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Abstract

Genetic analysis of muscle specification, formation and function in model systems has provided
valuable insight into human muscle physiology and disease. Studies in Drosophila have been
particularly useful for discovering key genes involved in muscle specification, myoblast fusion, and
sarcomere organization. The muscles of the Drosophila female reproductive system have received
little attention despite extensive work on oogenesis. We have used newly available GFP protein trap
lines to characterize of ovarian muscle morphology and sarcomere organization. The muscle cells
surrounding the oviducts are multinuclear with highly organized sarcomeres typical of somatic
muscles. In contrast, the two muscle layers of the ovary, which are derived from gonadal mesoderm,
have a mesh-like morphology similar to gut visceral muscle. Protein traps in the Fasciclin 3 gene
produced Fas3::GFP that localized in dots around the periphery of epithelial sheath cells, the muscle
surrounding ovarioles. Surprisingly, the epithelial sheath cells each contain a single nucleus,
indicating these cells do not undergo myoblast fusion during development. Consistent with this
observation, we were able to use the FIp/FRT system to efficiently generate genetic mosaics in the
epithelial sheath, suggesting these cells provide a new opportunity for clonal analysis of adult striated
muscle.
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Introduction

One of the great advantages of Drosophila is the use of genetic mosaics for studying
developmental mechanisms and cell function. By inducing heritable genetic changes in subsets
of cells, the cellular phenotypes of mutations that are otherwise homozygous lethal can be
examined in detail. This approach is particularly useful for studying the contribution of genes
to later stages of development when loss of function is lethal during embryogenesis or larval
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development (Blair, 2003). However, genetic mosaic techniques rely on each cell having a
single nucleus. Therefore, adult muscles that are multinuclear because of myoblast fusion
cannot be studied using genetic mosaic approaches. Here we describe an adult muscle type in
Drosophila made of mononuclear cells and its potential for mosaic analysis.

The distinctive cellular morphology of different muscle types contributes enormously to
specialized muscle function. Vertebrate muscles have been classically divided into three
morphological categories: skeletal, cardiac and smooth. Skeletal muscles consist of long
striated, multinucleated myotubes formed by the fusion of a number of precursor cells. Skeletal
muscle excitation and contraction are controlled by the peripheral nervous system. Cardiac
muscle is located solely in the heart and consists of striated, binucleated cells that attach to
each other at special junctions called intercalated discs. Adult cardiac myocytes have two nuclei
as a result of incomplete cell division rather than cell fusion as in skeletal muscle (Engel et al.,
2006). Although there is nervous system modulation of the contraction of cardiac muscle and
apacemaker that coordinates heart contraction, each cardiac muscle has an intrinsic contraction
rate and will continue to beat when in isolation. The third type, smooth muscle, surrounds a
number of tubes and organs including the gut, blood vessels, fallopian tubes, uterus and bladder.
Smooth muscle cells are mononucleate and do not have an organized sarcomeric structure;
instead, they have a matrix of actin fibers. The nervous system, hormone action and interspersed
pacemaker cells known as Interstitial Cells of Cajal (ICC) regulate smooth muscle contraction
and tone.

Studies in Drosophila continue to provide valuable insights into muscle specification,
development and function (Beckett and Baylies, 2006; Chen and Olson, 2004; Sink, 2006).
Drosophila somatic muscles, including body wall and indirect flight muscle, are analogous to
vertebrate skeletal muscle. The Drosophila heart provides a simplified model system for
studying cardiac cell specification and function. The visceral muscles surrounding the gut and
gonads are functionally analogous to vertebrate smooth muscle, although unlike smooth muscle
cells, they are striated. Genetic studies of mesoderm formation, myoblast fusion and cardiac
development have led to the discovery of key genes, many with conserved functions in
vertebrates. Studies of adult muscle organization and function in Drosophila have largely been
limited to the indirect flight muscles (IFM) owing to the ease of isolating flightless mutants,
many of which affect sarcomere components (Vigoreaux, 2001).

