries we compared the sequencesTégnsplantation procedures

the rols cDNAs to genomic sequences. For this purpose, we tools donor for transplantation, we used the offspringA$-lacZ/UAS-

advantage of the already published genomic sequen@ssphila  lacZ; rolsPfGLBKI /TM3 Sb Dfd-lacZTherols allele Df(3L)BK9was

(Adams et al., 2000) and used the independent sequenced genommarked withUAS-lacZon the 2nd chromosome (P1776 from the

fragments from our library screening. To search for protein domaingloomington Stock Center, thiBrosophila stock was additionally

we applied the SMART-Tool of the EMBL (Schultz et al., 1998; marked withUbx/Sbhon the 3rd chromosome) and balanced a8

Schultz et al., 2000). Sb Dfd-lacZ The strairdaughterless GAL&aGAL4 with ubiquitous
Sequence data fapls7 and rols6 have been deposited with the GAL4 expression (Wodarz et al., 1995) (supplied by R. Klapper)

EMBL/GenBank Data Libraries under Accession Numbersserved as a recipient (Klapper, 2000). All transplantation experiments

AF386647 (ols7) and AF386648r6Is6).

e

Determination of the developmental
expression profile by RT-PCR

Primers were designed to amplify a common
of therols mRNA leading to aols PCR fragmer
of 580 bp from the MRNA and a genomic fragn
of 830 bp (primer LDI-14, CCACCATCG(
TATGCGAGC; and LDI-20, CTTCAGGTI
GTGATTGCTCACG). A primer pair specific f
rols7 leads to a 705 bp fragment (primer LDA
GCCACATTGGATTATCAGTGA, primer LDR, £
CATGATGTCATTCCGATTGAAG flanking th
rols7 specific intron). Arols6 specific combinatio

Fig. 1. Myoblast fusion is severely disturbed in
rols mutants. The muscle phenotypeab

mutants (C-H) is compared with the wild-type
(A,B) pattern of the body wall muscles. The
mesoderm is visualized with antibodies against
3-tubulin. (C)Df(3L)BK9embryo, stage 16,
lateral view; the number of myotubes as well as
their orientation is altered significantly. (D) Same
embryo as in C but at a higher magnification; the
disarranged myotube pattern as well as single,
unfused myoblasts (arrow) are shown. (E)
Df(3L)BK9embryo, stage 16, dorsal view; the
dorsal vessel is nearly undisturbed; most unfused
myoblasts are arranged nearby formed myotubes.
(F) Same embryo as in E, but at higher
magpnification; the alignment of unfused
myoblasts (arrow) at individual muscles is
evident. (G)olsAP328 EMS-induced allele, late
stage 16, lateral view; the pattern of the somatic
muscles is also severely disturbed, however,
owing to the later embryo stage, the number of G
unfused myoblasts is reduced in comparison with
C. (H)rolsP1729ber 3 p-element induced allele,
stage 15, dorsolateral view. As in the other alleles
muscle number is reduced, and many unfused
myoblasts are visible; also the pharynx (arrow)
shows fusion defects. Again, the dorsal vessel is
only weakly affected.
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Fig. 2. Muscle founders/precursors are
determined correctly irols mutants. All g
nuclei of muscle founder cells are visualized at*
late stage 13 in the enhancer trap line rP298 by
the antiB-galactosidase antibody. The
expression of rP298 was monitored in embrya
homozygous for the deficien®f(3L)BK9(B) - N

and revealed essentially a wild-type pattern A B
(A). However, at stage 15/16, the number of 1
rP298 positive nuclei irols mutant embryos
(D) is significantly reduced compared with
wild type (C). Eve expression in wild-type
embryos marks the nuclei of dorsal muscle 1
(DAL, marked by a white circle in one
segment) and pericardial cells (pc) (E). In
rolsP1729mutants, Eve staining in DA1 is N
visible only in two to five nuclei (F, marked by -
a white circle in one segment). This is shown
for a younger embryo homozygous for the
deficiency (H) where two to three nuclei of
dorsal muscle 1 are stained compared with a
wild-type embryo with five to ten Eve-positive
nuclei (G).

were carried out during blastoderm stage (1
et al., 1996) and beginning gastrulati
Mosaics were generated by remov
approximately 25 cells from the mesoder
anlage of donor embryos and transplar
three to five cells homotopically in up to

host embryos. Transplantations were cal
out between 40-60% EL (egg length). To se
hetero- and homozygous donor embryos, si
developed donors were dissected and st:
for B-galactosidase activity achieved by

TM3 Sb Dfd-lacZ balancer. All host embry:
with cells from an individual donor were rais
together in culture and dissected as third ir
larvae. Spreading of the musculature ..__

achieved by briefly dipping the larvae into a 60°C water bath (Hoopeil his deletion maps to the cytological positions 68E2-3; 69A1.
1986). Histochemical demonstration Bfgalactosidase expression Mesoderm differentiation is severely disturbed compared with
was carried out as described by Meise and Janning (Meise alwﬂd-type embryos (compare Fig. 1C-H with Fig. 1A,B); most

Janning, 1993). The detection[bbalactosidase expression was only rejiably, we detect clusters of unfused myoblasts, which fail to

possible in syncytial tissues whdoAS-lacZand daughterless Gal4 form myofibers at late stages of embryogenesis (Fig. 1D,F).
are co-expressed. This method of syncytium detection was establis named the transcription unit responsible for the fusi’on

by Klapper et al. (Klapper et al.,, 2001a). defects rols, owing to the appearance of the scattered
distribution of the unfused myoblasts.

