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Summary

The flight muscles of Drosophila derive from myoblasts
found on the third instar disc. We demonstrate that these
myoblasts already show distinctive properties and ex-
amine how this diversity is generated. In the late larva,
Vestigial and low levels of Cut are expressed in myo-
blasts that will contribute to the indirect flight muscles.
Other myoblasts, which express high levels of Cut but
no Vestigial, are required for the formation of the direct
flight muscles. Vestigial and Cut expression are stabi-
lized by a mutually repressive feedback loop. Vestigial
expression begins in the embryo in a subset of adult
myoblasts, and Wingless signaling is required later to
maintain this expression. Thus, myoblasts are divided
into identifiable populations, consistent with their allo-
cation to different muscles, and ectodermal signals act
to maintain these differences.

Introduction

Recent studies in vertebrates have identified several
conserved regulatory factors whose expression pat-
terns are suggestive of early roles in generating myo-
blast diversity (Jagla et al., 1995; Mennerich et al., 1998;
Goulding et al., 1994). However, we know little about
the mechanisms underlying the activation of these fac-
tors and their roles in generating diversity among mus-
cles are only beginning to be tested (Birchmeier and
Brohmann, 2000). Many studies, also in vertebrates,
have demonstrated a key role for the ectoderm in regu-
lating the myogenic pathway. Myoblasts respond to the
action of Wnt, TGF-B, and Hedgehog (Hh) signaling path-
ways (reviewed in Birchmeier and Brohmann, 2000;
Cossu and Borello, 1999). However, here too, we know
little about the targets of these signals and the context
in which they operate. For example, they could act di-
rectly on an undifferentiated pool of myoblasts to gener-
ate fibers with specific contractile properties. Alterna-
tively, they could be required in concert with intrinsic
factors that have already divided myoblasts into groups
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and bias the outcome of signaling so that muscle identity
is specified in a combinatorial manner.

The adult flight musculature of Drosophila provides
an amenable system in which to address these issues
(Roy and VijayRaghavan, 1999). There are two muscle
sets, the direct (DFM) and indirect (IFM) flight muscles,
which differ from each other in their size, location, con-
tractile properties, and innervation (Miller, 1950; Fyrberg
and Beall, 1990). The adult myoblast progenitors are
siblings of embryonic muscle founder cells (Carmena et
al., 1995), whose identities are specified by the expres-
sion of combinations of regulatory factors (Dohrmann
et al., 1990; Ruiz-Gomez et al., 1997; Baylies et al., 1998;
Buff et al., 1998; Halfon et al., 2000). This provides a
simple mechanism by which adult myoblasts may be
specified, perhaps in a lineage-dependent manner, to
contribute during metamorphosis to specific muscle
groups or even to specific muscles in the adult. How-
ever, whether this is the mechanism that is actually used
is not known.

The evidence to date suggests that it is not. Lawrence
and Brower (1982) transplanted flight muscle myoblasts
to ectopic locations and showed that these myoblasts
could contribute to diverse muscles in the fly. They con-
cluded that, in contrast to the wing disc epidermis, the
adult myoblasts overlying it were still a naive population.
They revealed that the identity of transplanted myo-
blasts was not autonomously determined but resulted
from environmental cues so that they could contribute
to the formation of muscle fibers according to their new
location.

In trying to resolve the contradiction between this
finding and the observation that intrinsic patterning of
myoblasts affects at least some aspects of muscle iden-
tity (Greig and Akam, 1993; Michelson, 1994; Fernandes
et al., 1994), Roy and VijayRaghavan (1997) revisited the
transplantation experiments and came to the following
conclusions. They agreed substantially with Lawrence
and Brower (1982) that the bulk of adult flight muscle
myoblasts were naive. But they also suggested that,
as in the Drosophila embryo, adult muscles could use
founder cells to seed the fusion process of myoblasts
to form a mature muscle fiber. These founder cells, they
argued, must have information about their identity and
must be located in the correct position on the epidermis
for a mature muscle fiber to form. Myoblasts, trans-
planted from other locations, may fuse with such found-
ers and contribute to a normal fiber, but only as long
as the developing fiber retains its original identity based
on that of its “founder”.

In this study we investigate the roles of intrinsic and
extrinsic cues in the generation of muscle diversity. We
show that Vestigial (Williams et al., 1990) and Cut (Bloch-
linger et al., 1988), two regulatory factors previously
shown to be expressed in the adult myoblasts (Ng et
al., 1996; Blochlinger et al., 1993), are expressed differ-
entially, resulting in two populations of adult flight mus-
cle myoblasts by the third instar. This diversity among
myoblasts predicts the contribution of each population
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to different types of flight muscles. Vg (but low Cut)-
expressing myoblasts are required for the development
of the indirect flight muscles and high Cut (but not Vg)-
expressing myoblasts are required for the development
of the direct flight muscles. These two classes of myo-
blasts become distinct during embryonic myogenesis,
and initially the maintenance of this diversity could well
be a cell-autonomous process. However, later in devel-
opment, inductive Wingless signals from ectodermal
cells closely associated with myoblasts are required for
the maintenance of Vg expression. Distinction between
the two myoblast groups is reinforced by a mutually
repressive feedback loop between Vg and Cut.