Oogenesis in Drosophila is a well-established and valuable system for studying the genetic
regulation of the actin cytoskeleton (Hudson and Cooley, 2002); however, this system has not
been exploited for the study of sarcomere organization or muscle function. There are three
types of muscle cells derived from two different developmental lineages in the Drosophila
reproductive system (Mahowald and Kambysellis, 1980) (Fig. 1A). The peritoneal sheath is
an anastomosing muscle layer surrounding each of the two intact ovaries. The epithelial sheath
is a layer of thin circular muscles surrounding each of the approximately 16 ovarioles, the
ovarian “production lines”. Both of these visceral muscle types derive from mesodermal cells
in the apical pole of pupal ovaries (Godt and Laski, 1995; King, 1970). Lateral oviducts that
fuse into a common oviduct through which mature eggs pass to enter the uterus connect the
two ovaries in each female. A circular layer of somatic muscles derived from the genital disc
surrounds these oviducts. All three muscle type are striated (Middleton et al., 2006) and recent
work has shown that although the oviducts and the posterior part of the peritoneal sheath are
innervated, there are no nerves in contact with the epithelial sheath (Middleton et al., 2006;
Rodriguez-Valentin et al., 2006). All three muscle types can continue contracting when
dissected from the fly, indicating that nervous system control is modulatory rather than
necessary for muscle contraction.
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In this work we characterize ovarian muscle cell morphology, taking advantage of protein trap
lines that express GFP-tagged proteins (Morin et al., 2001; Quifiones-Coello et al., 2007). We
show that all three ovarian muscle types have a classical sarcomere structure as revealed by
antibody staining and protein traps in previously identified sarcomeric components. We
identify two new sarcomeric proteins that encode homologs to the vertebrate ZASP protein
that localize to Z-discs in a wide array of muscle types. Detailed study of epithelial sheath
muscles shows that they consist of mesh-like cells that are attached to each other by novel
Fasciclin 3-containing cell-cell junctions. Surprisingly, each epithelial sheath cell contains a
single nucleus, showing that they differentiate without first fusing into multinuclear myotubes.
In addition, we show that mitotic clones of epithelial sheath cells can be generated using Flp/
FRT-mediated mitotic recombination. Thus, epithelial sheath cells show great potential for
genetic studies of adult striated muscle.

Materials and Methods

Genetics and fly strains

Drosophila cultures were maintained using standard procedures. The wild-type control was
w1118 The following protein trap lines were used: G00035 (CG15926), G00189 (Zasp52),
ZCL0663 (Zasp66), YD0783 (Mhc), YB0242 (mesol8E), ZCL2154 (Fas3) YCO0071 (Tm1),
ZCL2144 (Sls), ZCL3111 (lIk). These lines are available at flytrap.med.yale.edu (Kelso et al.,
2004). The Gal4 driver line Mef2-Gal4 was from Eric Olson (Ranganayakulu et al., 1996). The
following lines were obtained from the Bloomington Drosophila Stock Center: FRT42D
(B2118), UAS-myr-mRFP (B7118), and hsFLP (B6416). For mosaic analysis, Zasp52::GFP
was recombined with FRT42D to provide a uniformly expressed epithelial sheath marker for
scoring mitotic recombination events. FRT42D, Zasp52::GFP flies were crossed to hsFlp;
FRT42D and progeny were heat shocked for 1 hour at 38° on two consecutive days during
larval development.

Immunofluorescence and image collection

Ovaries were dissected and fixed as described previously (Robinson and Cooley, 1997). Larval
midgut and body wall muscle were dissected out of third instar larvae and fixed as described
for ovaries above. Indirect flight muscle was dissected from adult thoraces in IMADS buffer
(Singleton and Woodruff, 1994) and fixed in freshly prepared 4% paraformaldehyde in PBS.
To visualize actin, tissues were incubated with 2 U rhodamine-conjugated phalloidin in PBT.
For antibody labeling, tissues were incubated either overnight at 4°C or 2 hours at room
temperature with anti-GFP antibody at 1:750 (Molecular Probes A11122), CF.6G11 at 1:200
(Integrin beta PS, Developmental Studies Hybridoma Bank), Sls antibody Klg16 (also known
as MAC155) at 1:5 (Lakey et al., 1990) (obtained at the Burnham Institute, La Jolla, CA),
Projectin antibody 4e2 at 1:5 (Saide et al., 1989), a-Actinin antibody at 1:5 (Saide et al.,
1989) or C-Filamin antibody at 1:500 (Sokol and Cooley, 1999). Secondary antibodies
conjugated to Alexafluor 488, 568 or 633 (Molecular Probes) were used at 1:500 and were
incubated with tissues for 2 hours at room temperature. Tissues were stored in Antifade (0.23%
DABCO in 0.1 M Tris-HCL 90% glycerol) overnight at 4°C and then mounted. All images
were taken on either a ZEISS LSM-510 or a ZEISS LSM-510 META microscope (Center for
Cell and Molecular Imaging, Yale University School of Medicine) or on a ZEISS Axiovert
200 equipped with a CARV 11 confocal imager (BD Bioscience) and CoolSnap HQ2 camera
(Roper Scientific). Images were processed using Adobe Photoshop 7 and figures were
assembled using Adobe Illustrator CS.

