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Introduction

In the Drosophila melanogaster larva, each muscle fiber is a single 
multinucleate cell. This syncytium forms from myoblast fusion 
during embryonic development and creates the myofiber. Fusion 
occurs between two types of myoblasts: a single Founder cell 
(FC) that undergoes multiple rounds of fusion with surrounding 
Fusion Competent myoblasts (FCMs) to form the final muscle. 
FCs contain the information required to generate muscles of  spe-
cific identities; this information is encoded in the combinatorial 
expression of particular transcription factors, known as identity 
genes, in the FC and nascent myotube.1-3 Genetic analyses have 
highlighted several key myoblast behaviors as critical for the 
fusion process, including FC/FCM specification, FCM migra-
tion, recognition and adhesion between these two cell types, 
formation of an actin focus at the site of fusion and membrane 
breakdown leading to cytoplasmic continuity.4-6 While the large 
number of in vivo studies have uncovered many players and pro-
cesses important for myoblast fusion and muscle morphogenesis, 
there are questions that have proven difficult to answer within the 
context of the intact fly embryo. For this reason, we have devel-
oped a Drosophila primary myoblast culture system to examine 
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early steps in myotube development, including myoblast fusion 
and maintenance of muscle identity. Primary cell culture has sev-
eral advantages over in vivo methods, as it provides a more efficient 
platform for experiments including: live imaging, directed migra-
tion assays and high-throughput screenings using UAS-RNAi fly 
lines or small molecules. Primary cell culture may also represent 
a closer-to-physiological state than do immortalized insect cell 
lines, the origins and behaviors of which can be uncertain.

In the last several decades, a number of studies reported 
methods to examine myogenesis ex vivo.7,8 More recently, Bai 
and colleagues developed a method for the establishment of pri-
mary cultures that could be treated and screened with dsRNA.9-11 
These protocols allowed investigators to examine later features of 
muscle differentiation in culture, such as final nuclear number 
and sarcomere organization;9 however, several critical aspects of 
early muscle differentiation have not been examined, including 
myotube identity and the myoblast fusion process. We have ana-
lyzed these critical features in primary cell culture, using a modi-
fied protocol so that we dissociate embryos as early as possible 
before the onset of fusion.

We now report the characterization of the early developmental 
steps of muscle in our primary culture system. For this study, 
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to determine whether embryonic myoblast fusion proteins were 
similarly expressed and localized in our primary culture system. 
We focused on two well-characterized proteins that are required 
for fusion in the embryo: the intracellular adaptor protein 
Rolling pebbles/Antisocial (Rols/Ants) and the fusion protein 
Blown-fuse (Blow).13-20 In the embryo, Rols is found at the fusion 
site in FCs and myotubes, while Blow is found initially in FCMs 
and subsequently in myotubes after fusion.4 Blow and Rols/
Ants are expressed in primary cells and localize to the sites of 
attachment between myoblasts and nascent myotubes as has been 
shown in embryos (Fig. 2A and B). Additionally, staining with 
phalloidin revealed an F-actin structure at the myoblast attach-
ment site (Fig. 2A and B and white arrowheads). This accumula-
tion of F-actin has been shown through time lapse microscopy 
in embryos to mark the site of fusion19 and is designated the 
actin focus (Fig. 2A’’ and B’’).15,19,21 We measured the size of the 
actin foci that formed in culture. These foci ranged in size from 
1.2 μm2 to 3.4 μm2 with a mean area of 2.3 μm2 (SD ± 0.7 μm). 
This size range is within the previously observed range for nor-
mal foci of 0.7 μm2 to 4.5 μm2 and the mean size we observed 
is not significantly different from the reported mean of 1.9 μm2 
(SD ± 0.7 μm) observed in embryos (p = 0.18). The localization 
of these fusion proteins and the actin focus at the site of fusion is 
similar to what our lab and others have observed in Drosophila 
embryos.13-21 Therefore, based on the localization of fusion pro-
teins and the size of the actin focus, fusion between myoblasts 
and multinucleate myotubes in primary culture appears to pro-
ceed via mechanisms similar to fusion in embryos.