Thus, groups of myoblasts are segregated into identi-
fiable populations early in development but require local
signals from the ectoderm to maintain differences be-
tween them. We discuss the significance of this early
myoblast diversification for adult flight muscle develop-
ment and offer an explanation for the apparent naiveté
of transplanted myoblasts.

Results

Expression of Vestigial and Cut Reveals Two
Populations of Thoracic Myoblasts that

Contribute to Different Muscles

The flight muscles of the adult thorax are shown sche-
matically in Figure 1A. The indirect flight muscles (IFMs,
in red) are further divided into two classes on the basis
of their location; the dorsal longitudinal muscles (DLMs,
pale red) and the dorsoventral muscles (DVMs, dark red).
These, together with the direct flight muscles (DFMs, in
green, numbered 51-54), constitute the dorsal muscles of
the adult thorax and derive from myoblasts that lie over
the notal region of the developing wing disc epithelium
(Figure 1B). They have been considered to be a uniform
population of cells, capable of contributing to a variety
of muscles (Lawrence and Brower, 1982). Consistent
with this view, they uniformly express the transcription

Figure 1. The Origin of the Adult Thoracic
Muscles

(A) Diagram of the adult thorax to show the
indirect flight muscles (IFMs in red) and direct
flight muscles (DFMs in green). The DFMs
consist of four muscle sets (humbered 51-54)
and there are two groups of IFMs, the dorsal
longitudinal muscles (DLMs, pale red) and
dorsoventral muscles (DVMs, dark red). Ante-
rior to the left.

(B) Diagram of the wing disc to show the myo-
blasts overlying the epithelium of the notum.
Those expressing high levels of Cut are
shown in green and those expressing lower
levels of Cut but also expressing Vg in red.
Dashed square shows the approximate re-
gion shown in (C).

(C) Confocal image of the notum of a wild-
type third instar wing disc (area outlined in
[B]) stained for Vg (i and red in overlay) and
Cut (ii and green in overlay). Distal cells lack
Vg but express high levels of Cut (white ar-
rowheads), while proximal cells express
lower levels of Cut but show staining for Vg
(asterisk).

factors encoded by twist (twi) and Dmef2 (Currie and
Bate, 1991; Fernandes et al., 1991; Ranganayakulu et
al., 1995; this study).

When we examined the expression of other molecular
markers, we found that these myoblasts are segregated
into two distinct groups well before the onset of myoblast
fusion. In late third instar discs, a large group of proxi-
mally situated myoblasts expresses Vestigial (Vg), while
a more distal group located around the hinge region
does not express this gene (Figure 1C). These two
groups of myoblasts also differ in their levels of Cut
expression; Vg-expressing cells show low levels of Cut
while cells not expressing Vg are marked by high levels
of Cut.

We asked whether the segregation of these two
groups of myoblasts, expressing different combinations
of transcription factors, predicts a distinctive contribu-
tion to the development of specific adult flight muscles.
We examined the development of the IFMs in adult via-
ble alleles of vg. In two strong alleles, vg’ and vg5%?f, the
DLMs are severely reduced and the DVMs are minimal or
completely missing (10/10 examined; data shown for
vg®®?7R; Figure 2B). To assess the gain-of-function phe-
notype, we expressed a UAS-vg transgene in all wing
disc-associated myoblasts using the Gal4 driver 1151
(Roy and VijayRaghavan, 1997, 1998). This leads to alter-
ations in the development of the DFMs, so that muscles
51 and 52 are always missing (Figure 2C). In contrast,
the IFMs develop normally (DLMs shown in Figure 2D;
9/10 examined). Viable hypomorphic allelic combina-
tions of cut show no muscle phenotype and therefore
do not allow us to readily analyze the effects of loss of
function on adult muscle development. To assess the
effects of cut gain of function, we expressed uniformly
high levels in all the myoblasts, which results in the
virtual complete loss of IFMs (Figure 2F), whereas the
DFMs are unaffected (Figure 2E; 10/10 examined).

Thus, while the overexpression of Vg or Cut leads to
the reduction or loss of one class of muscle, it is striking
that the alternative class is not expanded, as would be
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Figure 2. Loss- and Gain-of-Function Phenotypes

(A) Indirect flight muscles (IFMs) in a wild-type adult. The white
asterisk indicates the DLMs and the arrow a subset of the DVMs.

(B) In a strong allele for vg, the DLMs are severely reduced (asterisk)
and the DVMs are completely missing.

