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Whereas the mechanisms of early Drosophila mesoderm formation have been studied in much detail, the 
subsequent processes determining regional identities within the mesoderm remain largely unknown. Here, we 
describe two homeo box genes, tinman (tin) and bagpipe (hap), which spatially subdivide the mesoderm and 
determine cell fates in the dorsal mesoderm. These two genes are components of a cascade of genetic 
interactions that result in the spatial restriction of tin mRNA to the dorsal mesoderm and in the activation of 
bap in segmental clusters of cells in this region. A subset of cells from those clusters segregate to form 
visceral mesoderm that differentiates into gut musculature. This indicates that the visceral mesoderm is 
derived from metamerically repeated primordia. In embryos mutant for bap, visceral mesoderm formation is 
strongly disrupted. Most cells of the visceral mesoderm fail to differentiate properly, and a portion of them are 
transformed into body wall musculature and gonadal mesoderm. In tin mutant embryos, hap expression is not 
activated in the dorsal mesoderm. Probably as a consequence, neither visceral mesoderm nor midgut 
musculature are formed in these mutants, and the absence of visceral mesoderm results in strong disruptions 
of endoderm migration and midgut morphogenesis. In addition to visceral mesoderm development, tin is 
required for the formation of the heart from dorsal mesoderm and for the specification of founder cells for 
particular body wall muscles. 
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Recently, the mechanisms of mesoderm formation have 

been under intense study both in Drosophila and in ver- 
tebrate systems. In amphibian embryos, the mesoderm is 

formed by inductive processes, and mesoderm induction 
appears to be intimately coupled with the regional sub- 
division of the mesoderm into dorsal and ventral primor- 
dia (for review, see Smith 1989; Ruiz i Altaba and Melton 
1990; Kimelman et al. 1992). It has been proposed that, 
prior to gastrulation, the organizing region of the dorsal 
mesoderm becomes subdivided into several smaller cen- 

ters, and the differential spatial expression of several 
genes encoding potential transcription factors in this re- 
gion may reflect these subdivisions (Gerhart et al. 1991; 

yon Dassow et al. 1993). Further regionalization of the 

mesoderm occurs during gastrulation and is triggered by 

the dorsal mesoderm, leading to the determination of 

individual cell fates along the dorso/anterior to ventro/ 

posterior embryo axis. However, the mechanisms of this 

chain of inductive processes appear to be complex and 
are so far only poorly understood. 

As a result of extensive genetic studies, a rather clear 

picture has emerged of the early events of Drosophila 
mesoderm formation which, in contrast to Xenopus, are 

regulated in a cell autonomous fashion. The nuclear gra- 

dient of the maternally expressed morphogen dorsal de- 

termines the expression domains of the zygotic genes 

twist and snail in the ventral-most region of the early 
embryo (Roth et al. 1989; Rushlow et al. 1989; Steward 
1989; Jiang et al. 1991; Thisse et al. 1991; Ip et al. 1992). 
During gastrulation, this region of the embryo invagi- 
nates to form the mesoderm. The gene products of these 
two genes are likely to act as transcription factors, and 
the activities of both of them are required for mesoderm 
formation (Simpson 1983; Boulay et al. 1987; Thisse et 
al. 1988). It seems that the primary function of snail is to 

repress several nonmesodermal genes in the mesoderm 
primordium, twist, on the other hand, is thought to play 

a key role in activating a number of downstream genes 

that function in the process of invagination and meso- 
derm differentiation (Kosman et al. 1991; Leptin 1991). 

At present, few candidates for twist target genes are 
known. 

In contrast to the early events of Drosophila meso- 

derm formation, we have much less information about 
the subsequent steps of the regional subdivision into the 

primordia of individual mesodermal tissues. Unlike ver- 

tebrate embryos, in Drosophila most of the events of 

mesoderm regionalization seem to occur after the com- 

pletion of gastrulation, when the mesoderm has spread 

to form a layer of cells on the inside of the ectoderm. 
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During and shortly after gastrulation, individual meso- 

dermal cells do not appear to be committed to particular 

developmental fates (Beer et al. 1987). A major, and per- 

haps one of the earliest, decisions for differential devel- 

opment leads to the subdivision of the mesoderm into 

the visceral primordia and the somatic primordia. The 

visceral mesoderm gives rise to gut musculature, 

whereas the somatic mesoderm develops into the body 

wall musculature. Morphologically, these two primordia 

are first distinguishable about 3 hr after the onset of gas- 

trulation. At this stage, the visceral mesoderm (splanch- 

nopleura) forms a separate layer located dorsally and in- 

teriorly, whereas the somatic mesoderm layer (so- 

matopleura) contacts the ectoderm and neuronal cells 

and extends to the ventral midline (Poulson 1950). Some- 

what later, founder cells for individual body wall mus- 

cles become specified in the somatic mesoderm in a pro- 

cess that involves the neurogenic genes [Bate 1990; 

Dohrmann et al. 1990; Corbin et al. 1991). The fat body 

is formed from cells of the ventrolateral mesoderm, and 

cells at the dorsal crest of the mesoderm are specified to 

develop into the heart [Poulson 1950; Hartenstein and 

Jan 1992). 
Here, we describe two homeo box genes that function 

in the early phase of the regional subdivision of the me- 

soderm. The tinman (tin) gene (msh-2) was shown pre- 

viously to be activated downstream of twist, and its ex- 

pression becomes restricted to the dorsal mesoderm 

(Bodmer et al. 1990). Genetic analysis shows that tin 

function is required for the formation of visceral muscu- 

lature, the heart, and the normal development of body 

wall muscles from the dorsal mesoderm. A second ho- 

meo box gene, bagpipe (bap), is also expressed in the 

dorsal mesoderm but only in segmental clusters of cells, 

and its expression depends on tin. The visceral meso- 

derm was found to form from segmental primordia in the 
dorsal mesoderm, which correspond to a subset of the 

bap-expressing cells. In bap mutant embryos the major- 
ity of these cells fail to become specified as visceral me- 

soderm. 

R e s u l t s  

The homeo box genes tin and bap map close 

to each other 

The two homeo box genes tin and bap were contained in 

a genomic walk that was initiated from the $59 homeo 

box gene (Dohrmann et al. 1990} and map the 93E1. The 

homeo box sequences of tin (NK-4) and bap (NK-3) were 

first determined by Kim and Nirenberg (1989). Using ge- 

nomic DNA fragments containing the homeo box re- 

gions, we isolated cDNAs for the two genes. The longest 

tin cDNAs were 1.75 kb, and the sequence of a cDNA of 

similar length has been reported previously (Bodmer et 

al. 1990). The longest bap cDNAs were 1.5 kb in length. 

The sequence of a bap cDNA is shown in Figure 1A and 

contains a long open reading frame coding for 382 amino 

acids. The homeo domain is located in the middle region 

of the polypeptide. Its sequence is 59% identical to the 

tin homeo domain (Kim and Nirenberg 1989). This ho- 

meo domain is most similar to a family of homeo do- 

mains, including those of the Drosophila genes tin and 

NK-2 (Kim and Nirenberg 1989), the human gene H6 

(Stadler et al. 1992), the rat gene TTF-1 (Guazzi et al. 