RESULTS The rols gene is essential for myoblast fusion
) o The relative size of the deletion suggests that many genes are
The identification of the  rols locus removed. To identify the gene responsible for the mutant

We screened a collection of deletion mutants for defects iphenotype, we analyzed lethal P-element inserts located within
muscle formation to identify novel genes required for myoblasthe deleted region for defects in muscle formation. We
fusion (Bloomington and Umea stock collection, about 70% ofdentified two P-element insertiorf31027andP1729from the

the collection for 3rd chromosome). The mesoderm specifiBloomington collection, which lead to embryonic lethality and
B3-tubulin isotype is expressed before myoblast fusiorshow the same muscle fusion phenotype as the deficiency. The
(Buttgereit et al., 1996). Thus, we use@3tubulin specific originalP1027chromosome contains two mutations leading to
antibody to visualize mesodermal cells in mutants. Thigethality in the homozygous situation. These mutations were
strategy has been successfully applied for P-element-induceéparated by meiotic recombination and the strain with a single
mutations described previously (Burchard et al., 1995; Paulul&-element insertion at 68F was namel$P1027%er Embryos

et al., 1995). Most of the deletion mutants show seversomozygous forolsP1027berand as well as forolsP1729er(g
distortions (e.g. in segmentation). However, embryogleansedrols"1729 chromosome, see Material and Methods)
homozygous for a small deletion on the left arm of the thirdshow strong fusion defects (Fig. 1H). AslsP1027 fails to
chromosomeDf(3L)BK9 exhibited a clear muscle phenotype. complementolsP1729 we concluded that these two P-element
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Fig. 3. Ultrastructural analysis abls mutants
show that Rols is required for alignment of
muscle precursor cells with FCMs. Electron
micrograph of an early stage f8sAP328
mutant embryo (A) reveals closely associated
cells (arrow) but in contrast to the wild type, n@#;
fusion complexes are evident. At stage 14 (B)&
myoblasts irrols mutant embryos have lost e
contact with muscle precursor cells compared

with wild-type where prefusion complexes )
(Doberstein et al., 1997) are evident.
Arrowheads indicate myoblasts, whereas the
double arrowhead shows a trinucleated
precursor cell. Regions of the endoderm (en)
and the visceral mesoderm (vm) are marked #& %
with arrows. - Gy

inserts  were allelic.  Additionall .’% -
remobilization of both P-elements in [
cleansed P-element insertion lines rest
viability, strong evidence that these P-elements disrupt theart by cell death of unfused myoblasts which are cleared away
function of therols gene (data not shown). by macrophages, as previously observed in another muscle
Furthermore, we identified two EMS-induced alleles fromfusion mutant (Rushton et al., 1995).
the collection of Skeath and Doe (Gisselbrecht et al., 1996), Embryos homozygous for the mutaots alleles develop
which failed to complement the deficiency as well as the Puntil shortly before hatching as dorsal closure is evident
alleles. As they exhibit an identical fusion phenotype, w&shown for Df(3L)BK9, for example) (Fig. 1E). Many
named thentolsAP328 and rols*X117 [ ooking at the muscle unfused myoblasts were present and we found some muscle-
morphology, fusion was severely disturbed as in all atbler like fibers with only a few nuclei (Fig. 1C-H). We propose
alleles (Fig. 1G). Before dorsal closure, we often observethat these muscle-like fibers represent muscle precursor cells
many unfused myoblasts per segment. In embryos at stateat stretched and tried to contact the epidermis, as originally
16/17, only a small number of irregularly shaped myofiberebserved for founder cells imbcmutant embryos (Rushton
were present, leading to a very rudimentary muscle pattern aed al., 1995). The persisting myoblasts often adhere to the
a varying proportion of unfused myoblasts (see Fig. 1C-H)myofiber-like cells (see Fig. 1D,F). Furthermore, we often
The disappearance of many myoblasts might be explained abserve that these myoblasts extend filopodia, which are

Fig. 4.(A) Genomic organization of thels locus. The A
scheme summarizes the data of our genomic walk,
data from thédrosophilaGenome Project and the

sequence analysis afls cDNAs, as well as the 3kb

determination of the P-element insertion sites. D -

gene extends about 60 kb, as indicated by the scal centromer P-1027 P-1729 relomer
is flanked towards the centromer by an open readir ~ ° \%7 ga;r

frame coding for Semaphorin 5¢ (CG5661; S, gray l ' l '

L
box). The exons common tols7 androls6 are shown E'
as black boxes, specific exons fols7 are shown as
black and white hatched boxes, while the specific e
for rols6 are shown as white boxes. The transcriptio
initiation site ofrols6 is localized within the large B
second intron ofols7. The translation initiation codol
for Rols7 and Rols6 are unique, they are localized i
the second exon unique to each message. The P-
element in the mutamolsP1927s localized 70 bp
upstream of the transcription initiation siterolfs6,
while the P-elemerf?17290f therolsP1729mutant is 1031 bp
localized within the common part of the second intr
(B) Stage-specific mMRNA levels detected by RT-PC
Poly (A)* RNA was prepared from embryos collecte
for the times indicated, and RNA from 0-4 and 4-8
hours was purified twice in order to remove genomi b4k 45h §-12 k el N 16-24 k
DNA completely. For details of the RT-PCR see
Material and Methods. Whereas ietubulin mMRNA (arrow) is present during all stagets6 androls7 are first detected at 4-8 hours,
corresponding to embryonic stages 8+bls7 reaches maximum levels between 8-12 hours (stages 12-14)roldfishows the highest levels
at 12-16 hours (stages 15-16), wheneds? already declines. During 16 hours until hatchiods6 is present at relative high levels compared
with rols7.

rols

rols
B1 + rolsé6

B1 + rolsé6
B1 + rols7
rols

B1 + rolsé
B1 + rols7
rols

B1 + rols6
B1 + rols7
B1 + rols7
B1 + rolsé6
B1 + rols7

rols

M

500 bp
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Fig. 5.Deduced amino acid
sequence of Rols7 and Rols6.
From the analysis of the cDNA
sequences, the possible open
reading frames were deduced.
According to conceptual

ROLSSP 1670 AA v
MFPLTNRSSS GNRTNNNPSN NNNNQTTSFI IGGTTNINNN NNQLGGTNSA KDKGNAEBMWKTTGRRS GSGNSCSFL 79

translationyolsé encodes a protein ROLSLP 1900 AA

of 1670 amino acids, 79 of which

at the very N terminus are unique MPSLQQIALA MEGDQSELQT PPLPINPPPK VMANGIVYGF RTRHLSCIEE NDSDSLHGSS IPHAYDMMQQ ADETFQKLNA 80

to Rols6.rols7 encodes a protein

of 1900 amino acids, 309 of which NEEQDESGSE AGGLENLDDT IAMIDESRLL EADYLDELVA EEQLQEQDED EEESSDLVDS GNVEBEBFSFNRNDIMMT 160

are unique to Rols7. The amino
acid sequence of Rols7 is shown
in total. The beginning of the

common part of Rols7 and Rols6

is indicated by a black triangle,
which corresponds to the first

common intron-exon boundary of QLRSHAQRNA ALARYMQQHR QESQSPDYHH RYASNGKLPR AAALSTNGNG FTTGTTQTVT VDVHHQLGGG GGGAABRAKQ

the mRNAs. Structural motifs
were determined using the
SMART-tool at the EMBL-server
at Heidelberg (http:/smart.embl-
heidelberg.de) (Schultz et al.,
1998; Schultz et al., 2000). This
analysis predicts four structural
motifs within the common part of