3D image analysis

Confocal Z-stacks through entire ovarioles were taken of Fas3::GFP; Mes18::GFP expressing
ovaries. In order to increase the contrast and count individual nuclei and Fas3 domains, we
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either 1) processed the GFP black and white image stacks using unsharp mask followed by a
low pass filter, or 2) used Adobe Photoshop 7.0 to draw dots covering each Fas3 dot in each
image of the stack. In order to make counting easier, the dots in images in each half of the stack
were assigned a different color. Additionally, each nucleus was drawn once per total stack.
Projection image stacks were created with the 3D construction module in Meta Morph
(Universal Imaging), and exported as either still images or movies for analysis.

The three ovarian muscle types are striated with a typical sarcomeric organization

GFP protein

The sarcomeres of ovarian muscles have a typical organization (Fig. 1B). We examined the
distribution of the Projectin and Sallimus proteins, which are large extended proteins that
connect Z-discs to thick filaments. Sallimus and Projectin proteins are functionally the same
as Titin in vertebrate sarcomeres (Burkart et al., 2007). The sallimus (sls) gene is very large
with many verified splice forms that encode Sls proteins, Zormin and Kettin (Burkart et al.,
2007). We used the Klg16 monoclonal antibody (also known as MAC155) that recognizes an
epitope near the amino-terminus of Sls and Kettin and labels the Z-discs in sarcomeres (Lakey
et al., 1990) (Fig. 1B). We found that KIg16 antibody also labeled Z-discs in ovarian muscle
cells (Fig. 1C, D and E). To examine Projectin localization, we used monoclonal antibody 4e2,
which labels Z-discs in indirect flight muscle and the A band in larval gut muscle (Saide et al.,
1989). In ovarian muscle cells, there were two domains of 4e2 staining between each Z-disc
(Fig. 1C, D and E). This pattern was easiest to see in oviduct muscle (Fig. 1E), and likely
represents A band labeling (see Fig. 1B).

Sarcomere staining revealed that the three ovarian muscle types have distinct overall
morphologies. The peritoneal sheath muscle is comprised of relatively thick bundles of muscle
fiber circling the ovary perpendicular to its anterior-posterior axis, and thinner single fibers
that travel parallel to the A/P axis of the ovary connecting the thick muscle bundles to one
another (Fig. 1C). Clear periodic Z-bands were present in the thick muscle fiber bundles that
labeled strongly with phalloidin and Klg16 antibody, although the Z-discs were not all in
register in neighboring fibers. Projectin antibody labeling was in a somewhat diffuse band
between Z-bands. The thin longitudinal bundles also exhibited evidence of sarcomeric
organization: a clear enrichment of Projectin was observed between Z-bands containing actin
and Sls, though Sls labeling was weaker (Fig. 1C’, C”, C’”). The sarcomeres of the epithelial
sheath surrounding ovarioles were more robust with Z-discs in register within each fiber (Fig.
1D). We will discuss the organization of epithelial sheath muscle in greater detail below.