(C and D) Overexpression of vg. While the DFMs are variably lost
(white asterisks mark two remaining DFMs in [C]), the IFMs are not
affected (white asterisk marks the DLMs in [D]).

(E and F) Overexpression of cut. The DFMs are unaffected (labeled
in [E] and arrowed in [F]), but the IFMs are lost. (Asterisk marks the
site of lost DLMs in [F].)

(G) Overexpression of DNATCF. The IFMs are strongly reduced (aster-
isk marks the site of DLMs; the arrow indicates the few remaining DVMs).
(H) Overexpression of activated Armadillo. The DFMs are variably
affected, with a phenotype identical to the overexpression of vg
(white asterisks indicate two remaining DFMs, compare with [C]).

expected if ectopically expressing cells switched their
fate and executed the newly specified myogenic pro-
gram. We therefore investigated the alternative possibil-
ity that cells forced into a new developmental program
die. Pupal wing discs in which Cut had been overex-
pressed in all the myoblasts were stained for the general
myoblast marker, Twi, and for acridine orange. Twi staining

reveals an approximately 10-fold reduction in the number
of myoblasts overlying the IFM larval templates (Figures
3A and 3B), and acridine orange shows a greatly in-
creased incidence of cell death (Figure 3C and 3D). Driv-
ing maximal levels of Cut (at 29°C; see Figure 7) results
in a dramatic reduction in disc-associated myoblasts
even earlier, by the end of the larval period. Together
these results indicate that alterations in the pattern of
gene expression in myoblasts leads to cell death.

The location of the two populations of myoblasts on
the notum, together with phenotypes for the gain and
loss of function for vg and for cut gain of function, sug-
gests that the IFMs derive from proximal, Vg-expressing,
low Cut myoblasts and the DFMs from more distal, Vg-
negative, high Cut myoblasts. Since these distinctive
patterns of gene expression are observed in the third
instar, before myoblast fusion, we can test this hypothe-
sis by following the fate of Vg-expressing cells through
pupal development. Indeed, we find that myoblasts ex-
pressing Vg contribute to the developing IFMs. Figure
4C shows Vg-expressing myoblasts overlying the larval
templates on which the DLMs develop and in the mus-
cles below after myoblast fusion (Figure 4C)). After the
larval templates have split, the DFMs have many Vg-
expressing nuclei (Figure 4D). In contrast the vast major-
ity of myoblasts that contribute to DFMs do not express
Vg, either during fusion (Figure 4E) or later (Figure 4F,
inset; 1 case in 20 DFMs showed fusion of two Vg-
expressing myoblasts).

Together these results show that the third instar myo-
blasts are partitioned into two populations from which
cells contribute to the IFMs or DFMs and that the larval
patterns of vg and cut expression play an important role
in specifying these populations.

Adult Myoblast Diversity Is Established
in the Embryo, before the Adult Thoracic
Epidermis Is Patterned
The notum epithelium is patterned during the second
and third instars (Garcia-Garcia et al., 1999; Calleja et al.,
2000) and could therefore act to pattern the myoblasts
associated with it. As the myoblasts and wing disc arise
as separate structures in the embryo, we analyzed Vg
expression in early myoblasts to see whether they adopt
different patterns of gene expression only after they
associate with the disc epithelium. The progenitors of
adult myoblasts are specified in the embryo and are
characterized by the persistent expression of twist (Bate
et al., 1991). Embryos stained for twi-lacZ expression,
to identify adult progenitors, and with an antibody
against Vg reveal a few Vg-expressing adult myoblasts
lying between the leg and wing disc primordia from late
stage 12 (stage 16 shown in Figure 4A). Vg expression
is maintained in a subset of myoblasts during the first
and second instars as they become associated with the
wing disc (data not shown). By 74 hr AEL (early third
instar), we see approximately six Vg-expressing adult
myoblasts associated with the stalk of the wing disc
(Figure 4B). Thus, the initial patterning of Vg expression
in the adult myoblasts is independent of patterning of
the wing disc epithelium.

Although embryonic myoblasts are allotted to sets
that express Vg and those that do not, the other tran-
scription factor, Cut, whose level of expression also
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distinguishes myoblast groups, is initiated only later, in
mid third instar larvae (Blochlinger et al., 1993; our own
observations). During the third instar, all adult myoblasts
express Cut, but they are in two distinct groups: a distal
group that expresses high levels of Cut and a proximal
group, also distinguished by the expression of Vg, that
expresses Cut weakly (Figures 1B and 1C).

Together these data show that the adult myoblast
progenitors diversify during embryogenesis before they
are associated with the wing disc and suggest that these
differences are maintained and elaborated after the
myoblasts migrate onto the disc. Might the disc epithe-
lium regulate these later stages of myoblast patterning?