1990), and the mouse genes Nkx-2.2, Nkx-2.3, and Nkx- 

2.4 (Price et al. 1992). Several of these genes also share a 

short sequence motif carboxy-terminal to the homeo do- 

main, which is present in bap in a more degenerate form 

(Fig. 1A; Price et al. 1992). 

Southern analysis with cDNA probes indicates that 

the genes do not contain large introns, and each of the 

cDNAs is encoded within 2.5-3 kb of genomic se- 

quences. The two genes map close together and are tran- 

scribed in the same direction (see Materials and meth- 

ods). With the assumption that our cDNAs are close to 

full length (see Fig. 2) and that there are no miniexons, 

the transcription start site of bap would be 6.5 kb down- 

stream of the 3' end of the tin gene (Fig. 1B). 

Sequential appearance of tin and bap expression 

in the dorsal mesoderm 

In Northern analysis of poly(A) + RNA from different 
developmental stages, we detect a 1.8-kb mRNA for tin 

and a 1.55-kb mRNA for bap {Fig. 2). tin mRNA is first 

expressed between 2 and 4 hr and reaches peak levels 

between 4 and 8 hr after fertilization. In late embryonic 
stages, tin expression decreases dramatically, and no ex- 

pression is observed in postembryonic stages, bap ex- 

pression starts shortly after that of tin, between 4 and 8 

hr of development. There is a slight decrease of bap 

mRNA levels between 8 and 12 hr of development and a 

strong decrease in subsequent stages. (Fig. 2). 

We analyzed the spatial patterns of tin and bap expres- 

sion by in situ analysis of whole mounts and cross sec- 

tions of embryos using tin or bap cDNA inserts as hy- 

Figure 1. Molecular and genetic characterization of the genes tin and bap. (A) Nucleotide and deduced amino acid sequence of bap 
cDNA clone 4. The sequence of the homeo domain is boxed. Amino acids shared with other members of the NK homeo box gene 
family are shaded. The heptanucleotide that matches the consensus sequence for translation start sites (Cavener 1987) is boxed, and 
a consensus sequence for polyadenylation is underlined. (B) Molecular structure of the tin/bap locus in wild type and mutants. The 
solid line depicts a restriction map of a 24-kb region containing the genes tin and bap. Abbreviations: (B} BamHI; (RI EcoRI; (SI SalI. 
(Above) The genomic regions used for P-rescue of tin mutants (CasPerRe28} and bap mutants (CasPerRe3). (Below) The transcription 
units of the two genes (see Materials and methods). (Bottom) The molecular structure of mutants in the region. P(w+)142 is a 
transposable element inserted upstream of tin. tin 346 is a small EMS-induced deletion. The solid region indicates its length (-130 bp); 
vertical lines show its possible location. P142A15 and P142A32 are deletions obtained in an excision screen of the transposable element 
P(w +)142. The distal breakpoint of the larger deletion Df(3R)GC14 maps between tin and bap [shaded region). 

1326 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 4, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Cell fate determination in dorsal mesoderm 

Figure 1. (See facing page for legend.) 
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bap starts to be expressed at stage 10, after the restric- 

tion of tin mRNA to the dorsal mesoderm. From its on- 

set, bap expression is limited to the dorsal-most cells of 

the mesoderm. In contrast to tin expression in the dorsal 

mesoderm, which at stage 10 is continuous along the 

anterior-posterior axis, bap expression is segmentally 

interrupted (Fig. 4, cf. A with B). The 11 patches of bap 

expression are located in the region corresponding to 

parasegments 2-12 of the epidermis. This region of the 

mesoderm will give rise to the visceral mesoderm of the 

midgut (Tremml and Bienz 1989a). Double stainings for 

bap mRNA and engrailed protein reveal accurate align- 

ment between the anterior borders of the bap patches 

and the parasegmental borders of the epidermis (Fig. 

10B). bap expression in the dorsal mesoderm is transient 

and disappears during stage 11, - 2  1/2 hr after its onset. In 

addition to the middle body region, bap is expressed in 

mesodermal cells at the proctodeum and stomodeum. 

Figure 2. Northern analysis of tin and bap mRNAs. Poly(A) + 
RNA from 0- to 2-hr, 2- to 4-hr, 4- to 8-hr, 8- to 12-hr, and 12- 
to 24-hr embryos, from first (L1)-, second (L2)-, and third (L3)- 
instar larvae, from pupae (P) and from adult females (F) and 
males (M) was tested. The blot was sequentially hybridized with 
the two probes, exposed for 60 hr each time, and photograph 
from a sandwich of the two X-ray films. A relative amounts of 
poly(A) + RNA in each lane were estimated by hybridization 
with an ~-tubulin probe. 

bridization probes. Initial expression of tin mRNA oc- 

curs in late cellular blastoderm in the ventral-most 

region of the embryo that corresponds to the cells con- 

taining high levels of twist protein (Figs. 3A and 10A). 
After invagination of the ventral cells into the interior of 

the embryo, tin mRNA is seen exclusively in mesoder- 

mal cells (Fig. 3B). All mesodermal cells in each section 
contain the same level of tin mRNA at this time. During 

stage 9 of development, after formation of a mesodermal 

monolayer under the ectoderm, cells in the ventral and 

lateral parts of the mesoderm display reduced levels of 

tin mRNA (Fig. 3C); and by stage 10, tin expression has 

become completely restricted to six to eight cells on ei- 

ther side in the dorsal-most regions of the mesoderm 

(Fig. 3D). During stage 11, after the third round of mi- 

totic divisions in the mesoderm, each tin-expressing re- 

gion splits into two separate domains (Fig. 3E, arrows): 

The first domain corresponds to visceral mesodermal 

cells that form a distinct layer in the dorsal-interior re- 

gion, adjacent to the yolk sac. tin is expressed only tran- 

siently in these cells of the splanchnopleura, and expres- 

sion ceases in late stage 11. The second domain consists 

of a few cells at the dorsal tip of the mesoderm, adjacent 

to the ectoderm. These cells include the precursor cells 

of the heart, tin continues to be expressed in heart pro- 

genitors until  late stages of embryogenesis when they 

differentiate into the dorsal blood vessel (Fig. 4C; see 

also Bodmer et al. 1990). 

Figure 3. Expression of tin and bap mRNAs in early embryonic 
development. Embryos were hybridized with tin {A-E) or bap (F) 
probes and sectioned. Shown is an embryo at the beginning (A) 
and after {B) gastrulation. All mesodermal cells express tin. Be- 
tween stage 9 {C) and stage 10 (D), tin mRNA becomes re- 
stricted to dorsal mesodermal cells. (E) Stage 11. tin expression 
in visceral mesoderm cells (vm) and heart precursors (hp). (F) 
Stage 10. bap mRNA appears in the dorsal mesoderm. 
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Figure 4. tin and bap expression in whole 
embryos and morphogenesis of the vis- 
ceral mesoderm. (A) tin mRNA distribu- 
tion (stage as in Fig. 3C) with reduced ex- 
pression in the ventral mesoderm and ec- 
todermal expression at the anterior pole. 
(B) bap expression (stage as in Fig. 2F) in 11 
patches in the dorsal mesoderm and in the 
proctodeal mesoderm. (C) Stage 16. tin ex- 
pression in the heart [dorsal vessel (dv)l. 
(D) Stage 15; bap expression in the mus- 
culature of foregut (fg) and hindgut (hg) 
and in cardioblasts (cb). (E) bap mRNA ex- 
pression at stage 10; high magnification 
view. (F) Early stage 11. {G) Mid-stage 11. 
(H) Later stage 11. The bap patches begin 
to merge and cells of the visceral meso- 
derm (vm) segregate. (I)Mid-stage 11; em- 
bryo stained with fasciclin III antibodies. 
(J) Late stage 11. tin expression in portions 
of the visceral mesoderm (vm) and in dor- 
sal cells that include heart progenitors 
(hpl. 