Consistent with its distinct developmental lineage, the oviduct muscle was quite different in
appearance from the epithelial and peritoneal sheath muscles. The large oviduct muscle cells
contained highly ordered sarcomeres resembling those in IFM (Fig. 1E). Like IFM, oviduct
muscle cells were multinucleate cells and thus presumably the products of myoblast fusion
(see Supplemental Fig. S1).

traps in known sarcomeric proteins localize to ovarian muscles

We and others have carried out extensive protein trap screening in which transposons carrying
an artificial exon encoding GFP were mobilized and embryos or larvae were screened for GFP
expression (Buszczak et al., 2007; Morin et al., 2001; Quifiones-Coello et al., 2007). A number
of the resulting lines produced GFP-fusions to previously characterized sarcomeric
components including Sallimus (SIs), Myosin heavy chain (Mhc), Integrin linked kinase (11k)
and Tropomyosin 1 (Tm1). Analysis of GFP expression in ovarian muscles showed localization
to the expected sarcomeric components for these proteins, confirming that the GFP-fusion
proteins provide accurate information on protein localization.
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Tm1::GFP colocalized with sarcomeric F-actin in all three ovarian muscle types (Fig. 2A, E,
). In oviduct muscle, Tm1::GFP colocalized with F-actin in sarcomeres with the exception of
the Z-bands (Fig. 21). Tm1::GFP was also reduced at Z-bands in epithelial sheath, although
this is more difficult to view (Fig. 2E). Mhc::GFP localized to the A-band (Fig. 2B, F, J). Very
clear Mhc::GFP-positive A-bands were easily visible in the oviduct and epithelial sheath where
sarcomeric structure was clear (Fig. 2 F and J). The A-band was harder to see in the more
irregularly shaped peritoneal sheath, but was still apparent (Fig. 2B, arrow).

GFP fusions to Sallimus and Integrin linked kinase revealed two types of Z-band staining. The
GFP insertion in the sls gene in protein trap line ZCL2144 is in an intron between coding exons
for Sls and Kettin, but not Zormin. Therefore, both Sls and Kettin can be tagged near their
amino-termini with GFP. Similar to the Klg16 antibody, Sls::GFP localized specifically to Z-
discs in oviduct, epithelial sheath and peritoneal sheath, as seen by costaining with a-Actinin
antibody (Fig. 2C, G and K). llk::GFP also localized to Z-discs (Fig. 2D, H and L). However,
3D analysis of confocal stacks of oviducts showed that Ilk::GFP localized to a ring at the
periphery of the Z-disc (Supplemental Fig. S2). It may be that Ilk::GFP also localizes to the
periphery of the Z-disc in epithelial sheath and peritoneal sheath; however, the thinness of the
tissue precluded this level of visualization. The peripheral localization of 1lk::GFP is consistent
with localization to costameres that surround Z-discs and link sarcomeres to the cell membrane.

Two uncharacterized PDZ proteins localize to Z-discs

We found two protein trap lines that showed a striped pattern in ovarian muscle. The GFP
transposon in these lines was inserted into the genes for two uncharacterized proteins, CG30084
and CG6416, both of which contain a PDZ domain (SMART SM00228) and a ZASP motif
(ZM) (SMART SMO00735). (Note: previous publications mislabeled CG30084 as the tungus
gene. This has now been corrected; the tungus gene is CG8253. See FlyBase reference
FBrf0188553 for explanation). CG30084 also contains four LIM domains (SMART SM00132)
in its C-terminus. Both CG30084 and CG6416 proteins show homology to the human Z-disc
Alternatively Spliced Protein (ZASP) that localizes to the Z-disc in skeletal muscle. Like the
ZASP gene, both CG30084 and CG6416 encode a number of alternative splice forms, almost
all of which could be tagged based on the locations of the protein trap insertions (Fig. 3). An
additional isoform of CG30084 has been annotated that encodes only LIM domains and cannot
be tagged (not shown). Due to the homology of these genes to ZASP, we designated
CG30084 as Zasp52, and CG6416 as Zasp66 based on the cytological location of the genes.

To determine if the striped pattern we saw for Zasp52::GFP and Zasp66::GFP was Z-discs, we
co-stained ovaries with a-Actinin antibody. In all three ovarian muscle types, both
Zasp52::GFP and Zasp66::GFP specifically co-localized with a-Actinin on Z-discs (Fig. 3A,
B, D, E, G, H). In order to determine if these proteins were specific to ovarian muscles or more
broadly expressed, we examined larval midgut visceral muscles, larval body-wall muscles and
adult flight muscles. In all muscle types we saw localization of Zasp52::GFP and Zasp66::GFP
to a striped pattern reminiscent of ovarian muscles (Fig. 3J, K, M, N, P, Q). Thus, Zasp52 and
Zasp66 appear to be universal constituents of Z-discs in Drosophila striated muscle.