Wg Can Cross from the Ectoderm, Late

in the Third Larval Instar, to Signal

to Thoracic Myoblasts

If the specification of the adult myoblasts is influenced
by the disc epithelium, signals must be able to diffuse
between germ layers to stimulate the myoblasts. A strik-
ing feature of the presumptive notum of the wing disc
is an ectodermal stripe of wingless (wg) expression,
which is initiated in the third instar (Phillips and Whittle,
1993) (Figures 5A and 5B). When conventional fixation
procedures are used, Wg is detectable at the apical
surface of the disc epithelium (Figure 5C), whereas the
protein gradient forms on the basolateral domain, adja-
cent to the myoblast layer (Strigini and Cohen, 2000).
To assess whether Wg secreted from epidermal cells
could signal to the associated myoblasts, we expressed
a truncated, nonfunctional, GPI-linked form of the Wing-
less receptor, DFrizzled2 (Cadigan et al., 1998), in all the
adult myoblasts. We then examined whether Wg protein
was detectable in the mesodermal layer. We find that
Wg can cross between the germ layers and bind to the
myoblasts in a graded fashion, covering a domain that
is wider than the Wg stripe (Figures 5C and 5D).

Wg Functions to Elaborate and Maintain

Myoblast Diversity

We asked whether myoblasts were receptive to induc-
tive signaling from the epidermis and whether wg is
required for the divergence of the two myoblast popula-
tions in wild-type third instar discs. Using a temperature-
sensitive allele, wg'-'"* (Nusslein-Volhard et al., 1984),
we removed Wingless function from the second instar

Figure 3. Overexpression of cut Induces Cell
Death

(A and B) DLMs dissected and stained with
an antibody against Twist. Compared to the
wild-type (A), the number of cells associated
with the larval templates (arrowed) and con-
sequently DLM development is severely re-
duced when cut is expressed in all the myo-
blasts (B).

(C and D) Acridine orange staining (green)
reveals that ectopic Cut results in greatly in-
creased cell death over the developing DLMs
(red asterisks; compare [D] to wild-type, [C]).

onward. This results in a strong reduction of Vg expres-
sion in the myoblasts (Figures 6A and 6B). We tested
the importance of signaling through the canonical Wg
pathway by expressing a dominant-negative form of the
transcriptional effector, TCF (van-de-Wetering et al.,
1997; Riese et al., 1997), in all the myoblasts of the
notum. We found a complete loss of Vg expression (Fig-
ure 6C), and, in the adult, the IFMs were much reduced
in size (Figure 2G; 8/9 examined). In contrast, when we
activated the Wg pathway by expressing arm®”°, a con-
stitutively active form of Armadillo (Pai et al., 1997),
throughout the notum myoblasts, we found a small
expansion of Vg expression into the most distal popula-
tion of myoblasts (Figure 6D). In the adult, some DFMs
were lost, while those that remained were very reduced
in size (Figure 2H; 10/10 examined). These results show
that spatially organized Wg signaling from the ectoderm
is required to maintain Vg expression in the adjoining
population of myoblasts.

In order to compare the levels of Cut in wild-type and
genetically manipulated cells within single populations
of myoblasts, we generated mitotic clones of myoblasts
carrying a mutation in dishevelled (dsh) and therefore
unable to transduce Wg signaling (Geer et al., 1983;
Noordermeer et al., 1994; Siegfried et al., 1994). As ex-
pected, dsh clones lose Vg expression, but they also
show an increase in the level of Cut expression relative
to neighboring wild-type myoblasts (Figures 6E and 6F).
This indicates that, in addition to its role in maintaining
Vg expression, Wg signaling is also required, directly
or indirectly, to modulate myoblast expression of Cut.
Interestingly, we find that changes in gene expression
are confined to the mutant cells, indicating a cell-auton-
omous response; the induction of secondary signaling
by Wg-activated cells is not involved.

Vg and Cut Show Mutual Repression

Since high levels of Cut are found only in the absence
of Vg and Vg-expressing cells show depressed levels
of Cut, we analyzed the relationship between Vg and Cut
expression by inducing overexpression of each gene in
all the notum myoblasts. A general expression of Vg
results in uniformly low levels of Cut expression (Figures
7A and 7B), while the induction of uniformly high Cut
virtually abolishes Vg expression (Figures 7C and 7D).
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Figure 4. Vg Expression during the Development of Adult Flight Muscles

(A) Mesothoracic segment of a stage 16 embryo labeled with antibodies against 3-Gal to identify adult myoblasts (twi-LacZ, red) and Vg
(green). A subset of adult myoblasts lying between the leg and wing disc primordia express Vg ([A'], arrowheads). Later in development these
myoblasts will be distributed to the wing and leg discs. n.b., the large group of cells staining strongly for Vg is in the presumptive wing blade.
(B) Early third instar disc (74 + 2 hr) stained for twi-LacZ (red) and Vg (green). Vg-expressing myoblasts can be seen associated with the stalk
of the disc (blue arrowheads in [B']). The presumptive wing blade ectoderm expresses Vg strongly.