SVYGALNGSL TSEVSSTAAP GYSECATPRK EAEPVYATPE KRRASNRSFD STCASLTSSL YGGSMNSSLD LKYSSLGZIGD

v
SVSGGISGTS TLRGTSVPPM DLSMISSDGV SAMIBSASV SCVLDSGDGN PAEELNEEMA AKCLSAAESD LQSIRRLLEHB20
RING-finger
DASGSVCPSC RISFDKGKRR KLIDTCGHER CYSCMFRNDQ CPMCMNSSLK DVDGANAQGY DTGIGGSTST IVSPLG&6@QP

LMANGISGHS RSSSMSHNIH AAAYSELSAA PPAFATPPTR RRFFNHKNLR SALTGGSGGG SGVGGGVGGA GGVGGEHRRT

ASNGGCPIDT ASILSGDHTH QHHHRDNQPE GKESNALNTS TCSDSAVTRR RRKNVSNHNL KTSARHGASS ENRLNR&SDA

GTSVYAGHLS SLVFGKIKSLWSVNSSNSSE AGLNQLAGSD AIDHHSSFLN EKLQKDQLHA RLGLLLNDPG SNGNSSSSGX)

GCEPISAHST TSTTSSSGVG AASTTTSGSS QNVSPEQTLA SGAGMLSGSQ LSVATSHGVK EDALSLCGKF KAGCSMLHVY 800

both proteins which are underlined EALPSKSRKG NVRRSTRGQQ GSSSSASAAS AVGSRVTASS LAAVQLALKP LFFEVPLQEP DPPYNMGRIDLSNILLG 880

and nominated in the sequence: a

RING-finger motif in the N-
terminal part, a predicted
nucleotide binding motif, nine
ankyrin motifs and a TPR-repeat
(broken underline) close to the C
terminus.

directed towards muscle-lil
fibers. However, the extent

ATP/GTP hinding site
TETRVVLING QPGTGKTAFC LQLVEYSCFG RRQMQDDPDG IYSQLQLGAH CERMRGLASH MVGYHFCQAD ANLTCQ8BDF

VHSLAAQLCQ APQLTAYRDY LLSEPHLQDI LSVRECIADA ERVMKLAILE PLAHLHRAGK IPAKVAVIVV DALCEAEYHRL040
PDHGHTIASF LAQLTPHFPAWLKLVATVRT QMLELVKAPS YTQLTLDBA SSQALQQDML DYIGARLADS PEIRMNIGGG 1120
GGQNSQSGSQ PQTKFVSHLQ SLSRGSMLYA KLILDX®& QLVIKSSSYK VLPVSLAQIF LLHFNLRFPT ARSFEQAAPI 1200

LNICLAALYP LTLDEIYYSM EALSHGREAL SWPDFMQRFK LLDGFLIKRL DNTYMFFHSS LREEMRRDE GESNKFLCDA 1280

RLGHAGIAFR LSRLQAPLSP QLTLELGHHM LKAHLYGGTS LTLLSPRDLQ BYAGAADN ISSSLGALRN VYSPNLKVSR 1360

. X ANK1 ANK2
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— TPR-repeat

obviously disturbed, as tl
typical repetitive pattern
four B3 tubulin staine
cardioblasts and two unstair
cardioblasts is evident (Fig. 1E,F,H). Analysis of guthypothesis also holds true for the visceral musculature of the
morphogenesis often reveals incomplete formation in at leastidgut.

a quarter of the mutants when compared with the wild type Both P-elements ii?1027andP1729contain alacZ gene
(data not shown), which might be evidence for defects in theoupled to a basal promotor, which can be driven by genomic
visceral muscles of the midgut. Recently, it was shown bgnhancer elements. The enhancer trap patteralshl027is
Klapper et al. (Klapper et al., 2001b) and San Martin et alnainly restricted to the endoderm (see Fig. 6A), wiiile
(San Martin et al.,, 2001) that the visceral musculaturgalactosidase is expressed in the muscle attachment sites
also consists of small syncytia. Indeed, also the viscergdhpodemes) in the epidermis wfisP1729 embryos (see Fig.
mesoderm contains rP298 expressing cells, presumabBB). Therefore we analyzed whether these tissues show
founder cells, andns expressing cells, presumably fusion morphologically detectable distortions imols mutants.
competent cells. San Martin et al. (San Martin et al., 2001Apodeme integrity was checked using an antibody against
and Klapper et al. (Klapper et al., 2001b) have shown that iAlien, which marks all muscle attachment sites (Goubeaud et
duf mutants and isnsmutants, no fusion can be detected inal., 1996; Dressel et al., 1999). No major aberrations could be
the visceral mesoderm, implying that the founder celdetected; therefore we conclude that at least apodeme

RKISGLEQLL ERNAIFAQLR TNLLLNLSRC KRKLNELDAS IDLATQAIAQ KPHSYEGYYA RAKARMELGA LNEALVDANES840

AMQQAAQSGV LCEVVEVLKR IQTELLTRIS ISSEDQTGRM SNIGGGASVAXHHEITDL 1900
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Fig. 6. Differential distribution ofrols-transcripts during
Drosophilaembryogenesis. (A,B) Expression patterns
from the enhancer-trap linesisP1927androlsP1729 (A)
rolsP1927embryo, stage 12, lateral view, focus on the
interior. B-galactosidase expression is detectable in both
midgut primordia. (B)olsP1729 embryo stage 16, lateral
view, focus on the epidermis. The nuclei correspond to
the positions of the epidermal muscle attachment sites
(apodemes). (Qpls7is first detected in the mesoderm at
the extended germ band stage. (D) During germband
retraction, the number o6ls7 expressing cells increases
but remains restricted mainly to the somatic mesoderm;
weak, transient expression is detected in the visceral
mesoderm (arrow). (E) After stage 12, the mRNA
remains restricted to a subset of myoblasts derived from
the somatic mesoderm. (F) Higher magnification of
muscle precursors of the embryo depicted in E reveals
expression surrounding one of the nuclei in a precursor.
(G) Anti Mef2 stains all nuclei of the somatic mesoderm.
(H) rP298 stains a subset of myoblasts (the muscle
founder/precursor cells in every segment), while the
unfused fusion-competent cells are not stained. (1,J)
rols6is mainly expressed during the invagination of the
anterior and posterior gut primordium, and later on in the
developing pharynx, the malpighian tubules (arrow) and
in some ectodermal cells. (K9ls7is expressed in a