These cells will develop into the visceral mesoderm of 

the hindgut and foregut, and they continue bap expres- 
sion until late embryogenesis (Fig. 4D). Following stage 

12, bap expression appears in a subset of heart progeni- 

tors (Fig. 4D). 

Using bap as a marker we were able to study the de- 

velopmental processes that lead to the segregation of the 

visceral and the somatic mesoderm from undifferenti- 

ated dorsal mesodermal cells. Initially, bap is expressed 

in patches that consist of an average of -17  cells each 

(Fig. 4E). In early stage 11, during and after a mitotic 

division, the cells of the bap patches rearrange such that 

the patches elongate along the anterior/posterior embryo 

axis and finally merge with each other (Fig. 4F, G). 

Shortly before the patches merge we observe that the 

bap-expressing cells split into two morphologically dis- 

tinct populations. The cells at the ventral periphery of 

each patch assume a columnar shape, whereas those in 
the central and dorsal parts of the patches remain hex- 

agonal. Eventually, the rows of columnar cells from each 

patch connect with each other and form the continuous 

band of the visceral mesoderm (Fig. 4G, H). bap expres- 

sion strongly declines during this process, persisting 

somewhat longer in the visceral mesoderm cells of the 

regions where the patches have merged (Fig. 4H). From 

these observations we conclude that the visceral meso- 

derm forms from segmentally arranged primordia in the 

dorsal mesoderm. However, because of a lack of a 

marker, we cannot completely rule out that some cells 

from the bap interstripe regions contribute to the vis- 

ceral mesoderm as well. Only 30--40% of the bap-ex- 
pressing cells develop into visceral mesoderm, and we 
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assume that the remaining cells from each patch give 
rise to somatic mesoderm. 

Some of these aspects of visceral mesoderm formation 
can also be analyzed using the cell-surface protein fasci- 

clin III (Snow et al. 1989) and tin as markers. At its onset 
in stage 11, fasciclin III is expressed in patches similar to 

those of bap, and strong expression occurs in the cells at 

the ventral periphery of these patches [Fig. 4I). These 

cells subsequently form the band of visceral mesoderm 

cells that continue to express fasciclin III until stage 13 

(see below). In late stage 11, residual tin-expression is 

seen in those cells of the visceral mesoderm in which 
bap persists longest as well (Fig. 4, cf. J with H; for a 
cross section, see Fig. 3E). 

In summary, the main area of tin and bap expression is 
the dorsal mesoderm. At the time when tin becomes 

restricted to this region, bap expression is activated in 
segmental subsets of these dorsal mesodermal cells. Sub- 
sequently, the cells located at the ventral periphery of 

the bap patches segregate and merge to form the visceral 
mesoderm. 

tin and bap have essential functions 

To study the functions of tin and bap, we produced mu- 

tations in the two genes. By genomic Southern analysis 

we found that a small deficiency, Df(3R)GC14 (Mohler 
and Pardue 1984), has its distal breakpoint in a 3 kb 
XbaI-EcoRI fragment in between the two genes and de- 
letes tin (Fig. 1B). A large deficiency, Df(3R)e Dz, deletes 

the chromosomal region between 93C and 93F, which 

includes the region where both genes map (Scalenghe 
and Ritossa 1977; Mohler and Pardue 1984). Males car- 

rying marked wild-type chromosomes were treated with 

ethylmethane sulfonate (EMS), and the mutagenized 

chromosomes were screened for mutations that were le- 
thal in trans to Df(3R)e Dz. {see Materials and methods). 
Eighty-five mutants  were recovered in this saturation 

Screen. 
Two complementation groups mapped within the 

smaller deficiency, Df(3R)GC14, and one of them, with a 
total of five mutant  alleles, corresponded to the tin gene. 
Genomic Southern analysis revealed that the tin 346 chro- 
mosome contains a small deletion of - 130 bp within the 
tin transcription unit (Fig. 1B). The t in 346 mutation con- 
fers embryonic lethality, t in 346 appears to be a null al- 

lele, because the mesodermal phenotype caused by this 

mutation is identical to that caused by the deficiency 

Df(3R)GC14. A second allele, tin 4s, shows an almost 

complete null phenotype, whereas tin 212, t in 294, and 

tin 3~ exhibit less severe phenotypes in homozygous em- 

bryos (see below). 
Another complementation group with a single allele 

mapped between the distal breakpoints of Df(3R)GC14 

and Df(3R)e F1 (Mohler and Pardue 1984), where bap is 

located. Animals homozygous for this mutation or in 
combination with a deficiency die as first-instar larvae. 

To demonstrate that this mutation corresponded to a 

mutat ion in the bap gene and that the complementation 

group described above corresponded to tin, we tried to 

rescue the mutant  phenotypes by P-element transforma- 
tion with wild-type genomic sequences. An 11-kb frag- 
ment from the bap region carried in a P-element vector 
(CasPerRe3, Fig. 1B) rescued the lethality of bap2~ 

Df(3R)e oz. Because Northern and in situ hybridizations 
did not detect expression of any genes other than bap 

from this 11-kb region, this result strongly suggests that 

the mutation maps in the bap homeo box gene itself. 

Similarly, a 10.7-kb genomic fragment covering the tin 

transcription unit (CasPerRe28, Fig. 1B) rescued the le- 
thality of strong tin mutations [tin346/Df(3R)e~ con- 

firming the identity of this complementation group with 
the tin gene. 

We also screened for P-element insertions in the geno- 

mic region of tin and bap to recover mutations in the 

two genes (see Materials and methods) and identified an 
insertion located -1 .3  kb upstream of the presumed 
transcription start site of tin (Fig. 1B). The insertion 
caused only a very mild embryonic phenotype, and flies 

with the insertion in trans to a deficiency are viable. 

However, imprecise excision of this element with 

P-transposase allowed the isolation of several small de- 
letions. These deletion alleles are lethal in trans to EMS 

alleles of tin. By Southern analysis, two of these dele- 
tions, A15 and A32, were mapped to upstream regions of 
the tin gene (Fig. 1B). 

tin and bap are required for the specification 
of the visceral mesoderm 

The expression pattems of tin and bap suggested a func- 

tion of these homeo box genes in the visceral mesoderm 

development. In wild-type embryos of stage 12, the vis- 
ceral mesoderm of the future midgut forms a continuous 

band of cells along the germ band that contacts the yolk 

sac. This splanchnopleura has by then separated from 
the somatopleura and expresses fasciclin III (Fig. 5A). Af- 

ter germ-band retraction, the band of the visceral meso- 
derm broadens as the cells assume a palisade-like shape 
and interdigitate (Fig 5B; Campos-Ortega and Harten- 
stein 1985). In later stages, each band splits into two, and 
the cells migrate and spread around the midgut endo- 

derm to form the gut musculature {Fig. 5C; Reuter and 
Scott 1990; Hartenstein and Jan 1992). 