Having established that the early events of myoblast fusion 
in primary culture are analogous to those observed in embryos, 
we set out to perturb myotube formation and myoblast fusion by 
treating primary cultures with drugs. Recognizing that the actin 
cytoskeleton and actin regulators are integral components of the 
fusion process, we grew primary cells in the presence of the actin 
polymerization inhibitor latrunculin B.15,19,21-26 We performed a 
time course and quantified the number of myotubes in primary 
cultures that were treated with two different concentrations of 
latrunculin B 8 hours after plating (Fig. 2C). We found that 
fusion was severely decreased in cultures treated with the drug 
and that fusion was reduced to a greater extent in the cultures 
treated with a higher concentration of drug.

To further characterize this reduction in fusion, we counted the 
number of nuclei per myotube at time points from 8 to 48 hours 
after plating (Fig. 2D). The mean number of nuclei/myotube was 
3.7 in cultures treated with 250 nM of latrunculin B and 3.5 in 
cultures treated with 50 nM latrunculin B (p = 0.25), numbers 
which are not significantly different from the 3.7 nuclei/myo-
tube observed in untreated controls (Fig. 1D). The total number 
of myotubes in the drug-treated culture increases only slightly, 
if at all, between 8 hours and 48 hours after plating; we do not 
observe any significant change to the average number of nuclei/
myotube during this time period. These data indicated that drug 
treatment beginning 8 hours after plating prevented the forma-
tion of new myotubes, as well as additional rounds of myoblast 
fusion to existing myotubes. Moreover, any myotubes that formed 
prior to the drug treatment at 8 hours post-plating remained 

we quantified the progression of myoblast fusion in primary 
myoblast cultures (hereafter primary cultures/primary cells) and 
tested for the presence and localization of known fusion proteins. 
Because dsRNA treatment is not a viable approach to perturb 
fusion in these cultures,10,11 we developed a protocol for drug 
treatment of primary cultures that permits disruption of myo-
blast fusion. Finally, we examined primary cells for expression 
and maintenance of specific muscle identity transcription factors. 
We found that primary cultures recapitulate numerous aspects of 
myotube differentiation as seen in the embryo, making them use-
ful for further studies of myoblast fusion ex vivo. Our drug treat-
ment studies also confirmed the role of actin in myoblast fusion 
and newly implicated microtubules in this multistep process in 
Drosophila. This new treatment protocol additionally offers an 
effective platform for drug screening in primary cultures. Taken 
together, our work provides a foundation for more complex stud-
ies of myoblast fusion in vitro.

Results

We modified earlier Drosophila primary cell culture protocols 
(see Materials and Methods) to examine muscle fiber formation 
and differentiation, with a focus on myoblast fusion and muscle 
identity. Briefly, we dissociate late stage 8/stage 9 embryos (3.25–
4.25 hours), remove debris, plate and grow for 8 hours. We begin 
analysis 8 hours after plating, since it takes this amount of time 
for the cells to settle and adhere to the culture dish. To confirm 
that our protocol could be used for studies of muscle differen-
tiation, we first determined that myotubes formed in culture as 
evidenced by the presence of multinucleate cells grown for 24 
hours expressing myosin heavy-chain (MHC) (Fig. 1A). We next 
visualized the actin cytoskeleton with phalloidin and found that 
actin becomes striated by day 12, indicating that these myotubes 
undergo terminal differentiation to form myofibers with sarco-
meres (Fig. 1B). To establish the ideal time for assessing myoblast 
fusion in culture, we performed a time course analysis of fusion 
by counting the number of multinucleate myotubes in a given 20x 
image field. We found that myoblast fusion commences in the 
initial 8 hours after plating and increases rapidly between 12–30 
hours post-plating, reaching a plateau around 48 hours after plat-
ing (Fig. 1C). The myotubes in culture adopt a variety of mor-
phologies including long, finger-like cells as well as branched and 
polygon-shaped myotubes (Figs. 1 and 3 and data not shown). 
The number of nuclei in the myotubes ranges from two to greater 
than seven, with a mean of 3.7 nuclei per myotube (Fig. 1D). 
We quantified the number of nuclei per myotube as a function 
of time (Fig. 1E) and found that, although the total number 
of myotubes increases over time, the distribution of myotubes 
containing 2, 3, 4, 5, 6 or 7+ nuclei remains consistent. These 
results are consistent with previous cell culture experiments11 and 
delineated\ a discrete period of time, between 12–48 hours after 
plating, as optimal for studying myoblast fusion.