small group of mesodermal cells of the clypeolabrum.
(L) rols6is expressed in the ectoderm beneathrdlss-
positive cells. (M) The rP298 enhancer trap pattern
coincides with theols7 expression pattern in the
clypeolabrum. (N snsis transcribed in a group of
mesodermal cells of the clypeolabrum flankingrtis7-
positive cells on the dorsal side.

cells at the extended germ band stage and in the
nuclei of all muscle precursor cells at later stages of
embryonic development (Fig. 2A) (Nose et al.,
1998). We detect a similar pattern d3-
galactosidase expression in embryos homozygous
for the Df(3L)BK9 deficiency. This result indicates
that founder/precursor cell formation occurs
normally in the absence ddls function (Fig. 2B).

As we assume that the deficiency represents the null
formation is normal inrolsP1729 mutant embryos (data not situation forrols, this shows that at least the majority of muscle
shown). As many genes have a function in myogenesis aridunder/precursor cells are specified correctly in the absence
neurogenesis, we checked in addition for the gross morpholo@j rols function.

of the nervous system by staining with Mab22C10 (Zipursky As already mentioned, two steps may be distinguished
et al.,, 1984). Again, no major specific aberrations in theluring the formation of the myofibers at the morphological

nervous system were detectable (data not shown). level (Bate, 1990). First, the founder cells recruit some
) ) myoblasts to form precursors with two to four nuclei. Second,
Muscle founder cells are correctly determined in these precursor cells attract further FCMs to form the
rols mutants and recruit myoblasts to form syncytial multinucleated myotubes with up to 24 nuclei. When we
precursor cells analyze later embryonic stages according to the rP298 pattern,

Myogenesis can be disturbed by disrupting muscle progenitave observe from stage 15 onwards a reduced number of rP298-
determination leading to a loss of founder cells, by interferingositive nuclei (compare Fig. 2C with 2D). To determine more
with muscle precursor formation or the recruitment and fusioprecisely at which step myotube formation is blockedols

of fusion-competent myoblasts. Therefore, we addressed timeutants at least for one individual muscle, we analyzed the
question of whether muscle founder cells and/or muscleven skippegattern, which marks dorsal muscle 1 and the
precursor cells are correctly determinedrais mutants. We  pericardial cells (Fig. 2); as it was shown that Eve is expressed
analyzed the formation and development of muscle foundeia fusion mutants (Paululat et al., 1999a). In embryos
and muscle precursors in tras deficiencyDf(3L)BK9Qusing  homozygous for therolsP1729 allele, Eve expression in

the enhancer trap line rP298. In a wild-type background, rP29&ericardial cells appears normal; however, the DA1 muscle
expresse$-galactosidase in the nuclei of all muscle founderexpresses Eve in two to five nuclei, as opposed to up to 14
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type embryos, a prefusion complex forms between precursor
cells and FCMs after cell adhesion (Doberstein et al., 1997).
In rolsAP328mutants, the prefusion complex and later steps of
fusion are absent. Whether this failure of cell alignment and
further progression in myogenesis is due to defects in the
precursor cells, in the FCMs or both remains to be clarified. To
address this and other issues, we cloneddisegene.

rols is localized at 68F and spans approximately
60 kb

The rols allele rolsP1729 provided an entry point into the
genomic region and facilitated the identification (for details see
Materials and Methods) of a 5 kb fragment of genomic DNA
that flanks the P-insert. We used the 5 kb genomic fragment to
isolate several genomic clones from phage libraries. We used
the phage clones to screen a cDNA library and we sequenced
all positive cDNA clones. These data gave access to the
corresponding sequence of tlrosophila genome in the
database (Adams et al., 2000). From the analysis of the isolated
_ o cDNAs, we identified two putativels transcripts (5.8 and 6.3
Fig. 7.rols mutant cells are able to fuse with wild-type myoblasts as kb) that differ at the Send. These transcripts are nameld7
e v et vy " “Jong ranscrip) andols® (short ranscrp) (Fig, 44). The

' P y encoded proteins are named Rols7 and Rols6, accordingly.

histochemicap-galactosidase staining only in syncytial tissues that . )
co-expres&AL4andUAS-lacZ Clones in the ventral and lateral Sequence comparison between the cDNAs and the genomic

larval muscles after transplantation of homozygolsnull mutant region revealed a complex intron-exon structure as well as
cells are shown. (A) Ventrolateral larval muscle clone spanning two COmmon and selective exons (Fig. 4A). The six mdst 3
segments derived from a transplantation of three to five homozygoukocalized exons are common to both transcripts and include a
mutant cells. (B) Most descendantsals mutant cells behave single polyadenylation signal, as well as the majority of the
normally in wild-type background. This ventral muscle clone shows open reading frame (Fig. 4Ajols6 contains two unique’5
two additional structures, one spindle-like (arrow) and one more  exons with the translation initiation codon localized in the
compact (arrowhead) with two to three nuclei each. (C) Ventral econd exon. The longer transcript contains two specific exons
2:?;3;5'2?%&3”5%13’3&m‘ﬁtcrie%u? 2832?' sx)nbcgé'll;n;e%?gsgﬁml s well as the translation initiation codon in the second exon
a muscle precursor. (D) Part of a ventral muscle clone with a very unique forr(_)ls7. A.t the 5 S|te,_rols is flanked by _another gene
shortened mini-muscle attached correctly to the epidermis. previously identified as coding for Semaphor'r_] 5C (Khare 9t
al., 2000). The positions of the P-element integrations in
rolsP1027 and rolsP1729 were determined by cloning and
nuclei in wild-type embryos. As the P-element-inducedanalyzing flanking sequences. This places the P-element in
mutation might not be a null mutation fmls, we analyzed P1729in intron sequences shared by thés7 and therols6
Eve expression in the deficienBf(3L)BK9. In thisrols null  transcription units (Fig. 4A). InP1027 the P-element is
mutant, development for dorsal muscle 1 proceeds beyond tieserted approximately 70 bp upstream of the transcription
founder cell stage, as we again observe two to three nuclei (Figitiation site ofrols6, which has been determined by primer
2H). This is in contrast to the situationmbcmutants, where extension analysis (data not shown). This P-element is
the Eve-positive cells are clearly mononucleated (Carmena kicalized in the second intron ofls7. Both P-elements are
al., 1998). These data suggest that in the absencelspf inserted into the same gene, and excision of both P-elements
muscle founder cells fuse with a restricted number otan revert theols phenotype. This provides strong evidence
myoblasts to become muscle precursor cells, but that musdieat this gene isols.
development becomes stalled at this stage.