(C) The larval templates on which the DLMs form dissected from a pupa (20-22 hr APF), showing Vg expression in myoblasts (arrow in [C])
overlying the template (asterisks in [C]) and in myotube nuclei (arrows in [C']) as fusion with the templates (asterisks) progresses (lower plane
of focus shown in [C]).

(D) The DLMs (30 hr APF), after the templates have split and muscles have formed, stained for Vg (green) and ap-MS-LacZ (red, to mark the
DFMs). Continued expression of Vg is seen in rows of nuclei within each fiber (asterisks indicate three out of the six fibers). No expression
of ap-MS-LacZ is seen in the DLMs.

(E) DFM myoblasts (20-22 hr APF), stained as in [D]. A cluster of myoblasts in the process of forming a DFM fiber expresses the DFM marker,
ap-MS-LacZ, and shows no expression of Vg.

(F) A DFM (30-32 hr APF), stained as in [D], showing continued expression of ap-MS-LacZ and no expression of Vg. Inset shows the single

example out of twenty, in which Vg-expressing nuclei (blue arrow) were seen in a DFM.

These results reveal a negative regulatory loop between
these two gene products, which from the third instar will
act to maintain the distinction between the two groups of
notum myoblasts, namely, those expressing Vg, that will
contribute to the IFMs, and those expressing Cut at high
levels that contribute to the DFMs.

Discussion

To make a mature muscle, myoblasts must migrate to
specific ectodermal sites, exit from the cell cycle, fuse
to produce syncytial fibers, and differentiate to express
muscle-specific proteins. In addition to these general
requirements, myoblasts acquire specific characteris-
tics enabling them to form fibers with distinctive struc-
tural, contractile, and synaptic properties. Our results

from this study of adult flight muscle development in
Drosophila provide evidence for early diversification of
myoblasts, the maintenance of this diversity by Wg sig-
naling, and a bias in the contribution of these different
myoblasts to distinct adult muscle types.

Diverse Myoblast Populations Are Required

for Flight Muscle Development

Much of our understanding of the mechanisms underly-
ing specification of muscle identity has come from the
Drosophila embryo (reviewed in Baylies et al., 1998).
Muscle cell fate is determined by the expression of a
combination of transcription factors in a single founder
cell for each muscle (Dohrmann et al., 1990; Bourgouin et
al., 1992; Ruiz-Gomez et al., 1997). The founder cell is
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myoblasts

Figure 5. The Expression of Wg in the Notal
Region of the Third Instar Wing Disc

(A) Wing disc stained for Vg (green) and B-gal
(red) in a wg-LacZ line. The reporter is ex-
pressed in a longitudinal stripe in the epider-
mis of the notum (arrowhead).

(B) Cross-sectional (X-Z) diagram of the wing
disc to show the relative position of the epi-
dermis, expressing Wg (red), and the myo-
blasts (green).

| 1151 x UAS-GPI-Dfz2

I (C and D) Confocal X-Z section of the region
boxed in (A) stained for the myoblast marker,

chosen from a domain of equivalent cells by Notch-medi-
ated lateral inhibition, and the equivalence domain is itself
specified by a combination of inductive instructions from
the ectoderm (Carmena et al., 1998a). The founder cell
not only specifies the identity of the syncytium, but gives
a polarity to the fusion process (Bour et al., 2000; Ruiz-
Gomez et al., 2000). Thus, these two important aspects
of myogenesis are directed primarily by properties of a
single cell. How general is this mechanism?

We have shown that adult myoblasts, as early as dur-
ing embryogenesis, fall into two classes based on the
expression of Vg and that each population later acquires
properties that favor its contribution to the formation
of specific muscles. We have followed Vg-expressing
myoblasts during pupal development and show that
they contribute to the IFMs (Figures 4C and 4D). We
also show that the myoblasts contributing to the DFMs
in the main do not express Vg (Figures 4E and 4F); we
have only rarely seen a Vg-expressing myoblast fused
with a DFM. Moreover, Vg-negative high Cut-expressing
myoblasts are seen around the hinge region on the imag-
inal disc epidermis, close to the site of the future DFMs.