In stage 12 embryos mutant  for strong alleles of tin, no 

fasciclin III can be detected in the mesoderm, whereas 

the ectodermal and neuronal expression is normal (Fig. 

5D). Similarly, after germ-band retraction, the columnar 

cells of the visceral mesoderm can neither be detected by 

fasciclin III staining nor by morphological examination 

(Fig. 5E). In late-stage embryos, the midgut musculature 
is completely missing, as shown with an enhancer trap 

insertion that normally expresses ~-galactosidase (B-gal) 

in the visceral mesoderm of the midgut (Fig. 5C, F; Bellen 

et al. 1989). These results show that the visceral meso- 
derm of the midgut region is never formed in embryos 
homozygous for null mutations of tin. In embryos mu- 

tant for weak alleles, the band of the visceral mesoderm 

is interrupted by gaps of variable width [results not 

shown). In null mutants, the yolk sac does not form any 
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Figure 5. Functions of tin and bap for visceral mesoderm development. {A-C) Wild-type; {D-F) tin mutants~ (G-l} bap mutants. 
Shown are stage 12 (A), and stage 13 IBI wild-type embryos stained for fasciclin III protein. Arrowheads indicate visceral mesoderm. 
Additional expression occurs in the epidermis. I C) Stage 16 wild-type embryo with the enhancer trap insertion A176, stained with 13-gal 
antibodies. The nuclei of the midgut musculature are stained. They form four equidistant lines along the midgut. Three midgut 
constrictions are seen. Shown are stage 12 {D), and stage 13 (E) tin mutant embryos stained as in A. The visceral mesoderm of the 
midgut region is absent. {F) Stage 16 tin mutant embryo containing the A176 insertion, stained as in C. The midgut visceral mesoderm 
is missing, except for a few cells in the posterior part, and no midgut constrictions are formed. Shown are stage 12 {G), and stage 13 
[HI bap mutant embryos stained as in A. The visceral mesoderm larrowheads) is segmentally interrupted, and the residual cells are 
irregular. {I) Stage 16 bap mutant embryo containing the A176 insertion, stained as in C. The number of visceral mesoderm cells is 
strongly reduced and the midgut lacks constrictions. 

constrictions and remains globular or pear-shaped {Fig. 

5F~ see below). In contrast to the midgut, the foregut, 

proventriculus, and hindgut appear normal IFigs. 5F, 7B, 

8E, and 9D}. 
In embryos mutant  for hap, the band of the visceral 

mesoderm displays segmental interruptions from the 
earliest stages {i.e., late-stage 11) onward until germ- 
band retraction [Fig. 5G, H}. As judged from the nuclear 
staining of the above-mentioned enhancer trap line, the 
number of visceral mesoderm cells is reduced by -70%,  
as compared with wild-type embryos. The remaining 
cells have irregular shapes and are not columnar {Fig. 

5H). The late migration of the residual gut muscle cells 
occurs similarly as in wild type. However, the midgut 

fails to undergo any constrictions, and only the posterior 

part becomes narrower {Fig. 5II. Even though bap is also 

expressed in the foregut and hindgut mesoderm, we were 

unable to detect any abnormalities in these tissues. 
We studied the developmental fates of the cells nor- 

mally destined to form visceral mesoderm in bap mutant  

embryos. For this purpose, we produced transgenic lines 

expressing B-gal under the control of bap upstream ele- 

ments. In stage 11 wild-type embryos transformed with 
such a reporter construct [see Materials and methods), 

~-gal is expressed in segmental repeats of cells of the 
visceral mesoderm {Fig. 6A). This pattern reflects the 

late phase of endogeneous bap expression {Fig. 4H}. The 

long half-life of the J3-gal protein allowed us to examine 
the fates of these ceils during later stages of develop- 
ment. The segmental arrangement of these cells in the 
visceral mesoderm of wild-type embryos is maintained 
until stage 13, when they elongate and start surrounding 
the midgut endoderm {Fig. 6B). After the formation of 
midgut constrictions, the B-gal-containing cells form 
part of the gut musculature and, in wild-type embryos, 
none of them gives rise to somatic muscles {Fig. 6C). In 

hap mutant  embryos, the majority of cells derived from 

~-gal-expressing cells surround the midgut endoderm as 

well (Fig. 6D). However, they display abnormal morphol- 

ogies in that they fail to assume a palisade-like structure 

during stage 12 and are arranged irregularly. Importantly, 

a portion of the B-gal-expressing cells is found as com- 
ponents of somatic muscles in bap mutant  embryos (Fig. 

6D). Most often, the muscles that contain B-gal are lo- 

cated in the lateral region of the body wall musculature, 

although their identity and number is variable. In some 

hap mutant  embryos, B-gal-containing cells are also 
found in the gonadal mesoderm (Fig. 6D}. Thus, bap mu- 
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bryos, we were unable to follow the fates of dorsal me- 
sodermal cells in the absence of tin function. 

Figure 6. Transformation of cell fates in bap mutant embryos. 
lacZ expression from the promoter construct baplac4.5#23 in 
wild-type and bap mutant backgrounds. (A)Wild-type, stage 11 
embryo hybridized with a digoxygenin-labeled ~-gal probe. 
J3-Gal mRNA is seen in segmental portions of the visceral me- 
soderm. Embryos in B-D were stained with [3-gal antibodies. {B) 
Wild-type, stage 13 embryo. The progenitors of J3-gal-expressing 
cells remain segmentally arranged in the visceral mesoderm. (C) 
Wild-type, stage 16 embryo. The ~-gal containing cells have 
formed visceral musculature. (D) bap mutant embryo, stage 16. 
The ~-gal stained cells around the midgut are abnormal, a num- 
ber of cells have fused into syncitia of somatic muscles (sml and 
two ~-gal cells are seen in the gonadal mesoderm (gm). 

tation causes a transformation of a portion of cells from 

a visceral mesoderm fate to assume the identity of so- 

matic or gonadal mesoderm. Because of the absence of 

B-gal expression from this construct in tin mutant  em- 

tin has a function in the development of body wall 

muscles 

The somatic mesoderm differentiates into the stereo- 

typic pattern of the body wall muscles, which are ar- 

ranged into ventral, pleural, and dorsal groups {Fig. 7A; 

Crossley 1978; Bate 1990). In tin mutant  embryos, the 

pattern of body wall muscles is disrupted. Although 
some of these disruptions are a consequence of displace- 

ments by the voluminous yolk sac, we observe pattern 
abnormalities in other regions of the embryo as well. In 
particular, all muscles of the dorsal group appear en- 

larged and disorganized such that it is difficult to deter- 

mine individual identities (Fig. 7B). Pattern disruptions 
are also observed in more ventral regions of the body 

wall musculature. For instance, muscles 4, 5, 6 or 7, and 

25 are missing, and many other muscles are shaped and 

arranged abnormally (Fig. 7C). Because the homeo box 

gene $59 is expressed in the founder cells of muscles 5 

and 25 (and also in those of 18 and 27, which are present 

in tin-I we examined whether tin mutations affect the 

founder cell formation or later stages of muscle develop- 

ment. In late-stage 11, $59 labels the common founder 
cells of muscles 5 and 25 (I) and the founder cells of 

muscle 27 (II) (Fig. 7D; Dohrmann et al. 1990). In tin 

mutants of stage 11, only the founder cells of muscle 27 

but not those of muscles 5 and 25 are detected (Fig. 7E). 
Correspondingly, in stage 12 tin mutant  embryos, the 

muscle precursors 5 (Ia) and 25 (Ib) are undetectable with 
$59 antibodies (Fig. 7F, G). These results suggest that tin 

is involved in the formation of particular muscle founder 

cells. The absence of these founder cells in early mutant  

embryos results in the absence of the corresponding 
muscles later on. In bap- embryos, the body wall mus- 
cle pattern appears to be normal. 