rols encodes a protein with an N-terminal RING-
Ultrastructural analysis of  rolling pebbles mutant finger, nine ankyrin repeats and a TPR-repeat

embryos Sequence analysis mfls6 androls7 predicts two distinct large
For the steps that follow muscle precursor formation, lighproteins to be encoded bgls (Fig. 5). Conceptual translation
microscopy is not sufficient to resolve at which stepindicates thatRols7 encodes a 1900 amino acid protein,
myogenesis is interrupted during myofiber formation. Wewhereasrols6 reveals an open reading frame of 1670 amino
therefore analyzed threls phenotype of the strong EMS allele acids. Rols6 harbors 79 specific amino acids at the N terminus
rolsAD328 gt the electron microscopic level. At early stage 13with a high level of acetic amino acids, while Rols7 is
myoblasts are closely apposed to each other (Fig. 3A) arwharacterized by 309 specific amino acids at the N terminus
morphologically indistinguishable from wild-type myoblasts. (Fig. 5).

Syncytial cells with three nuclei are present, which presumably In order to gain insight into the possible function of Rols we
represent muscle precursor cells. However, by stage ldnalyzed the predicted domains of the protein using the
precursor cells and FCMs have lost their close alignment arfiMART-tool of the EMBL (Schultz et al., 1998; Schultz et al.,
have scattered throughout the mesoderm (Fig. 3B). In wild2000). Two striking structural features are depicted in the
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Fig. 8.Rolling pebbles signaling between

precursor cells and FCMs is necessary to @

stabilize cell contacts and to initiate /\
progression in fusion such as prefusion o [
complex formation. In wild-type myoblasts Q:
fusion proceeds after adhesion of FCMs to °
precursor cells by forming the prefusion wild-type *

complex of paired vesicles followed by
plaque formation of the opposing

membranes and subsequent membrane @
breakdown. Imols mutants the initial
adhesion of precursor cells with FCMs is e

observed but cells scatter instead of
proceeding to prefusion complex formation,
showing its first function beforensand

blow but after the initial Duf function.
rols mutant

common part of Rols6 and Rols7 (Fig. 5). Both proteingrobes forrols7 androls6 (see Materials and Methodspls7
contain a RING-finger motif that has been shown to participatexpression is first observed at the extended germ band stage in
in protein-protein interactions (Freemont, 2000). In some few mesodermal cells per segment (Fig. 6C) and in the head
cases, specialized RING-fingers are essential parts of proteiregion where the precursors of the pharyngeal muscles arise
involved in the ubiquitination pathway having E3-ligase(Fig. 6D). Transient expression obls7 is observed in the
activity (Freemont, 2000). Furthermore, nine ankyrin repeatsisceral mesoderm during germband retraction (Fig. 6D) and
are predicted which represent a classical structure for proteithen vanishes. The functional significancea$7 expression
protein interactions. Close to the C terminus, an additionah the visceral mesoderm remains to be clarified.
protein-protein interaction motif is found, a so-called TPR During germband retraction, myogenesis proceeds and
motif eventually overlaid by a coiled-coil region (Blatch andseveral cells expregsls7 in every segment. The precursors
Lassle, 1999). Apart from these structural domains, théormed at stage 13 accumulatels7 mainly around one
database research revealed no homologous proteins in otmercleus (Fig. 6E,F). The mRNA is of very low abundance so
organisms. The predicted structure of Rols implies multiplehat colocalization experiments with other markers were not of

protein-protein interactions during myoblast fusion. sufficient quality. Therefore, we compared the expression
) ] pattern ofrols7 to that of Mef2 which is expressed throughout

Developmental expression profile of  rols7 and rols6 embryogenesis (Nguyen et al., 1994; Lilly et al., 1995; Bour

during embryogenesis etal., 1995; Taylor, 1995) and with rP298. In these experiments

We determined the temporal expression profilegdts6 and  we used rP298 to identify muscle founder cells. Only a few
rols7 by RT-PCR using primers specific for each transcriptmyoblasts are rP298 positive (Fig. 6H) when compared to
Poly (A)* RNA from embryos collected at 4 hours intervalsMef2 in all nuclei of myoblasts (Fig. 6G). By contrast, g7

was isolated and purified. Using this approach, we firsexpression (Fig. 6E) is very similar to the expression pattern
detected the characteristic fragmentrfas7 between 4 and 8 of rP298 (compare Fig. 6E with 6H) in the somatic mesoderm,
hours of developmentiols7 reaches a maximum level of indicating thatols7is expressed in progenitor/founder cells up
expression at 8-12 hours and then declines to low levels in 1® the muscle precursor cells.

to 16- and 16- to 24-hour-old embryos (Fig. 4B). We first detect The pharyngeal musculature is also syncytial and we show
the rols6 transcript between 4-8 hours of developmeols6  that the development of these muscles is also dependerd of
reaches maximum levels between 12-16 hours of developmefiig. 1H). Previously, we have shown ttsditks and stones
and remains at high levels up to 24 hours (Fig. 4B). Thereforeutants show fusion defects in the development of the
the expression als7 coincides with the time course of the pharyngeal musculature (Paululat et al., 1995) (EMS alleles
process of fusion between founder/precursor cells and FCMpreviously namedost) (Paululat at al., 1999; Bour et al.,

while maximum levels ofols6 occur at later stages. 2000). Our expression analysis indeed revealed two distinct
] cell populations in the clypeolabrum at late stage 12 (Fig. 6K-
Expression of the rols7 starts at the extended germ N) that later invaginate to form the pharyngeal musctés7
band stage in progenitor/founder cells and persists and rP298 show overlapping expression patterns in the
during fusion to myofibers of the body wall and ventrally localized mesodermal cells of the clypeolabrum (Fig.
pharyngeal muscles 6K,M), while snstranscripts, which mark FCMs, are localized