A protein trap in a novel membrane protein gives insight into muscle cell shape

To characterize the cellular organization of ovarian muscle cells, we tried a number of
approaches to define cell boundaries by visualizing muscle cell membranes. Previous EM
analysis had shown that the cells of the peritoneal sheath have a loose mesh-like structure
(Mahowald and Kambysellis, 1980), but the shape of epithelial sheath cells has not been
investigated in detail. We first used the lipophilc dye FM4—64, but the high signal-to-noise
ratio and interference with signal from underlying follicle cells made interpretation of the
labeling pattern difficult. We next attempted to drive UAS-myristoylated-RFP (UAS-myrRFP)
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with a number of GALA4 drivers reported to be muscle-specific. However, most Gal4 drivers
gave no epithelial sheath or peritoneal sheath expression, although several did promote robust
expression in oviduct muscle (Supplemental Fig. S1, data not shown). The only tested muscle
driver that gave expression in all ovarian muscles was Mef2-Gal4 (Ranganayakulu et al.,
1996). Thus, it appears that the epithelial sheath and peritoneal sheath muscles, which are
derived from somatic cells of the gonad, have a different expression profile compared to other
muscle types. Mef2-Gal4 driving UAS-myrRFP (Mef2>myrRFP) showed the clear outline of
oviduct muscle cells (Supplemental Fig. S1). Mef2>myrRFP expression in the epithelial sheath
was much fainter, but appeared to surround sarcomeric structures.

We were aided in our efforts to define muscle cell boundaries by a protein trap line that appeared
to produce a ubiquitously expressed marker for cell membranes. Protein trap line G00035
produces a GFP fusion to the CG15926 protein, which is a small (17 kDa) non-conserved
protein with no known protein motifs. CG15926::GFP was located specifically on plasma
membranes in both follicle cells and germline cells in egg chambers (not shown), suggesting
this protein trap is useful for marking plasma membranes in other cells. The pattern of
CG15926::GFP expression in oviduct muscle was similar to Mef2>myrRFP, localizing brightly
to cell membranes and also to intracellular bands that lie along sarcomeres that could be
sarcoplasmic reticulum (Fig. 3I, arrow). CG15926::GFP also outlined the mesh-like shape of
the peritoneal sheath (Fig. 3C), and revealed that epithelial sheath cells are similarly mesh-like
in shape (Fig. 3F). Examination of CG15926::GFP in the epithelial sheath revealed that the
cell membranes surround the sarcomeric structures, similar to the peritoneal sheath and circular
visceral muscles. Interestingly, the gaps between the sarcomeres of the epithelial sheath were
much larger than in circular visceral muscle (compare Fig. 3F and L). Further examination of
epithelial sheath showed thin membrane projections between sarcomeres that appeared to
connect to neighboring cells (Fig 3F, arrows). Due to the thinness of both the epithelial sheath
and peritoneal sheath, it was very difficult to see any intracellular sarcoplasmic reticulum
localization of CG15926::GFP. Expression of CG15926::GFP in other muscle types showed
localization to both cell membranes and sarcoplasmic reticulum (Fig. 3L, O, and R). This was
especially apparent in IFM where bright expression was seen along the borders of muscle fibers,
indicated by the positions of the nuclei, and also surrounding the individual sarcomeres within
the bundle (Fig. 3R).