Despite previous work demonstrating that multinucleate 
myotubes form in primary cell cultures;7-12 how the process of 
myoblast fusion proceeds in culture and compares to what is 
observed in embryos has not been studied. We therefore sought 
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culture system is suitable for drug treatment experiments aimed at 
understanding the mechanisms of myoblast fusion.

Prior work in mammalian C2C12 cells has implicated 
the microtubule-binding proteins EB1 and EB3 in myoblast 
fusion;27,28 we therefore tested whether microtubules were 
essential for myoblast fusion in Drosophila cells. The role of 

intact, and disruption of the actin cytoskeleton with these drug 
concentrations had no effect on the viability of these myotubes, 
their morphology, or their attachment to the coverslip (Fig. 2C 
and data not shown). This disruption of fusion in primary cells 
was consistent with the known role for actin during fusion in 
embryos. In addition, these data indicated that the primary cell 

Figure 1. Primary embryonic Drosophila cells fuse and form muscles in culture. (A) Representative image from a field of myotubes in a culture of 
primary cells grown for 24 h from twipromoter-actin-GFP, apME-NLS::GFP embryos. The culture was immunostained for GFP (green) and Myosin Heavy 
Chain ([MHC], red) and labeled with phalloidin (magenta) and DAPI (blue). Scale bar, 10 μm. (B) Images of single myotubes stained with phalloidin (red) 
that have been in culture for either 1 or 12 days. Scale bar, 10 μm. (C) Quantification of myotube formation over a 48 h period measured by the aver-
age number of myotubes present in a 20x image field. Six image fields were counted for each time point. (D) Quantification of the average number of 
nuclei per myotube (blue line) over a 48 h period measured by the average number of DAPI-stained nuclei/myotube present in a 20x image field. Six 
image fields were counted for each time point. The average number of myotubes per field at each time point is represented by the bars. (E) Relative 
distribution of the number of nuclei per myotube at 8, 24 and 48 h in culture. The distribution of myotubes in a culture with given numbers of nuclei 
remained relatively consistent over time as new myotubes are formed.
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Figure 2. Proteins important for myoblast fusion are properly expressed and localized in primary myoblasts in culture. (A and B) Confocal maximum 
intensity projections of representative myotubes generated from apME-NLS::dsRed embryos after 24 h in culture immunostained for myoblast fusion 
proteins (Blown Fuse [Blow], Rolling Pebbles [Rols], green) and co-labeled with phalloidin (red) to label actin and Hoecsht (blue) to label nuclei. Each 
arrowhead marks the co-localization of the fusion protein with the actin focus at the site of adhesion between the myotube and myoblast. Scale bars, 
5 μm. (A’–A’’’ and B’–B’’’) Insets show a single confocal section of the actin focus and site of fusion. Scale bars, 1 μm. (C) Myotube formation over a 48‑h 
period measured by the average number of myotubes present in six 20x image fields. At 8 h after plating, media was changed and parallel cultures 
were control treated (ethanol), or treated with the actin depolymerization drug latrunculin B at two different concentrations (50 nM or 250 nM). (D) 
Quantification of the average number of nuclei per myotube (blue line) in cultures treated with 50 nM latrunculin B over a 48-h period measured by 
the average number of DAPI-stained nuclei/myotube present in a 20x image field. Six image fields were counted for each time point. The average 
number of myotubes per field at each time point is represented by bars. (E) Graph of myotube formation over a 30-h period measured by the average 
number of apME-NLS::GFP positive myotubes present in six 20x image fields. Eight hours after plating, media was changed and parallel cultures were 
control treated (DMSO), or treated with the microtubule depolymerization drug nocodazole at two different concentrations (10 nM or 100 nM). (F) 
Quantification of the average number of nuclei per myotube (blue line) in cultures treated with 100 nM nocodazole over a 48-h period measured by 
the average number of apME-NLS::GFP-positive nuclei/myotube present in a 20x image field. Six image fields were counted for each time point. The 
average number of myotubes per field at each time point is represented by bars.
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fusion in culture. While prior work with primary cell culture 
has looked later in myogenesis at the differentiation steps of 
sarcomere formation and maintenance,9,11 this work establishes 
primary myoblast cultures as a system in which the early develop-
mental steps of myoblast fusion and specification can be studied.