The characterization of the P-element-induced altele81927  in the dorsally adjacent mesodermal cells (Fig. 6N). As the
androlsP1729provided strong evidence that the identified geneaols7 pattern overlaps with the rP298 pattern (reflecting

is responsible for thels phenotype. Furthermorels mMRNA  expression), we suggest that also the pharyngeal musculature
is present during the time of myoblast fusion in embryoniconsists of founder cells and fusion competent cells.

mRNAs. However, the RT-PCR experiments do not resolve the rols6 exhibits a distinct transcript profile. At the extended
tissue(s) in which the particular transcripts are expressederm band stagepls6is expressed strongly in the invaginating
Therefore we used in situ hybridization to analyze the cellulaendoderm (Fig. 61). At stage 14 and latels6 is expressed in
transcript distribution during embryogenesis with specificectodermal cells of the head region (Fig. 6L) and the
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developing malpighian tubules are stained weakly (Fig. 6Jable to fuse with host cells to multinucleate myotubes (Fig. 7A-
Furthermore, a stripe-like expression pattern is observed in tl®). These data show thails mutant cells can participate in
ectoderm at stage 16 (data not shown). The expression pattéasion. As these large muscle clones are abundant, we suggest
of rols6 is thus very similar to the enhancer trap patterrthat in these clonemls mutant FCMs fuse with wild-type
observed inolsP1729%n the apodemes and mlIsP1027in the  founders. Moreover we found the clones at the same positions
endoderm (Fig. 6A,B). This distinct distribution shows thatin the thoracic and the abdominal segments and approximately
rols7 is transcribed during development of tBeosophila  in the same size (Fig. 7A) as the control clones. In the case of
pharyngeal and body wall musculature. As ombys7 is  transplantedols mutant cells, we found in five larvae small
detected in myoblasts during fusion and ceases beyond stagescle-like structures referred as mini-muscles (Fig. 7B-D) or
14, we propose that this is the relevant transcript. Comparismompact, not elongated muscle-like cells (Fig. 7B, arrowhead).
with the rP298 staining indicates thalis7 is expressed starting These mini-muscles represent only a small part of the observed
with progenitors/founders up to muscle precursor cells duringlones and contain two to five nuclei. We consider these mini-

myoblast fusion. muscles as precursor cells formed bglamutant founder and
fusion competent cells of the donor. In one case, we observe

Rols is required in muscle precursor cells for the two of these mini-muscles close to each other. We interpret the

progression of muscle fusion appearance of duplicated mini-muscles as evidence for two

The expression profile @bls7 suggests that it may act at the precursor cells derived from asymmetric cell division of a
level of muscle founder or precursor cells. The analysis of thgrogenitor. On the basis of these observations, we conclude
mutant phenotype reveals the appearance of elongated mitiat the mini-muscles can be hybrid precursor cells derived
muscles containing more than one nucleus in several cas&éxm arols mutant founder (withHJAS-lacZ and one to four
which was shown in detail for dorsal muscle 1. In order to testells of the wild-type host (carryindaGAL4. Therefore we
the hypothesis that Rols acts on the precursor level, wsuggest that Rols acts in muscle precursors to recruit further
examined the fusion competencedas mutant cells in a wild- FCMs. Withrols-deficient cells, we found that nearly 50% of
type background with a cell transplantation strategy adaptettie host embryos contain mini-muscles. We detected in four
from Klapper et al. (Klapper et al., 2001a). The wild-type hostases of the 43 control transplantations (in about 10% of the
embryos contain daGAL4construct, which is expressed in all embryos) with hetero- or homozygous balancer embryos
cells, while the transplanted cells of tioés mutant contain an similar defects and assumed that this is probably a result of a
UAS-lacZ gene. Thusrols mutant cells in a wild-type dosis effect or may be due to incompatibility of homozygous
background will express only the repoifiegalactosidase after balancer cells in the mosaic clones.
successful cell fusion with the wild-type host cells. One might In summary, the ultrastructural data, the immunostaining of
expect that successful fusion is dependent on the transplantedinder and precursor cells as well as the transplantation
cell type. As we transplant ventral mesodermal cells at thassays clearly show thails is required for proceeding from
cellular blastoderm, they might develop either to founders athe precursor level towards multinuclear myotubes. This
to fusion-competent cells the last being the far more abundaobrrelates convincingly with the immunohistological
cell type. If Rols is indeed required in muscle precursor cellfcalization of the Rols protein at the cell borders as shown by
— as suggested by its expression and mutant phenotype — Mignon and Chia (Menon and Chia, 2001).
not in FCMs, wild-type precursor cells of the host embryo
should be able to recruit FCMs fromls mutants to form
myofibers that expregsgalactosidase. However, transplantedDISCUSSION
donor cells that develop into precursors should not be able to
recruit further host myoblasts for fusion. Therolling pebblesgene encodes two distinct transcripts with
We chose the deficien®f(3L)BK9as a null allele forols. independent transcription initiation sitests7 androls6. rols7
As we transplant mutant mesodermal cells into wild-typestarts to be expressed in muscle progenitor cells but is detected
embryos, the loss @bls6 in the endoderm argemaphorin 5¢  still in muscle precursors until stage 14. The encoded proteins
in the ectoderm as well as the loss of other genes localizébls7 and Rols6 share several putative protein-protein
in the deficiency should not influence this assay. Afteinteraction domains as a RING-finger motif, ankyrin and a TPR
transplantation the recipient embryos were allowed to develogpeat. Rols7 is distinguishable by 309 unique N-terminal
until 3rd instar larval stage and the muscle pattern wasmino acids, Rols6 by 79 unique N-terminal amino acids. We
examined with respect to myotube development. focus on the possible role of Rols7 during myoblast fusion.
From a total of 191 transplantations, 119 embryos (62%?\4 . _
reached the third larval instar. Of these larvae, 53 showed Muscle precursor cells are correctly determined in
clone derived from the transplanted cell descendants, whidi®/s mutants
had fused to host cells. In 11 cases, the clones derived froAn important question is at which cellular levals is
homozygousols donors and were found in the musculatureessential. The early enhancer trap pattern of rP298, which
(Fig. 7). We compared these clones at the morphological levetflects the expression of tlef gene, is normal imols null
with 42 clones derived from control donors (hetero- ormutants, suggesting that muscle progenitors and founders are
homozygous blue balancer donors) with regard to sizespecified correctly. However, after stage 14, the number
shape and correct attachment. The 11 clones derived froof rP298-positive cells decreases significantly. Electron
homozygousrols embryos were found in the ventral, lateral microscopic analysis @bls"P328shows cells with three nuclei,
and dorsal body wall muscles of third instar larvae, and thegresumably muscle precursor cells. Further phenotypical
demonstrate that at least a populatiorrad$ mutant cells is analysis ofols mutants revealed small myofiber-like structures
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with only a few nuclei also at later stages of myogenesis. Thesd a two step fusion process might be the observation that Eve-
muscle precursors stretch and contact the epidermis, as it hassitive precursors for dorsal muscle 1 are formed in a strong
been observed in other fusion mutants (Paululat et al., 1999gns allele (Paululat et al., 1999a). For the second phase of
From the presence of muscle precursorgola mutants we fusion leading to multinucleated myofibers, Rols7 is essential
deduce thatrols is not essential for their formation. It is in muscle precursor cells.