Failure of endoderm migration in the absence 

of the visceral mesoderm 

The endoderm invaginates from both ends of the embryo 
to form the primordia of the anterior and posterior mid- 

gut. During stage 12, each of these primordia assumes a 

Y-shaped structure IPoulson 19501. The branches of 

these midgut primordia are associated with the bands of 

the visceral mesoderm on either side of the embryo and 

form the leading edges of the endoderm movement  to- 

ward the center of the embryo (Fig. 8A). Both halves of 

the endoderm meet and fuse in late stage 12, before com- 

pletion of germ-band retraction (Fig. 8B). Subsequently, 
the endoderm spreads toward the ventral and dorsal sides 

to surround the yolk sac. After formation of constric- 

tions, the loops of the midgut and the gastric caecae are 

formed (Fig. 8C). 

In tin mutants where the visceral mesoderm is absent, 
the midgut primordia lack the bilobate structures and do 

not appear to undergo active migration. Rather, the 

amorphous masses of the anterior and posterior endo- 
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Figure 7. tin function for the formation of body wall muscles. (A) Stage 17 wild-type embryo, stained for muscular myosin, lateral 
view. The segmentally repeated groups of ventral (v), pleural (p), and dorsal (d) muscles are seen. Shown are a tin mutant embryo (B), 
stained as in A, dorsolateral view; and same embryo (C) ventrolateral view. The dorsal muscles are larger than in wild-type embryos 
and are arranged irregularly. The pleural and ventral muscles are relatively normal, although some are missing. (D) Stage 11 wild-type 
embryo (posterior segments), stained for $59 and eve. $59 labels the founder cells of muscles 25 and 5 (I) and those of muscles 27 {II). 
There is also neuronal expression of both genes, and eve is seen in pericardial precursors (pc) and anal plate cells. {E) Stage 11 tin mutant 
embryo, stained as in D. The founder cells of muscles 25 and 5 (I) are absent, and only those of muscles 27 {II) are seen. (F) Late stage 
12 wild-type embryo, stained as in D, segments T3-A3. The precursors of muscles 25 (Ia), 5 (Ib), 27 (II), and 18 (III} are stained. (G) tin 

mutant embryo, stage and staining as in F. Muscle precursors 25 and 5 are absent, whereas those of muscles 27 (II) and 18 (III) are 
present. The number of muscle precursor cells in thoracic segments is reduced as well. 

derm continue to be separated by yolk at stage 13 of 

development (Fig. 8D). This  gap is only partially closed 

during the phase of lateral movements ,  when  the endo- 

derm surrounds the yolk sac. The density of endodermal 

cells remains low around the middle  part of the yolk sac, 

and the majori ty of cells stay on either side of it (Fig. 8E). 

This observation suggests that in wild-type embryos the 

bands of the visceral mesoderm play an important  role as 

a substrate along which  the endoderm moves to form the 

midgut. This  view is supported by the examinat ion of 

the endoderm movements  in bap mutants  that display 

interrupted visceral mesoderm bands. In these embryos 

the migration of the endoderm is retarded and the ante- 

rior and posterior midgut  meet  about 1 hr later than in 

wild type embryos (data not shown). 

t in is essential for heart formation 

Because the precursor cells of the heart are derived from 

the dorsal-most cells of the mesoderm and tin continues 

to be expressed in them throughout heart development,  

we examined whether  the gene has a funct ion in heart 

development. During heart formation, the precursor 

ceils located on either side of the embryo meet  along the 
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Figure 8. Disrupted endoderm migration in tin and bap mutants. The endoderm was visualized using the enhancer trap insertion 
A490. The embryos were additionally stained for eve to identify tin mutants. Anal plate staining {ap) marks the posterior end of the 
embryos. (A) Early stage 12 wild-type embryo. (amg) Anterior midgut; (pmg) posterior midgut. (B) Late-stage 12 wild-type embryo. Both 
halves of the endoderm have migrated toward each other and are about to fuse. (C) Stage 16 wild-type embryo. Endoderm morpho- 
genesis has proceeded to form several midgut loops. (D) Stage 13 tin mutant embryo. Anterior and posterior midgut endoderm remain 
separate. (E) Stage 16 tin mutant embryo. Most endoderm cells remain on either side of the yolk sac. (pv) Proventriculus; (hg) hindgut. 

dorsal midline. The two rows of cardioblasts form a tube 
that is surrounded by the pericardial cells (Campos-Or- 

tega and Hartenstein 1985; Hartenstein and Jan 1992) 
The homeo box gene even-skipped (eve) is expressed in 

segmental clusters of pericardial precursor cells from 
stage 11 onward (Fig. 9A; Frasch et al. 1987). This ex- 

pression is absent in tin mutant  embryos, suggesting 
that the precursors of the pericardial cells do not become 

specified (Fig. 9B). Fig. 9C shows a wild-type embryo af- 
ter heart differentiation. The embryo carried an enhancer 
trap construct expressing [3-gal in a subset of cardioblasts 
(stained brown), and pericardial cells were visualized by 
eve staining (purple). [3-Gal is also expressed in the fat 
body and in the lymph glands. In a similarly stained tin 

mutant  embryo carrying this enhancer trap insertion, 
both the cardioblasts and the pericardial cells were miss- 
ing. None of the heart structures, with the exception of 

the lymph glands, were detectable (Fig. 9D). The same 

result was observed when tin mutant  embryos were an- 

alyzed with other enhancer trap insertions expressing 

B-gal in the full complement of heart cells (results not 

shown). Thus, tin function is essential for the specifica- 

tion of the heart precursor cells. In contrast, bap mutant  
embryos form a normal heart (not shown). The fat body 

develops in both mutants, consistent with the observa- 

tion that its precursors are derived from more ventral 

mesodermal regions (Fig. 9D; Hartenstein and Jan 1992). 

bap expression is regulated by tin 

bap starts to be expressed in dorsal mesodermal cells 

shortly after tin expression has become restricted to 

these regions. To test the possibility that the tin homeo 

domain protein is involved in activation of the bap gene, 
we examined bap RNA expression in tin mutant  em- 
bryos. In strong tin mutants bap expression was almost 

abolished in the middle body region (Fig. 10C), and in 

embryos homozygous for weak alleles the bap patches 
were reduced in size and intensity (not shown), bap ex- 

pression in the stomodeal and proctodeal mesoderm, 
which is outside the tin expression domain, was not af- 

fected (Fig. 10C). Therefore, in wild-type embryos, tin is 
required to activate hap expression in the region that 
includes the presumptive midgut visceral mesoderm. Be- 
cause, at this stage, tin expression in the dorsal meso- 
derm is continuous along the anterior-posterior axis, 
whereas bap expression is striped, additional regulators 
must modulate hap expression in a segmental manner. 