Fas3::GFP localization to novel cell-cell junctions

Fasciclin 3 (Fas3) is an immunoglobulin super-family member known to be involved in
homophilic cell-cell adhesion (Snow et al., 1989). It has been shown to be necessary for the
formation of some neuro-muscular junctions in larval body wall muscle (Chiba et al., 1995).
A protein trap line in Fas3 provided key insight into the morphology of epithelial sheath muscle
cells. As has been previously described using Fas3 antibodies, Fas3::GFP was expressed highly
in follicle cells of germaria and early egg chambers, and then its expression became specific
to polar follicle cells (Fig. 4A). However, we saw an additional localization pattern that has
not been previously described. On the surface of egg chambers, Fas3::GFP localized in a series
of dotted lines around the circumference of ovarioles, forming a garland pattern (Fig. 4A’).
These dots were within the epithelial sheath muscle tissue. Closer inspection of underlying
follicle cells showed that they also contained small Fas3::GFP dots on cell membranes (Fig.
4B and C). The follicle cell Fas3::GFP dots were in the apical lateral part of the cell membrane,
an area associated with junctional complexes. Therefore, the dots in the garland pattern in
epithelial sheath are also likely to be on the membrane, and perhaps in intercellular junctions.

Fas3 and Filamin expression reveal the shape of epithelial sheath cells

To further characterize the cellular organization of epithelial sheath muscle, we examined more
closely the distribution of the 90 kDa Filamin isoform (FLN12—20) produced by the cheerio
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locus (Sokol and Cooley, 1999). The FLN12—20 isoform is transcribed from an internal
promoter, and consists of nine C-terminal Filamin repeats without the N-terminal F-Actin
binding domain typical of Filamin proteins. In ovaries, FLN12—20 expression is restricted to
muscle, as mutations that eliminate the larger FLN1—-20 isoform but retain FLN12—-20
expression show unchanged epithelial sheath localization (Sokol and Cooley, 1999).
Consistent with the lack of an F-actin binding domain, FLN12-20 did not colocalize with F-
actin, but instead was distributed homogeneously within muscle cells (Fig. 5A), and therefore
is a useful marker for determining the shape of epithelial sheath muscle cells.

FLN12-20 expression and the Fas3::GFP pattern together allowed us to identify epithelial
sheath cell boundaries with confidence. Localization of FLN12-20 in the Fas3::GFP line
revealed distinct discontinuities in FLN12—20 expression that coincided with rows of
Fas3::GFP dots oriented parallel to the long axis of an ovariole (Fig. 5A, B and B’).
Examination of F-Actin at these FLN12-20 gaps revealed discontinuities that looked like F-
Actin “joints”, which were distinct from the otherwise periodic patterning (Fig. 5B”). The
interruptions in both FLN12-20 and F-actin, coincident with Fas3 dots on the cell surface,
mark the end-to-end cell junctions of adjacent muscle cells.

FLN12-20 expression sometimes exhibited a striking mosaic expression pattern in epithelial
sheath (Fig. 5C), with regions of very high FLN12—-20 expression adjacent to regions with very
low levels. There was no evident pattern to the mosaicism that suggested a functional relevance;
however, we did observe differences in F-Actin distribution in sarcomeres that contained
differing levels of FLN12—-20. Sarcomeres with lower levels of FLN12-20 had a more
pronounced F-actin periodicity than sarcomeres expressing higher levels of FLN12-20 (Fig.
5D, D). F-Actin “joints” were observed at some boundaries of mosaic expression (Fig. 5E-
E”) and the domains of high and low expression were similar in size and shape to the regions
demarcated by Fas3::GFP dots (Fig. 5F, F’, arrow). Taken together, the areas of differing
FLN12-20 protein levels, which are bordered by a plasma membrane junctional protein (Fas3),
along with the discontinuities in sarcomeric F-Actin, allow us to conclude that Fas3::GFP
marks the borders of discrete cells in epithelial sheath.

FLN12-20 labeling also revealed the shape of lateral contacts between epithelial sheath cells.
Fine extensions projected from cell bodies parallel to the long axis of the ovariole (Fig. 5F,
and G-G™); these extensions were generally easier to observe in muscle surrounding younger
egg chambers. The projections were associated with rows of Fas3::GFP dots running
perpendicular to the long axis of the ovariole (Fig. 5F and G white arrowheads), and thus
represent lateral contacts between adjacent cells along the ovariole. Additional fine projections
were apparent traversing adjacent sarcomeric bundles within the same cell (Fig. 5F and 5G,
yellow arrowheads).