possible that another protein compensatesdigrfunction in Comparison with the onset of thiels7 mMRNA detection
these early fusion steps leading to precursor formation. Furthalready at progenitor/founder stage to the analysis of the
on, muscle precursors attract additional myoblasts for fusiomutant phenotype and the transplantation assays shows
in the wild type. In theols deficiency allele these precursor biological activity of Rols in the precursor cells with two to
cells form the small myofiber-like cells and seem to attractour nuclei. This correlates well with a change in protein
some fusion-competent cells, as we observed filopodia dfistribution from uniform cytoplasmic to membrane associated
fusion-competent cells directed towards these myofiber-likeluring fusion. This reorganization is dependent on Duf (Menon

cells; however, they do not fuse to them. and Chia, 2001). Our data obtained with the rP298 enhancer

_ _ . trap line suggest that the early activity of Duf is independent
rols is required only in muscle precursor cells for of Rols, while the maintenance of expression is dependent on
recruitment and fusion with FCMs the Rols-mediated fusion steps.

In in situ hybridization studies, we deteots7 RNA only in
muscle progenitor descendants, implying that Rols7 is essentigitegration of - rolling pebbles  into the cascade of
in the precursor cells but not in the surrounding myoblastgnyoblast fusion relevant genes
However, therols7 transcript is rare and we would not have As described in detail in the introduction myofiber formation
detected a tenth of the mRNA level in FCMs. We thereforés prefigured by the specification of progenitor cells out of an
established an in vivo system to determine the functionaquivalence group. After asymmetric division of a progenitor
competence of muscle precursor cells and fusion-competeogll two founder cells are determined that lead to two distinct
cells by transplantingols-deficient cells into wild-type host myofibers, or to one myofiber and one founder cell set aside to
embryos. The majority of the transplanted cells formedorm an adult muscle during metamorphosis. Subsequently
multinucleated myofibers with normal shape and attachment tmyoblast fusion starts. On the morphological level precursor
the epidermis. This clearly showed that transplanted fusioreells with two to three nuclei can be distinguished (Bate, 1990),
competent cells fromols-deficient embryos (these are far morethen fusion proceeds by recruiting additional myoblasts
abundant than muscle founder cells) behave like wild-type cellesulting in a mature myofiber. It has recently been shown that
in the establishment of multinucleated myofibers, and Rols idufis essential for this first step of fusion (Ruiz-Gémez et al.,
not required in myoblasts for fusion to wild-type precursor2000) as well ambc(Carmena et al., 1998), while other fusion
cells. By contrast, we observed mini-muscles with two to fivenutants (e.g blow) allow precursors to form but stop at
nuclei, which originate from fusion between transplanted andubsequent steps of fusion (Paululat et al., 1999b). Our analysis
host cells. Based on these results, we concluded that the musefeables us to integratels into this cascade. We show that
progenitor cells are correctly determinedrats mutants and precursor cells are often correctly determinedols mutants
that they divide to two founder cells, which is supported by oubut that they are not able to recruit additional myoblasts for
observation that occasionally two precursor cells are locatedsion. We started to analyze this feature in detail by the
close to each other in the host embryo. These precursor cellaalysis of individual muscles first by Eve expression in dorsal
represent heterokaryonsrofs- androls* nuclei; nevertheless, muscle 1 inrols-deficient embryos. For this muscle, we can
they behave like Rols-defective precursors. Thus, the recruitediearly show that founder cells start to fuse to mini-muscles of
rols* nuclei obviously do not complement for tleés—nucleus. two to four nuclei, presumably precursor cells. Thok
As a consequence, we observe mini-muscles instead of nornsdould be positioned downstream dfif, where even the
sized myotubes. It is well known that the muscle progenitormuscle precursors are not formed. Howewkrf may have
and founders are determined by intrinsic components likadditional functions later in the fusion process. The
transcription factors and extrinsic factors as signalingransplantation assays furthermore demonstrate thist
molecules from the overlaying ectoderm (Baker and Schubigefynction is restricted to the muscle precursor cells and not
1995; Baylies et al., 1998). This integration of determiningheeded in FCMs. The phenotypic analysis at the EM level
factors is probably missing mols* nuclei of the mini muscles, revealed thatols mutants neither form a prefusion complex
and we suggest that this is the reason that they are unablenir electron-dense plaques, which shows tbiatis required
activaterols and thus to complement thals-deficient founder earlier tharblowandsns In agreement with these data, Menon
cell nucleus. Determined founder cells recruit one to threand Chia (Menon and Chia, 2001) have shown that the Rols
myoblasts for muscle precursor cell formation. After this stepprotein distribution is not affected isns and blow, but is
development to myofibers is interruptedats mutant cells in  clearly dependent oduf.
the wild-type background. These data are confirmed by our
observation of cells with up to three Eve-positive nucleirols encodes a molecule with several protein-protein
characteristic for dorsal muscle 1 in the ana|yzeu; interaction domains that mediate a Signal between
deficiency and our ultrastructural analysis, showing cells witfprecursors and FCMs
three nuclei irrols mutants. Both Sns and Duf belong to the immunoglobulin superfamily
We conclude from these observations that the first phase ahd have been inferred to mediate cell adhesion, Sns in FCMs
myoblast fusion leading to muscle precursor cells with two t@nd Duf in muscle progenitors and founders. Duf furthermore
four nuclei, is unaffected irols mutants. Another indication attracts myoblasts to founders. Whettefis also involved in
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the cell fusion process itself is not known, as the mutationBate, M. and Martinez Arias, A. (1993). The Development dbrosophila
available so far are null mutants. Rols clearly belongs to a newmelanogaster. Cold Spring Harbor Laboratory, Plainview, NY: Cold Spring
class of molecules that are essential for fusion. In stage %3';%20"\/"-""?”;;2 Eﬂregia Ruiz Gomez, M(1998). Myogenesis: a view
em_bryos, cell adhe5|on_ k_)_etween mu_scle precursor cells anamm ’Drc;so.[’)hila.C’eII 93, 921-927. ' ' ‘
fusion-competent cells initially looks like wild-type but cells Blatch, G. L. and Lassle, M(1999). The tetratricopeptide repeat: a structural
appear to lose contact. After cell adhesion, we would expectmotif mediating protein-protein interactiorBioEssay1, 932-939.
that a signaling mechanism acts between both cell types. Rdt8ur. B- A., O'Brien, M. A,, Lockwood, W. L., Goldstein, E. S., Bodmer,
may mediate directly or indirectly a signal after recognition R'é;gghe”’ P. H., Abmayr, S. M. and Nguyen, H. T(1995).Drosophila
. . , @ transcription factor that is essential for myogen@sises De\g,
and adhesion between precursor cells and fusion-competentzg.741.
cells, leading to later steps of fusion. In the absence of thegeur, B. A., Chakravarti, M., West, J. M. and Abmayr, S. M. (2000).
later steps, adhesion may not be maintained. Although theDrosop_hiIa SNS, a member of the immunoglobulin superfamily that is
prefusion complex and the subsequent steps are symmetricalIaﬁfsséntg;rf%re’:gﬁ'agifsllszﬁj‘feecnh‘is gDef]/ilrﬁéﬂz&plS;nld Vichelson. A. M
e,Xhlb'ted by both cell types, it mlght be e,XpeCtEd thata spemfﬁ (11995). Signalliﬁg 'By th@rosophiyla ébidermal éréwth factor recéptc;r is.
signal from the precursor cell to the fusion-competent cells is required for the specification and diversification of embryonic muscle
essential to initiate such a process (Fig. 8). Ankyrin repeats areprogenitors Development25, 2075-2086.
especially predestinated to mediate further steps in a sign@yrchard, S., Paululat, A., Hinz, U. and Renkawitz-Pohl, R(1995). The
transduction cascade on the precursor site. The RING-fingerMutantnot enough musclegnen) reveals reduction of th&rosophila
. . . s . embryonic muscle patterd. Cell Sci.108 1443-1454.