We have characterized fusion events beginning at 8 hours 
post-plating. Since primary cells are dissociated from embryos 
long before fusion would occur, we did not expect any fusion 
events at the time of plating. It is clear from our results, how-
ever, that a limited amount of fusion takes place in the initial 8 
hours following plating of the cells while the cells are in suspen-
sion. We are unable to examine primary cultures at earlier time 
points since cells do not securely adhere to the glass coverslips 
prior to 8 hours. Interestingly, although our protocol dissociates 
embryos approximately 2 hours earlier than Bai and colleagues, 
we observe the same numbers of fusion events over time as they 
do.11 This similarity is most likely due to the fact that no matter 
how early cells are dissociated, they require 8 hours after plat-
ing to recover from embryonic dissociation, adhere to the plate, 
and begin fusing with their neighbors. The majority of fusion 
events are concentrated between 12 and 30 hours post-plating. 
We therefore have selected 24 hours post-plating as an optimal 
time period to observe the process of myoblast fusion.

Similar to Bai et al.11 we observe that the average number 
of nuclei/myotube is between three and four, and this number 
remains consistent over time. As has been previously noted, this 
number of nuclei/myotube is fewer than what is observed for 
most muscles in the embryo. If we examine the distribution of 
nuclear number in culture (that is, how many myotubes at a par-
ticular time point have a certain number of nuclei/myotube), we 
find that the absolute number of myotubes containing greater 
than five nuclei increases over time. Interestingly, though, the 
percentage of myotubes with greater than five nuclei does not 
change between 24 and 48 hours, because the number of myo-
tubes in all categories increases over the same time period. These 
data suggest that FCMs in culture are equally as likely to fuse 
with a single-nucleated FC as with a growing multinucleate myo-
tube. We hypothesize that reduced nuclear number is a result of a 
limited number of FCMs being in close enough spatial proximity 
to fuse with FCs and nascent myotubes, a limitation resulting 
from the cell density required to distinguish individual myotubes 
in the cell field.

Primary cell culture provides unique experimental advantages 
compared to intact Drosophila embryos. One advantage of a cell 
culture system is the ability to treat cells with drugs or other small 
molecules. Previous studies have shown that dsRNA treatment of 
primary myoblasts is not a viable approach for early studies of 
fusion and specification, since several hours of serum starvation 
followed by a day-long incubation with dsRNA are required.11 
An alternative method is the preparation of primary cultures 
from embryos derived from crosses between a mesodermal Gal4 
enhancer trap stock and UAS-RNAi fly stocks, a technique we 
will attempt in the future. In this study, we have demonstrated the 
feasibility of treating primary myoblasts with the drugs latrun-
culin B and nocodazole. While we have shown that the actin 
and microtubule networks are important for myoblast fusion 

microtubules in fusion has not been examined in Drosophila 
because embryos completely lacking tubulin do not survive long 
enough to make muscle. Therefore the ability to transiently and 
reversibly interfere with microtubules in primary culture is an 
ideal system to determine whether microtubules have a function 
during fusion. Eight hours after plating, we treated cells with the 
microtubule depolymerization drug nocodazole. By performing 
a time course analysis of myotube formation, we observed that 
treatment with nocodazole resulted in a reduction of fusion and 
myotube formation (Fig. 2E), and that an increased concentra-
tion of drug in the media further decreased fusion. We counted 
the average number of GFP-positive nuclei per myotube in cul-
tures treated with 100 nM nocodazole, and found that the mean 
number of nuclei per myotube was 4.0 (sd ± 0.3), which was 
not significantly different (p = 0.44) from untreated cells (3.7, 
sd ± 0.4) (Fig. 2F). Similar to treatment with latrunculin B, the 
average number of nuclei per myotube did not change over time. 
While our data, thus far, do not pinpoint which step(s) in the 
fusion process require microtubules, these results provide the first 
evidence that microtubule integrity is important for myoblast 
fusion in Drosophila.