Epithelial sheath cell end junctions contain Integrin

End junctions of cardiac muscle cells, called intercalated discs, are characterized by the
presence of adherens junction proteins such as a-catenin and -catenin. However, we were
unable to detect these proteins in epithelial sheath (data not shown). Instead, the end junctions
of epithelial sheath cells contained Integrin (Fig. 6) and Integrin linked kinase (data not shown).
Integrin was also present at each Z-disc of the sarcomeres (Fig. 6A) where it is likely a
component of costameres that link sarcomeres to the cell membrane. However, the level of
Integrin at end junctions was higher than at Z-discs (Fig. 6A’, B’). Conversely, Zasp52
expression was lower at end junctions compared to Z-discs (Fig. 6A”, B”). The localization of
Integrin at end junctions was distinctly different from the localization of Fas3 (Fig. 6C).
Integrin was present in a continuous zone (Fig. 6C’) while Fas3 was in discrete dots (Fig. 6C™)
that often corresponded to the position of F-actin in individual sarcomeres. Thus, the ends of
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epithelial sheath cells may be linked through structures resembling costameres, but that also
contain Fas3.

Epithelial sheath cells are mononuclear

With reliable markers for epithelial sheath cell shape and boundaries in hand, we determined
the number of nuclei per cell. FLN12-20 localization revealed the cell bodies surrounding
nuclei (Fig. 5C arrows, and F). We combined protein traps in Fas3 and the meso18E gene,
which encodes a putative transcription factor involved in mesoderm specification (Taylor,
2000), along with FLN12-20 localization to simultaneously reveal epithelial sheath cell shape,
nuclei and junctions (Fig. 7A, A’). This staining suggested that epithelial sheath cells contain
one nucleus. However, because there were generally only two cells around the circumference
of an ovariole, we rarely observed the entire border of a muscle cell on one side of an ovariole.
Therefore, we collected confocal stacks through entire ovarioles and constructed three-
dimensional renderings of Fas3::GFP and Meso18::GFP (Fig. 7B and B”). Rotation of these
rendered stacks allowed us to unambiguously determine the number of nuclei in these cells
(See supplementary material Movies M1 and M2). In each of 18 cells for which we could view
the entire cell boundary in this manner, we observed a single nucleus. Thus, the muscle cells
in the epithelial sheath are mononucleate and therefore not the product of myoblast fusion.
Consistent with this observation, we were unable to detect expression of Sns or Duf, two
proteins essential for myoblast fusion (Bour et al., 2000;Ruiz-Gomez et al., 2000), in larval,
pupal or adult ovaries (LNP and LC, data not shown).

Muscle cells that differentiate without undergoing myoblast fusion should be amenable to
standard Drosophila genetic mosaic techniques that use mitotic recombination to generate
daughter cells of different genotypes. To determine if mitotic clones of epithelial sheath cells
can be produced, we used the FIp/FRT system (Dang and Perrimon, 1992; Xu and Rubin,
1993). None of the commonly used markers were expressed well enough in epithelial sheath
to be useful for these experiments. Therefore, we decided to use Zasp52::GFP as a marker for
clonal analysis. Zasp52::GFP was expressed uniformly in epithelial sheath cells and not in the
underlying egg chambers. After clone induction (see Materials and Methods), the ovaries of
hsFlp; FRT42D, Zasp52::GFP/FRT42D adult females contained numerous epithelial sheath
cells lacking Zasp52::GFP expression and nearby cells with brighter GFP expression (Fig. 7C
and C’). The intensity of GFP expression indicated whether cells had zero, one or two copies
of the GFP gene, with one copy present in cells that did not undergo mitotic recombination.
95% of ovarioles (n=132) had GFP-negative cells. In contrast, 0% (n=92) of control ovarioles
(hsFlp; FRT42D, Zasp52::GFP/Balancer) had GFP-negative cells, confirming that there is no
natural mosaicism of Zasp52 expression. These results indicate that epithelial sheath cells
differentiate directly from mitotic cells without intervening myoblast fusion, and demonstrate
that these cells provide a model for genetic analysis of individual muscle cells.