Corresponding with these observations, manipulation
of Vg and Cut results in differential defects in IFM and
DFM development. Hypomorphic vg mutations affect
the IFMs but not the DFMs, while the overexpression of
Vg in all adult myoblasts perturbs the DFMs but not the
IFMs. Analysis of myoblast number and acridine orange
staining for dying cells shows that forcing the expression
of high levels of Cut in all myoblasts leads to cell death,
resulting in disruption of IFM but not DFM development.
This suggests that defects in muscle development fol-
lowing alterations in the expression of Vg or Cut are
largely due to cell death rather than an alteration in
the specificity of muscle development. Myoblasts with

Dmef2 (green), and Wg (red). In the wild-type
(C), Wg is seen only in the epidermis ([C'], t:
tracheal staining), while, after the overexpres-
sion of Dfz2 in the myoblasts, Wg can be seen
in the myoblast domain extending many cell
diameters beyond the epidermal stripe (D).

altered patterns of gene expression may well die when
they find themselves in an inhospitable environment (for
example, lacking appropriate fusion partners or attach-
ment sites). Together these data show that in normal
development, Vg-expressing myoblasts contribute to
the IFMs and that other myoblasts on the wing disc
contribute to the DFMs. Itis not clear to us how exclusive
these contributions might be, but, in any case, we expect
that the multinucleate nature of muscles will be tolerant
to a degree of sloppiness in this process and may permit
some mixing of myoblasts.

Our results could be interpreted to mean that adult flight
muscle identity is specified in a population of myoblasts
rather than in a single cell as in the embryo. But this
does not exclude the presence of founder cells in adult
myogenesis, which not only direct the fusion process but
confer information about the size, orientation, muscle
insertion sites, and innervation of the muscle being
made. In addition to these characteristics, IFMs and
DFMs exhibit specific contractile properties conferred
by the expression and organization of their contractile
proteins (reviewed in Fyrberg and Beall, 1990). Myoblast
diversity could play a role in establishing these charac-
teristics. Similar mechanisms may operate in the em-
bryo, giving properties to populations of fusion-compe-
tent myoblasts, in addition to those conferred by founder
cells, to specify muscle identity (Martin et al., 2001).

Adult Myoblast Diversity Is Established

in the Embryo

We have identified Vg as a factor in the early diversifica-
tion of myoblasts. Vg is expressed on the third larval
instar wing imaginal disc in many, but not all, myoblasts.
The origins of these molecular differences among myo-
blasts can be traced back to the embryo; as early as
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Figure 6. The Role of the Wg Pathway in Myoblast vg Expression
(A) Expression of Cut (A') and Vg (A7) in a wild-type third instar wing
disc. Arrowheads, distal-most myoblasts; yellow asterisk in (A'),
epidermal Vg expression.

(B) Third instar disc from a wg"'* line shifted to the restrictive tem-
perature at 72 hr after egg laying. Vg is dramatically reduced in the
proximal myoblasts (arrows in [B'] and [B]).

(C) Disc in which a dominant-negative TCF has been expressed in
the myoblasts. Myoblast Vg expression is lost (C). Cut staining
indicates that there are fewer, larger myoblasts in this condition
(compare [C'] with [A]).

(D) Disc in which an activated armadillo transgene has been ex-
pressed in the myoblasts. Vg is ectopically expressed in some of
the distal myoblasts ([D'], right arrowhead) but not in others ([D'],
left arrowhead). Proximal myoblast expression of Vg is unaffected.
(E and F) Expression of Vg and Cut in dishevelled mutant clones.
Clones of dsh mutant myoblasts (marked by the absence of arm-

stage 12, adult myoblasts have already diversified into
Vg-expressing and nonexpressing subtypes.

Adult thoracic myoblasts, already subdivided into
these two classes, are associated with ectodermal cells
of the wing imaginal disc in the late embryo. However,
the patterning of the wing epithelium itself is a gradual
process that continues during larval life. The expression
of Wg in the presumptive notum begins only in the early
third instar larva (Phillips and Whittle, 1993). Thus, the
initial diversification of myoblasts occurs before notum
Wg expression begins.

Each abdominal muscle fiber in the adult develops
from the progeny of a single cell set aside in the embryo
(Broadie and Bate, 1991). These adult progenitors arise
from the asymmetric division of specific precursor cells
in the embryo (Ruiz-Gomez and Bate, 1997; Baylies et
al., 1998; Carmena et al., 1998b). The identity of muscle
founders and adult progenitors results from the asym-
metric distribution of Numb, which biases Notch-medi-
ated signaling, so that the cell inheriting Numb becomes
the founder of a larval muscle, while the daughter that
retains Notch activity becomes an adult muscle progenitor
(Ruiz-Gomez and Bate, 1997; Carmena et al., 1998b). Mis-
expressing numb in all myoblasts can therefore markedly
reduce the segregation of adult progenitors. When these
animals develop to the pupal stage, the abdominal mus-
culature is greatly reduced, and adults that emerge are
often flightless (Ruiz-Gomez and Bate, 1997). Our obser-
vations (data not shown) indicate that this results from
a severe reduction in both IFMs and DFMs.

These results indicate that adult flight muscle myo-
blasts originate from the siblings of larval founder cells in
the embryo, raising the possibility that common mecha-
nisms operate in these lineages to establish larval founder
cell identities and the diversification of adult progenitors.