An additional aspect of muscle differentiation in Drosophila 
embryos is the adoption of specific muscle identities, the result 
of the expression of particular factors known as FC identity 
genes. These identity genes are transcriptional regulators that 
are expressed in incompletely overlapping subsets of FCs and 
muscles, and are thought to determine final muscle properties 
such as size, shape and orientation.1-3 The earliest identity gene 
expression can be detected in stage 10 embryos (4.5–5.5 hours), 
and expression of some identity genes continues in the developing 
myotube and final muscle. To determine whether specific muscle 
identities are established and maintained in primary cell cul-
ture, we examined expression of five such identity genes: Krüppel 
(Kr), apterous (ap), slouch (slou), Muscle segment homeobox Msh) 
and even-skipped (eve) (Fig. 3A–D and data not shown).29-33 We 
detected myotubes expressing Kr, Slou, Msh or Eve proteins, as 
well as myotubes expressing the ap promoter-driven transgene, 
apME-NLS::dsRed. Since identity genes are expressed in incom-
pletely overlapping patterns within the 30 muscles per hemiseg-
ment in the embryo, we expected to detect expression of single 
identity genes in myotubes as well as overlapping expression.1-3,34 
As predicted, we observe myotubes that co-express Msh and 
apME-NLS::dsRed in myotubes (Fig. 3E), as well as co-expres-
sion of Kr and apME-NLS::dsRed (data not shown). We there-
fore conclude that aspects of muscle identity are established and 
maintained in our primary culture system.

Discussion

In this work we have characterized the early steps of muscle fiber 
differentiation in a Drosophila primary cell culture system. We 
have shown that both fusion proteins as well as Founder Cell 
identity genes are expressed in multinucleate myotubes grown in 
culture. Furthermore, we have treated primary myoblast cultures 
with drugs to disrupt the actin and microtubule cytoskeletons 
and have demonstrated the requirement of these networks for 
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time-lapse confocal imaging of the fusion process in culture, as 
well as high-resolution three-dimensional imaging of the site of 
fusion. One caveat of this two-dimensional growth environment 
is how well the cellular context in vitro approximates the in vivo 
system, and whether cellular processes and behaviors observed in 
culture can be extrapolated to the embryo. Cell culture prepa-
ration of necessity disrupts the cellular environment, displacing 
mesodermal cells from their overlying epidermis, and disturb-
ing the extracellular matrix. These primary cultures represent 
a mixed population of cells containing epidermal and neuro-
nal cells as well as myoblasts, in juxtaposition. We are therefore 
encouraged to find in this study that cell fusion proteins are simi-
larly localized to the site of fusion in culture, and that an actin 
focus of similar size forms as it does in embryos.

Cellular context plays an important role in the adoption of 
particular muscle identities, since it is known that signaling 
between cells in the mesoderm, as well as signaling from the 
overlying ectodermal cells, are both necessary for proper speci-
fication.35,36 Specific identity genes are expressed in spatially 
delineated patterns under the control of Hox genes, as well as 

in primary culture, further characterization will be required to 
pinpoint the exact role these cytoskeletal components play in the 
fusion process. Further experiments will be required to determine 
which aspect(s) of the fusion process in culture (i.e., migration, 
adhesion and membrane breakdown) are blocked by drug treat-
ment. In particular, though actin has been previously shown to 
be important for myoblast fusion in Drosophila embryos, this 
study provides the first indication that the microtubule network 
is vital for fusion in this system. This result raises many ques-
tions, such as whether microtubules are enriched at the site of 
fusion, like actin is, or whether known fusion mutants disrupt 
the microtubule network. We are eager to image the actin and 
microtubule cytoskeletal networks in mutant primary cells by 
taking advantage of fluorescently-marked balancer chromosomes 
and embryo sorting prior to the culture protocol.