structure is a further candidate for protein-protein mteractlo%mtgereit’ D., Paululat, A. and Renkawitz-Pohl, R.(1996). Muscle
in the precursor cell. Proteins with such a domain have beendevelopment and attachment to the epidermis is accompanied by
found in many organisms, and some of them are involved in expression o33 andB1 tubulin isotypes, respectivelint. J. Dev. Biol.
the Ubiquitin_mediated protein—degradation pathway as the a4r?r’1e1r18a9-,1A96I'3ate M. and Jimenez, K1995).Lethal of scutea proneural
funCtlon. as ES_UDIqUItm Ilglases (Zheng etal., 2000).' However, gene bar.t’icipateys .in the specificaition 6f muscle prggepnitors during
comparison of the RING-finger sequence present in Rols to aDrosophilaembryogenesissenes Dewd, 2373-2383.
Drosophila Cblhomolog reveals no agreement of otherwisecarmena, A., Gisselbrecht, S., Harrison, J., Jimenez, F. and Michelson, A.
very conserved amino acids between hurtamelegansndD. (1998). Cqmbinatorial si_gnaling cod_es for the progressive determination of
melanogaster Cblhomologs. Therefore, a role for Rols in an celézfates in theDrosophila embryonic mesodernGenes Devl2, 3910-
ubiquitination pathway driven protein degradation is q“it%avies,'s. A., Goodwin, S. ., Kelly, D. C., Wang, Z., Sézen, M. A., Kaiser,
unlikely, but cannot be completely excluded. Taken together, k. and Dow, A. T. (1996). Analysis and inactivation ©ha55 the gene
the isolation and characterization s, the very specific encoding the vacuolar ATPase B-subunit Dmosophila melanogaster
phenotype of mutants ana|yzed so far and its extremel reveals_alarval lethal phenotypk.Biol. Chem48, 30677-30684.
interesting distribution during the fusion process points to Zoberstein, S. K., Fetter, R. D., Mehta, A.Y. and Goodman, C. §L997).

C . . . Genetic analysis of myoblast fusidilown fuses required for progression
specialized function exclusively on th_e S|_de of t_he muscle beyond the prefusion complex. Cell Biol. 136, 1249-1261.
precursor cell. So the search for possible interacting partnergessel, U., Thormeyer, D., Altincicek, B., Paululat, A., Eggert, M.,
besides Drosophila Titin (Menon and Chia, 2001) will Schneider, S., Tenbaum, S. P., Renkawitz, R. and Baniahmad, (A999).

probably lead to further insights into the molecular Alien, a highly conserved protein with characteristics of a corepressor for
mechanisms of the fusion process members of the nuclear hormone receptor superfamidy. Cell. Biol. 19,

3383-3394.
. . . Erickson, M. R., Galletta, B. J. and Abmayr, S. M.(1997). Drosophila
We thank W. Janning, A. Nose, tirosophilaStock Centers in myoblast cityencodes a conserved protein that is essential for myoblast
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cDNA. We thank very much Sree Devi Menon and Bill Chia forFrasch, M., Hoey, T., Rushlow, C., Doyle, H. and Levine, M(1987).
communication and exchange of manuscripts prior to publication. We Characterization and localization of the even-skipped protdmasophila
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