Adult Myoblast Diversity Is Maintained
by Wg Signaling
While differences among myoblasts are established
early, inductive signals are required to maintain this di-
versity later during larval life. We have shown that Wg
signaling from the presumptive notum is required for
continued Vg expression in the underlying myoblasts.
Wg signaling acts in two ways. First, it has an effect
on the proliferation of Vg-expressing cells. When Wg
signaling is activated, the number of Vg-expressing cells
increases, and, conversely, when itis removed, the num-
ber of cells in the region decreases, quite apart from
the loss of Vg expression (Figure 6C). The second effect,
maintenance of Vg expression, is a cell-autonomous
response of each myoblast to Wg signaling. This is dem-
onstrated in clones of cells that remove dsh function,
in which Vg expression is lost from every mutant cell,
showing that neighboring Vg-expressing cells cannot
rescue defects in Wg signaling. This result and the pres-
ence of Wg response elements in vg regulatory se-
quences (Kim et al., 1996) are consistent with a direct
role for Wg signaling in the maintenance of myoblast
Vg expression.

LacZ, green) in the proximal, Vg-expressing domain fail to express
Vg (red in [E] and [E']) but show elevated levels of Cut compared
with wild-type myoblasts ([F'] and red in [F]).
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Figure 7. Overexpression of vg and cut in the

WT

1151 x UAS-vg ||

Notum-Associated Myoblasts of Third Instar
Discs

(A and B) Dmef2 expression (green) marks all
myoblasts. Discs stained for Cut (red). In wild-
type discs (A), Cut is expressed at higher lev-
els in the distal myoblasts (arrowhead in [A'])
compared with the proximal cells (asterisk).
Ectopic expression of vg in these cells re-
duces Cut expression, leading to uniform lev-
els of Cut throughout the myoblasts ([B], t:
tracheal cells). n.b., the apparent increase in
staining for Dmef2 results from bleed through
from the FITC-Cut channel and does not re-
flect an increase in Dmef2 expression.

(C and D) Discs stained for Vg (green). In-
creasing the levels of cut expression in the
proximal myoblasts results in strong reduc-
tion of Vg (arrowheads in [C'] and [D']). As
shown in Figure 3, overexpression of cut also
results in extensive cell death accounting for
the overall reduction in myoblast number (as-

terisks in [C'] and [D']). Cut (red); DNA (blue).

WT

1151 x UAS-cut

We have shown that the capacity of myoblasts to
initiate vg expression in response to Wg signaling is
limited. The effects of expressing an activated Arm in
all myoblasts are not uniform. Vg expression is induced
in some but not all distal myoblasts within the high Cut-
expressing domain. However, the consequences for adult
flight muscle development are identical to the phenotype
we observe when we express vg in all adult myoblasts.
The IFMs are unaffected while the DFMs are severely
reduced but not completely lost. These observations
suggest that there is a subset of high Cut-expressing
myoblasts that neither responds to the activation of Wg
signaling nor changes its behavior when forced to ex-
press vg.

We have shown that Wg is required from the adjacent
ectoderm, not for the initiation of Vg expression, but for
its maintenance. This has consequences for the inter-
pretation of experiments in which myoblasts were trans-
planted (Lawrence and Brower, 1982). In this situation,
the environmental cues that reinforce the distinctive
character of myoblasts are altered so that they could
be reprogrammed, becoming competent to contribute
to muscles in their new location.

A Feedback Loop Acts to Reinforce

Myoblast Diversity

Manipulation of the levels of cut and vg expression point
to mutual negative regulatory feedback between these
genes. One model for the mechanism underlying this loop
is shown schematically in Figure 8. In this scheme, Wg
signaling acts to maintain vg expression. Expression of Vg
results in the repression of high cut expression, although a
direct input of Wg signaling is not ruled out. In contrast,
cells that express high levels of Cut repress vg.

Vg has been shown to have an obligate requirement
for the scalloped (sd) gene product as a cofactor. Wing
blade development depends on a regulatory network
activated by Wg signaling and involving genes such as
cut, vg, and sd (Couso et al., 1994; reviewed in Cohen,
1996 and Bray, 1999). The Vg and Cut interactions we
observe suggest that a similar regulatory network could
act during adult myoblast proliferation, and, consistent
with this, sd is expressed during adult flight muscle
development (Anand et al., 1990; Campbell et al., 1992).
Other elements participating in this regulatory network
must be apterous (Ghazi et al., 2000) for the DFMs and
erect wing for the IFMs (DeSimone et al., 1996; Roy
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Figure 8. Model for the Regulation of cut and vg Expression in the
Notum Myoblasts

Wyg signaling from the epidermis of the presumptive notum acts to
maintain Vg expression in adjacent myoblasts. Mutual repression
between Cut and Vg reinforces the effects of Wg to establish the
identity of distinct myoblast populations that were initially set aside
during embryogenesis. Resulting high-Vg/low-Cut myoblasts con-
tribute to the indirect flight muscles (IFMs), while high-Cut/Vg-nega-
tive cells contribute to the direct flight muscles (IFMs).

and VijayRaghavan, 1999), genes whose expression in
specific muscle sets begins later in pupal development.