Another benefit of studying primary myoblasts in culture is 
the ease of imaging provided by growing myoblasts on glass cov-
erslips, since muscles in intact embryos are 30–150 microns below 
the embryo surface. We have been able to obtain detailed images 
of myotubes in culture and plan to use this system to perform 

Figure 3. Muscle identity is preserved in myotubes in primary cell culture. (A–D) Confocal maximum intensity projections of primary myotubes 
formed from cells isolated from apME-NLS::dsRed embryos at 24 h after plating. Myotube identity was determined by monitoring nuclei for expression 
of the apME-NLS::dsRed transgene as a marker for Ap expression (red), or by antibody staining for Msh, Kr or Slou (green). Cultures were labled with 
phalloidin (white). Scale bars, 10 μm. (E–E’’’) Confocal maximum intensity projections of a primary myotube at 24 h after plating formed from cells 
isolated from apME-NLS::dsRed embryos. The nuclei co-label with an antibody against Msh (green), and also express the apME-NLS::dsRed transgene 
(red). The myotube is co-labeled with phalloidin (white) and Hoechst (blue). Scale bars, 10 μm.
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Schneider’s media (pH 6.9 and supplemented with 1 mU/ml 
insulin, 1% penicillin/streptomycin and 0.005 mg/ml of gen-
tamicin unless otherwise specified) containing 2% fetal bovine 
serum (FBS).12 Embryos were dounce homogenized in modified 
Schneider’s media with 20% FBS and 3 mM EGTA, pelleted in a 
microcentrifuge at 5,000 rpm for 5 minutes at room temperature 
and resuspended in unsupplemented modified Schneider’s media 
with no serum, containing 0.01% trypsin. Cells were trypsinized 
for 5 minutes, passed through a filter-topped FACS tube, and 
then rinsed with modified Schneider’s media containing 20% 
FBS. Cells were pelleted again and resuspended in 20% modified 
Schneider’s media and plated on autoclaved glass coverslips inside 
the wells of 24-well cell culture plates at a concentration of 1 x 
106 cells/ml and a plating density of 2.5 x 105 cells/cm2. Cell cul-
tures were maintained at 18°C for the indicated lengths of time.

Immunohistochemistry. Cells were fixed in 4% paraformal-
dehyde/PBS for all immunohistochemistry. Antibodies were 
preabsorbed (PA) 1:10 against fixed wild-type embryos where 
stated. Antibody dilutions used were: rabbit anti-Myosin Heavy 
Chain (1:10,000, gift of D. Kiehart),47 rabbit anti-Rols/Ants 
(1:3,000; PA; gift of E. Chen),48 rabbit anti-Blown Fuse (1:500; 
PA 1:20; gift or R. Renkawitz-Pohl),14 mouse anti-GFP (1:200; 
PA; Clontech), guinea pig anti-Krüppel (1:2,000; PA; gift of J. 
Reinitz),49 rat anti-Slouch (1:200; PA 1:10),40 and rabbit anti-
Muscle segment homeobox (1:500; gift of C. Doe).50 Alexa488, 
Alexa555 and Alexa647 conjugated secondary antibodies were 
used (1:400; Invitrogen). Alexa647 conjugated phalloidin was 
used to visualize F-actin (1:100; Invitrogen) and DAPI (0.5 μg/
ml; Sigma) or Hoechst 33258 (1 ng/ml; Invitrogen) were used 
to visualize nuclei as indicated. Cells were mounted in ProLong 
Gold antifade reagent (Invitrogen).

Quantification of myotubes. Initial characterization of our 
cultured cells revealed that when multiple nuclei (visualized by 
DAPI staining or expressing apME-NLS::GFP) were detected 
within a single cell (visualized by phalloidin-labeled cortical 
actin), these cells also expressed myosin heavy chain, indicating 
that these cells were differentiated myotubes. A myotube was 
therefore counted as any multinucleate cell with greater than or 
equal to two nuclei contained within a continuous cortical actin 
belt visualized using phalloidin or actin-GFP. Each multinucle-
ate cell was only counted it if was not in contact with any other 
cells or cell clusters. For each experimental condition and time 
point, a minimum of six 20x image fields were quantified, and 
fields were sampled from six areas on each coverslip. Similar loca-
tions were sampled on each coverslip.