Discuss ion 

The analysis of the expression patterns and functions of 

the two genes described in this study, tin and bap, pro- 

vides us with novel insights into the mechanisms that 

lead to the differential specification of cell fates in the 

mesoderm. It appears that a cascade of gene interactions 

results in a progressively finer subdivision of the meso- 

derm that gives rise to the formation of individual me- 

sodermal tissue types from these regions. 

Regulation of tin and bap expression 

tin is initially expressed in the whole mesoderm, proba- 

bly being activated by the twist gene product {Fig. 10A; 

Bodmer et al. 19901. Subsequent processes refine its ex- 

pression pattern such that tin becomes restricted to the 
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Figure 9. tin function for the formation of the heart. (A) Stage 11 wild-type embryo stained for eve. (pc) Precursors of pericardial cells; 
(nc) neuronal precursors of the CNS; (ap) cells at the presumptive anal plate. (B) Stage 11 tin mutant embryo, lacking eve staining of 
the pericardial precursor cells. (C) Stage 17 wild-type embryo containing the enhancer trap insertion E2-3-9, double stained with 
antibodies against eve (purple) and [3gal (brown). The pericardial cells (pc) are located at the periphery of the dorsal vessel. [3Gal labels 
segmental subsets of cardioblasts (cb), the lymph gland (lg), and the fat body (fb). (D) Stage 17 tin mutant embryo with the E2-3-9 
insertion, stained as in C. Neither cardioblasts nor pericardial cells are detected. The interruptions seen in the lobes of the fat body 
may be the result of displacements by the large yolk sac. 

dorsal mesoderm. The dorsal restriction of tin expression 

is perhaps one of the earliest steps in the spatial subdi- 

vision of the mesoderm. At present, we do not have any 

information about the mechan i sms  involved in this re- 

striction. The cells that wil l  form the dorsal mesoderm 

could already be determined during blastoderm accord- 

ing to their position along the dorsoventral embryo axis 

as a result  of the graded distribution of the dorsal mor- 

phogen. However, because of the topological rearrange- 

ments  during the collapse of the invaginating mesoder- 

mal  tube and during the subsequent spreading of meso- 

dermal cells along the ectoderm, such a m e c h a n i s m  

seems unlikely.  A more attractive mechan i sm to deter- 

mine  dorsal mesodermal  cells could involve interactions 

wi th  the ectoderm at a stage after these rearrangements 

have occurred. At the t ime when  tin expression becomes 

restricted, the mesoderm closely contacts the epidermis 

and the epidermal cell fates have been specified along the 

Figure 10. Early tin expression and the regulation of bap. (A) Cross section through a late blastoderm embryo, stained for tin mRNA 
(purple) and twist protein (brown). tin is expressed in the ventral-most cells with high nuclear contents of twist protein. (B) Wild-type 
embryo stained for bap mRNA (purple) and engrailed protein (brown). The anterior margins of the bap patches coincide with the 
anterior margins of epidermal engrailed stripes. (C) bap mRNA expression in tin mutants. Except for traces [which are also seen in 
Df(3R)GC14 embryos], bap is not expressed in the dorsal mesoderm of the prospective midgut. 
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dorsoventral axis. Therefore, it is conceivable that sig- 
nals from epidermal regions lead to the repression of tin 
in ventral mesoderm or to the specific maintenance of its 
expression in dorsal ceils. This possibility can be tested 

by analyzing tm expression in embryos in which the fate 

map of epidermal regions is altered by mutations in 

genes of the zygotic dorsoventral class that do not di- 

rectly affect the prospective mesoderm region. 

Following the dorsal restriction of tin expression, this 

gene initiates other regulatory events leading to visceral 

mesoderm and heart differentiation. One candidate for a 
tin target gene is bap, because bap mRNA appears in the 

dorsal mesoderm shortly after the restriction of tin to 
these cells, and bap expression is dramatically reduced 
in tin mutants. The virtual absence of bap expression in 
the early mesoderm could be the result of the require- 

ment of an activator, in addition to tin, which is perhaps 
only expressed after stage 9 in the mesoderm. Whereas 

tin is expressed in all cells of the dorsal mesoderm, bap 
expression is restricted to metameric repeats. The obser- 

vation that the bap patches are in perfect register with 

the parasegments of the epidermis strongly argues for a 

direct or indirect role of epidermal segmentation genes 

in the spatial regulation of bap expression. This has been 

confirmed by the analysis of altered bap expression in 

embryos mutant  for pair-rule and segment polarity 
genes (N. Azpiazu and M. Frasch, unpubl.). Thus, we 
suggest that the expression pattern of bap is a result of 
the combinatorial activities of tin, which is present in all 

cells of the dorsal mesoderm, and activities that depend 
on segmentation genes, which restrict bap expression to 

segmental clusters of cells. 

Visceral mesoderm formation and the functions of bap 

The observation that the visceral mesoderm is derived 
from metamerically repeated primordia of the early me- 
soderm was rather unexpected because, at later stages, 
the visceral mesoderm forms a continuous band of cells 
with no overt morphological signs of segmentation. 
However, in more primitive insects the early visceral 
mesoderm is clearly segmented, and the expression pat- 

terns of homeotic genes in the visceral mesoderm indi- 
cated a spatial subdivision of the visceral mesoderm 

along the anterior/posterior axis also in Drosophila (Jo- 

hannsen and Butt 1941; Tremml and Bienz 1989a; Reu- 

ter and Scott 1990; Reuter et al. 1990). The expression 

domains of most homeotic genes in this tissue are ar- 

ranged in parasegmental units, and bap may well play a 

role in regulating their expression in these registers. Al- 

ternatively, the homeotic genes could be activated in 

parallel to bap in these parasegmental units, as discussed 
above for bap (see also Tremml and Bienz 1989b). It has 

been shown that the visceral mesoderm, through the ac- 

tivities of the homeotic genes, plays a decisive role in the 

formation of the constrictions that arise at defined posi- 

tions along the anterior/posterior axis of the midgut (Re- 

uter and Scott 1990). Our observations suggest that this 

spatial organization of midgut morphogenesis may ulti- 

mately be a result of the metameric origin of the visceral 
mesoderm primordia. 