Myoblast Diversification: A More

General Mechanism?

We have described a mechanisms for subdividing myo-
blasts and provide evidence that this process is impor-
tant for generating muscles of different kinds in the adult.
Flight muscles are large, are made up of multiple fibers,
and develop by the fusion of populations of myoblasts
that migrate over large distances in close contact with
the epidermis—features shared by developing verte-
brate muscles. The combination of intrinsic and extrinsic
cues, such as we have described for adult flight muscle
myoblasts, might also act to regulate vertebrate myo-
blast characteristics.

In the mouse, limb muscle precursors are marked out
by the expression of a transcription factor, Ladybird
(Lbx1), which is required for migration of these cells into
the developing limb bud (Schafer and Braun, 1999). In
the zebrafish slow and fast muscle subtypes are speci-
fied by signaling through the Hedgehog pathway (Blag-
den et al., 1997). These studies show the importance of
both cell-autonomous and cell-nonautonomous cues for
vertebrate muscle diversification, but less is known
about the relationship between these regulatory factors.
Given the conservation of such molecular networks and
the similarity of many cellular features of flight muscle
development and vertebrate myogenesis, the fly offers
the opportunity to unravel further details of the mecha-
nisms that are required to generate complex patterns
of large muscles.

Experimental Procedures

Drosophila Stocks and Genetics

Oregon R or Canton S flies were used as wild-type. vg’ and vg®? R
are viable recessive alleles of vestigial (Williams et al., 1990). For
misexpression of UAS-transgenes in the wing disc-associated adult
myoblasts, we used a 1151-Gal4; twi-lacZ stock (Roy and VijayRag-
havan, 1997, 1998). 1151-Gal4 is expressed in the adult myoblasts

and fat body from the first instar. UAS-vg was obtained from S.
Carroll. UAS-cut was obtained from K. Blochlinger (Blochlinger et
al., 1991). UAS-GPI-Dfz2 was obtained from S. Cohen. wg''"* is a
temperature-sensitive allele. wg TS experiments were carried out
essentially according to Couso et al. (1994), except that wg"'* ho-
mozygous discs were identified by the lack of Cut expression in the
wing margin. Eggs were collected for 2 hr and allowed to develop
at 18°C for 160 hr (equivalent to 80 hr at 25°C) and subsequently
grown at the restrictive temperature of 25°C for a further 40 hr, after
which larvae were dissected and fixed. We chose only animals that
showed morphological characteristics of third instar larvae and discs
that lacked Cut in the margin but expressed Cut in the sensory neurons
(Couso et al., 1994) as a measure of age. For all other timed dissections,
eggs were collected for 4 hr and aged appropriately at 25°C.

Generation of dsh Mutant Clones

yw, dsh"?® FRT18/FM?7 virgins were crossed to w, arm-lacZ FRT18 ;
hs-flp*® males (both stocks obtained from D. Strutt). Flies from the
cross were transferred to bottles on day 1, eggs collected overnight
and clones were induced by heat shocking at 37°C for 2 hr both on
days 3 and 4. dsh mutant clones were identified by lack of B-Gal
staining, and myoblasts were identified by the expression of Cut or
Vg depending on the experiment.

Immunohistochemistry

Dissected larvae were fixed for 15 min in 4% paraformaldehyde in
cold PBS. Immunostaining was done according to Ghazi et al. (2000).
Monoclonal antibodies against Wg and Ct were obtained from the
Developmental Studies Hybridoma Bank. The antibody against Wg
was preabsorbed on young embryos at 1:10 dilution and used at
1:1000 final dilution. The antibody against Cut was used at 1:100
dilution. Rabbit antibodies against Vg were kindly provided by S.
Carroll and used at 1:500 dilution. Rabbit antibodies against Dmef2
were kindly provided by B. Paterson and used at 1:500 dilution.
Monoclonal antibodies against 3-Gal (Promega) were used at 1:1000
dilution. For fluorescent detection, FITC-, Cy3-, or Cy5-conjugated
secondary antibodies were used. For some experiments, we per-
formed an extra amplification step by using streptavidin-conjugated
Cya3. All fluorophores were obtained from Jackson Laboratories and
confocal microscopy performed on a Leica TCS NT confocal system.
Images were assembled using Photoshop and Canvas software.

Adult Muscle Preparations

Adult thoracices were prepared by freezing flies (spread on a slide
and stuck down on a drop of 70% glycerol) in liquid nitrogen. Flies
were then cut sagitally (along the center for IFMs and more laterally
for the DFMs), dehydrated through an ethanol series, mounted in
DPX, and viewed under polarized light. Pupal dissections were per-
formed according to Fernandes et al. (1991).
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