Confocal imaging. Fluorescent images were acquired on 
either a Zeiss LSM 510 confocal microscope with a 63x 1.2 NA 
C-Apochromat water objective (Fig. 1) or a Leica SP5 confocal 
microscope with a 100x 1.46 NA ProApochromat oil objective 
(Figs. 2 and 3). Pinholes were set to capture an optical slice of 1.0 
airy unit (AU). Lasers (405 nm, 488 nm, 543 nm and 633 nm) 
were used to excite the fluorochromes. Images were processed 
using Improvision Volocity software 5 (Perkin Elmer) and Adobe 
Photoshop CS4.

Drug treatment. Latrunculin B (Calbiochem), solubilized 
in ethanol or nocodazole (Sigma), solubilized in DMSO, were 

Wingless, Decapentaplegic, RTK-RAS-MAPK and Notch 
signaling pathways.1,35,37-46 It was thus important to establish that 
myoblasts in culture could adopt particular fates in the absence 
of this context, and that embryo dissociation did not result in a 
homogenous population of myoblasts. We have shown that myo-
tubes in culture express at least five different identity genes, in 
incompletely overlapping patterns, similar to what is observed in 
the embryo. At the time of the cell preparation, our embryos are 
between 3 hours 15 minutes old and 4  hours 15 minutes old. 
This time window would put the embryos at roughly stage 9, 
prior to the formation of Lethal of scute-expressing equivalence 
groups.40 We were intrigued by this result, since it suggested that 
cells in culture can adopt distinct fates despite being prepared 
from embryos at a time in which FCs have not been obviously 
specified and identity genes are not yet expressed in the meso-
derm. This finding may therefore provide additional insight to 
how spatial awareness and muscle identity are established in the 
embryo, by suggesting that muscle identity could be specified at 
a time prior to embryonic dissociation. Our experiments can-
not distinguish whether the information needed to direct fate is 
imparted to the myoblast prior to dissociation, or whether this 
information is transmitted from the surrounding cells in culture. 
In either case, these results support a model whereby the spatial 
information necessary to direct myoblast identity fate decisions is 
in place within the embryo prior to the onset of FC specification.

The experiments described herein have laid the groundwork 
for subsequent studies of myoblast fusion and myotube differ-
entiation using primary myoblast cultures. The success of our 
drug treatment experiments has been twofold: in addition to hav-
ing shown for the first time that microtubules are important for 
myoblast fusion, we have developed a system that can be used 
for large-scale small molecule and chemical genetic screens to 
further our understanding of fusion. Similar screens can also be 
performed to look for factors that alter muscle identity in culture. 
Taken together, our data validate the cell culture system for the 
examination of early muscle developmental events and provide a 
platform for future work.

Materials and Methods

Drosophila genetics. Drosophila stocks were grown on standard 
cornmeal medium at 25°C. Fly stocks used were: twi

promoter
-

actin-GFP, apME-NLS::GFP,19 and apME-NLS::dsRed. The 
apME-NLS::dsRed and apME-NLS::GFP19 transgenes are 
expressed predominantly in the lateral transverse (LT) muscles 
1–4 in the embryo.

Cell culture. Primary cultures of Drosophila embryonic cells 
were made using a modified homogenization protocol.7,8,10-12 Flies 
in laying pots were maintained at 25°C on a 12 hour light/12 hour 
dark cycle in an incubator and fed with yeast paste spread on apple 
juice agar plates. After a 1-hour pre-lay, flies were allowed to lay 
for 1 hour; these agar plates were removed and aged for an addi-
tional 3 hours and 15 minutes. The embryos were then collected 
and dechorionated for 5 minutes in 50% bleach. Subsequently, 
embryos were rinsed in 80% ethanol and transferred to the tis-
sue culture hood, where they were rinsed three times in modified 
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stocks, reagents and antibodies. Additionally, we would like to 
thank members of the Baylies lab for assistance and helpful dis-
cussions, and in particular, E. Folker for comments on the manu-
script. This research was supported by NIH grants GM056989 
and GM078318 to Mary K. Baylies, NIH Kirschstein-NRSA 
post-doctoral fellowship F32AR057290 to Krista C. Dobi and 
NIH Training grant T32 GM008539 to Thomas Metzger.

added 8 hours after cells had been plated by removing the 20% 
FBS modified Schneider’s media and replacing it with media con-
taining the specified concentration of drug.
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