Only a portion of the cells that express bap segregate 

to form visceral mesoderm. A main function of bap 
could be to define groups of cells that are competent to 

develop into visceral mesoderm. The cells that eventu- 

ally segregate as visceral mesodermal cells could be de- 

termined as a result of communication events among the 

cells within each group. Similar mechanisms have been 

proposed for the segregation of neuroblasts and muscle 
founder cells from preclusters (Ghysen and Dambly- 

Chaudiere 1989; Campos-Ortega and Knust 1990; 
Corbin et al. 1991). However, it is equally possible that 

signals from adjacent cells are required, in combination 
with bap, to specify the ventral cells of the bap patches 
to become visceral mesoderm. In either of these models, 
bap would not necessarily be required for the differenti- 

ation of those cells in the clusters that do not form vis- 
ceral mesoderm, which presumably give rise to dorsal 

body wall muscles. The absence of a body wall muscle 

phenotype in bap mutant  embryos is consistent with 

this view. On the other hand, one might expect that lack 

of bap function results in the total absence of visceral 
mesoderm and perhaps a complete transformation of the 

cells normally allocated to this tissue into other meso- 
dermal cell types. The fact that we observe residual for- 
mation of visceral mesoderm in segmental clusters and 

only partial transformation into somatic mesoderm may 
indicate that bap 2~ is not a null allele. Perhaps, the 

reduced function of the mutant  bap protein is sufficient 
for the formation of some visceral mesoderm cells in the 

regions where bap expression persists longest and at high 
levels (Fig. 4G, H). Correspondingly, a phenotype similar 
to that of bap 2~ is seen in mutants for the weak tin 3~ 

allele that activates bap expression only at low levels. 

It seems likely that the activity of bap results in the 
activation of genes whose expression is restricted to the 
cells forming the visceral mesoderm and that regulate 
the differentiation of this tissue. So far, genes of this type 
have not been identified (see Barad et al. 1991). At the 
same time, bap may be directly responsible for turning 
on differentiation genes such as [33-tubulin or the genes 
encoding the cell adhesion molecules fasciclin III and 
connectin (Fig. 4I; Leiss et al. 1988; Snow et al. 1989; 

Gould and White 1992; Nose et al. 1992). 

The functions of tin 

The phenotype of tin mutant  embryos shows that tin 
functions predominantly in the dorsal mesoderm to de- 

termine the formation of visceral mesoderm, the heart, 

and dorsal body wall muscles. We propose that tin may 

fulfill these functions by providing the dorsal mesoder- 
mal cells with the competence to respond to additional 

cues that are spatially more restricted. Thus, cues that 

depend on the activities of segmentation genes appear to 

act in combination with tin to allow metameric bap ex- 

pression and ultimately the formation of visceral meso- 
derm, as discussed above. Different inputs may similarly 

act in combination with tin to allow the formation of 
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heart precursor cells in the dorsal-most part of the tin 

domain. As in the case of visceral mesoderm formation, 

this combination of activities may serve to determine 

preclusters of cells from which the actual heart precur- 

sors finally segregate. The involvement of neurogenic 

genes in this process suggests that this segregation is a 

result of cell-cell communication events (Hartenstein et 

al. 1992). The continued expression of tin in the heart 

cells may indicate that tin is further required for the 

proper differentiation of these cells. A combination of tin 

activity with yet other inputs may be required to form 

particular body wall muscles in the somatic mesoderm. 

In tm mutant  embryos, the dorsal body wall muscles, 

which are presumably derived from cells of the dorsal tin 

domain, are disrupted most strongly. Because specific 

muscle defects are observed more ventrally as well, it 

appears that tin function is also required for muscle for- 

mation during its early phase of expression in the whole 

mesoderm. In the absence of tin function, the precursor 

cells for particular body wall muscles apparently fail to 

become specified; and, as a consequence, the muscles 

they would normally form are missing in late stage em- 

bryos. This observation supports the idea that these pre- 

cursors act as founder cells, which are essential to initi- 

ate the formation of individual body wall muscles, sim- 

ilar to the muscle pioneer cells in the grasshopper 

embryo (Bate 1990; Dohrmann et al. 1990; Ball et al. 

1985). 

Indirect consequences of disrupted tin and bap 

functions 

We assume that in tin mutant  embryos, there are trans- 

formations of cell fates similar to the ones observed in 

bap mutants. Thus, the cells normally destined to form 

visceral mesoderm and heart may become components 

of the multinucleate muscle fibers of the body wall mus- 

culature. Whereas in wild type the cells segregating as 

visceral mesoderm and heart precursors are unable to 

fuse with somatic muscle founder cells, in the mutants 

these cells fail to segregate and may be available for fu- 

sion into somatic muscle syncitia. This is in agreement 

with our observation that in tin mutants, the dorsolat- 

erally located muscle 18 is often seen to contain many 

more nuclei than in wild type when stained for the $59 

homeo domain protein (results not shown). Furthermore, 

the dorsal-most body wall muscles appear enlarged in 
t in- .  In bap 2~ mutants, such enlargements are not ex- 

pected to be obvious because transformations occur to a 

lesser extent {Fig. 6D). 

The t/n and bap mutants allowed us to demonstrate 

that the visceral mesoderm plays a role in the migration 

of the endoderm. The band of the visceral mesoderm 

appears to serve as a substrate to promote this migration. 

Such an interaction can ensure the intimate association 

of the mesodermal and endodermal layers, which is cru- 

cial for the subsequent midgnt development. There is 

evidence that the visceral mesoderm is instrumental in 

the formation of the constrictions that occur in the final 

phases of midgut morphogenesis (Reuter and Scott 1990). 

The absence of midgut constrictions in both tin and bap 

mutants is in line with this view. The stronger gut phe- 

notype in tin mutants can be explained by the complete 

absence of midgut visceral mesoderm and by the addi- 

tional failure of endoderm migration. 

Progressive regionalization of the mesoderm 

In summary, it appears that the regional subdivision of 

the mesoderm is determined through a hierarchy of gene 

interactions, twist is perhaps directly activating tin, and 

tin, in turn, is required to activate bap. An important 

aspect of this cascade is the presence of additional inputs 

at each step, which restrict the expression of each down- 

stream gene to progressively smaller domains. Thus, tin 

becomes restricted to the cells of the dorsal mesoderm, 

and bap to segmental clusters within this region from 

which the cells of the visceral mesoderm segregate. 

These additional cues could be provided by other tran- 

scription factors expressed in overlapping domains, they 

could be a result of cell-cell interactions among meso- 

dermal cells, or they may depend on inductive signals 

received from the epidermis. For a more complete under- 

standing of mesoderm differentiation, it will be crucial 

to obtain insights into the nature of these inputs. 

Mater ia l s  and m e t h o d s  

cDNA and genomic clones 

The genomic clones were isolated from kEMBL4 libraries 
kindly provided by M. Noll (University of Zfirich, Switzerland) 
and by S. Cohen (Baylor College of Medicine, Houston, TX). 
cDNAs were isolated from an 8- to 12-hr embryonic plasmid 
library (Brown and Kafatos 1988). The sequence of the bap 
cDNA was determined by double-stranded sequencing of both 
strands in the DNA core facilities of the Brookdale Center, us- 
ing the TaqDyeDeoxy Terminator Cycle sequencing kit and an 
automated 373A DNA Sequencer (Applied Biosystems). The ap- 
proximate limits of the tin and bap transcription units and the 
directions of transcription were determined by Southem analy- 
sis with restriction digests of the genomic clones using labeled 
fragments from the 5' ends, the middle regions, and the 3' ends 
of the longest cDNAs. Genomic fragments at the 5' ends were 
sequenced to determine the sites corresponding to the 5' ends of 
the cDNAs. 

Northern analysis 

Northern analysis was done as described in Dohrmann et al. 
(1990). For size determination, an RNA ladder (BRL) was hybrid- 
ized with k phage DNA. 

In situ hybridization and antibody staining 

Transcripts were detected by in situ hybridization with digox- 
igenin-labeled cDNA inserts following a modification of the 
protocol of Tautz and Pfeifle (1989). Antibody stainings were 
done as described in Dohrmann et al. {19901 and in Kellermann 
et al. (1990). Antibodies were generously provided by C. Doe 
{University of Illinois, Urbana) Imonoclonal engrailed anti- 
body), C. Goodman and R. Reuter {Max Planck Institute, Tiib- 
ingen, Germany) Imonoclonal fasciclin III antibody), and Dan 
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Kiehart (Harvard University, Cambridge, MA) (muscle myosin 

serum). [3-Gal antibody (mouse) was purchased from Sigma and 
affinity purified. Phenotypes were analyzed with tin a46 or 

bap a~ in trans to deficiencies, and mutant embryos were iden- 

tified using [3-gal expressing balancer chromosomes or, in case 

of tin, with eve antibodies to visualize heart cells. For double 

stainings with antibody and in situ hybridization probes, the 

procedures described above were modified according to a proto- 

col from A. Manoukian and H. Krause (pets. comm.). Briefly, 

after fixation, the embryos were washed three times 20 min for 

each with PBTH blocking buffer (filtered; PBS, 0.1% Tween 80, 

50 ~g/ml of heparin, 250 ~g/ml of tRNA). The incubations with 

antibodies and ABC complex {Vectastain) were done as usual, 

but the solutions contained 1 unit of RNasin per 50 ~l of vol- 

ume, and the washes were with PBTH. After the horseradish 

peroxidase reaction, the embryos were fixed again, treated with 

proteinase K, postfixed, and hybridized as described above. Ar- 

aldite sections of embryos were done as described by Leptin and 

Grunewald (1990). The embryos were photographed on a Zeiss 

Axiophot with Nomarski optics and Kodak technical pan, Ek- 

tachrome ET160, or Ektachrome 100 Plus films. Color slides 

were processed with Adobe Photoshop Macintosh version 2 

(Adobe Systems, Inc.) and a Kodak XL7700 printer. 

EMS mutagenesis 

Wild-type males with a marked third chromosome (rutipa = ru 

th st ri roe pP e s ca) were mutagenized with EMS (Lewis and 

Bacher 1968) and crossed with TM1/TM3 females (Lindsley and 

Zimm 1992). Single F1 flies with the mutagenized chromosome 

rutipa/TM1 were crossed with flies of the genotype Df(3R)eDZ/ 

TMI (Scalenghe and Ritossa 1977). The F2 generation was 

screened for lethality of rutipa/Df(3R)e Dz (absence of ebony 

flies). Flies with rutipa carrying a lethal mutation over TMI 

were crossed among one another to establish a stock. Of the 

chromosomes screened, 1148 were mutagenized with 55 mM 

EMS, 4185 with 35 mM EMS, and 5232 with 30 mM EMS. The 

frequency of lethals in trans to the deficiency was 1.8% with 55 

mM, 1.6% with 35 mM, and 1.5% with 30 mM EMS, and a total 

of 85 lethal mutations could be propagated, tin is allelic with 
the lethal mutation EC40 (Mohler and Pardue 1984), which we 

now call tin Eta~ bap was named after the shape of the gut in 

late stage embryos and tin after a heart phenotype described by 

Baum (1900). 

P-element mutagenesis 

P-lacW transposable elements were mobilized from the X chro- 

mosome (Bier et al. 1989). Red-eyed males with w Illa on the X 

chromosomes and P-lacW on an autosome were crossed in 

batches of 50, with 150 w 1Ha females per batch. For plasmid 

rescue of genomic fragments flanking the insertion sites, DNA 

prepared from the egg lays was cut with EcoRI, ligated, and 

transformed into bacteria with a Bio-Rad electroporation appa- 

ratus. Miniprep DNA was prepared from the combined bacterial 

colonies of each batch and tested on dot blots for hybridization 

with genomic probes from the tin and bap region. From the 

positive batch, crosses with five males and ultimately with in- 

dividual males were established and tested with the same pro- 

cedure. The insertion obtained this way, P(w+)142, was on a 

TM3Sb, A2-3 chromosome, and the phenotype was analyzed in 

trans to Df(3R)e mz. The screen was a collaboration with the 

Hafen and Noll laboratories (Ziirich), and a detailed description 

is in preparation (N. Walter, M. Jenni, and E. Hafen). 

To generate imprecise excisions, P(w+)142 was mobilized 

with the endogeneous A2-3 transposase (Robertson et al. 1988). 

Single white-eyed flies with the genotype +/TM3Sb(AP) were 

crossed with Df(3R)eDZ/TM6Tb. The next generation was 

screened for lethals of the genotype Df(3R)eDT/TM3Sb(AP). Of 

500 excision events, 50 produced lethality. Seven of these mu- 

tations did not complement with tin, two of them were also 

semilethal over bap, and the rest failed to complement muta- 

tions in an uncharacterized gene upstream of tin. A15 and &32 

(Fig. 1) also do not fully complement the latter mutations. 

P-mediated rescue experiments 

Genomic fragments (Fig. 1B) were cloned into the transforma- 

tion vectors pCaSpeR2 (tin) or pCaSpeR3 (bap) (Pirrotta 1988). 

P-insertions on the second or X chromosome were crossed into 

the mutant background of tin or bap/Df(3R)e mT. Insertions on 

the third chromosome were first recombined onto this defi- 

ciency chromosome, which was then tested in trans to the tin 

or bap mutant chromosomes. In all cases, we tested for survival 

of ebony flies. Seven of eight independent insertions with the 

tin genomic region rescued the lethality of the weak allele tin a~ 

and two of four tested rescued strong mutation tin 346. With the 

insertion Re28-102, which gave the strongest rescue, 40% of the 

expected flies mutant for the weak allele and 48% of the ex- 

pected flies mutant for the strong allele survived to adulthood. 

Of 12 independent insertions with the bap genomic region, 7 

rescued the lethality of bap 2~ The strongest rescue with a 60% 
survival rate was obtained in line Re3-89. 

lacZ reporter constructs 

A 4.5-kb BamHI fragment ( + 6 to + 10.5 kb; Fig. 1B) was cloned 

into the transformation vector pCaSpeRhs43Bgal (Thummel et 

al. 1988) in the native orientation. Six transformed lines with 

identical [3-gal-expression in the visceral mesoderm were ob- 

tained. An insertion on the second chromosome, baplac4.5#23, 

was crossed into the mutant backgrounds of bap2~ Dz 
and tin346/ Df(3R)e D7. 

Fly stocks 

The enhancer trap stocks A176.1M2 and A490.2M3 (Bellen et 

al. 1989) were obtained through the Bloomington stock collec- 

tion and through R. Reuter. E2-3-9 was produced by Bier et al. 

(1989) and analyzed further by Hartenstein et al. (1992). The 93E 

deficiency stocks were obtained from J. Mohler (Barnard Col- 

lege, NY), and M.L. Pardue (MIT, Cambridge, MA), and the ru- 

tipa stock was from the Tiibingen stock collection. 
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marked "advertisement" in accordance with 18 USC section 

1734 solely to indicate this fact. 

N o t e  added in  proof  

The bagpipe eDNA sequence has been submitted to the Gen- 

Bank data library under accession number T17133. 
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