Discussion

Despite the well-documented value of Drosophila oogenesis as a model for studying numerous
cellular mechanisms of development, the organization and function of muscle cells in the
reproductive tract have received relatively little attention. We have used GFP protein trap lines
and antibodies to characterize ovarian and oviduct sarcomere organization and muscle cell
morphology. The availability of protein trap lines was especially useful for describing
intercellular contacts (e.g., Fas3::GFP, llk::GFP) and for showing the location of “new”
sarcomere components (e.g., Zasp52::GFP, Zasp66::GFP). The muscle cells of the oviducts,
which are derived from genital disks, have highly organized sarcomeres and a myotube
organization typical of somatic muscles in insects, and likely arise by myoblast fusion during
development. In contrast, the visceral muscle layers surrounding ovarioles and ovaries have a
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mesh-like shape similar to the visceral muscles of the gut (Klapper et al., 2002). Surprisingly,
we found that the epithelial sheath muscles contain one nucleus rather than two as in gut visceral
muscles, making them the only known adult somatic or visceral muscle that does not arise by
myoblast fusion. It remains to be determined whether the peritoneal sheath cells are
mononuclear as well.

The nature of the epithelial sheath muscle makes it ideally suited for analysis of muscle
function. The morphology of the cells can be viewed in great detail with an array of available
sarcomere and cellular markers. Importantly, the ability to produce cells with a defined
genotype by mitotic clone induction provides a new opportunity for studying the phenotypes
in adult muscles caused by homozygous mutations in muscle genes, even if the mutations are
lethal during early development. Finally, it is straightforward to do short-term in vitro culturing
of ovarioles with the epithelial sheath intact and contracting; thus, the behavior of cells bearing
mutations can be studied in live tissue under controlled conditions.

Protein traps identify novel muscle components

Protein trapping identified two previously uncharacterized Drosophila Z-disc components,
Zasp52 and Zasp66, which are similar in organization to mammalian ZASP/Cypher/Oracle
genes (Clark et al., 2002). In mammals, a single ZASP/Cypher/Oracle gene produces a number
of protein products through alternative splicing, and the expression of some splice forms are
restricted to either cardiac or skeletal striated muscle (Faulkner et al., 1999; Huang et al.,
2003). These proteins associate with Z-discs via an interaction of their N-terminal PDZ domain
with a-Actinin, and serve as Z-disc-associated scaffolding proteins. Deletion of the mouse gene
causes congenital myopathy (Zhou et al., 2001), and mutations in human ZASP gene are
associated with cardiac and distal myopathies (Griggs et al., 2007; Selcen and Engel, 2005;
Vatta et al., 2003). In contrast to the single mammalian ZASP gene, Drosophila express
alternatively spliced ZASP proteins from two distinct genes. We see no evidence of tissue-
specific expression of Zasp52 and Zasp66; the protein traps express GFP fusion proteins in all
muscle types examined. However, we may not have been able to detect all the splice variants
since GFP is positioned near the N-terminus. Work on these genes may provide a model for
understanding human myopathies associated with ZASP mutations.

Epithelial sheath cell morphology revealed

The epithelial sheath cells have extensive intercellular contacts. Lateral contacts with
neighboring cells are mediated by numerous thin cellular extensions, each tipped with a focus
of Fas3 (Figs. 5G and 8A). The end-to-end junctions between cells also have foci of Fas3 (Figs.
5B and 8B) that are very often at the position where sarcomeric actin bundles contact the plasma
membrane. These Fas3 foci constitute the dotted lines outlining cells that are visible in flies
carrying the Fas3 protein trap. Interestingly, antibodies to Fas3 fail to label intercellular
junctions in either epithelial sheath cells or follicle cells. The antibody may not recognize the
cell surface Fas3 isoform tagged with GFP in the protein trap line. Despite the discrepancy
between antibody staining and protein trap expression, our confidence that the GFP dotted
pattern is Fas3::GFP is based on examining multiple insertions in the gene and analysis of
cDNA sequence from the protein trap line. Therefore, Fas3 is likely to mediate cell adhesion
of epithelial sheath cells through homotypic interactions, similar to its role in neuromuscular
junctions (Chiba et al., 1995;Snow et al., 1989), and thus provide a means for coordinating
peristaltic contraction of neighboring cells.

The end junctions of epithelial sheath cells contain Integrin and Ik as well as low levels of
Zasp proteins and other Z-disc components (Fig. 6). This is unlike intercalated discs at cardiac
cell end junctions that contain adherens junction proteins. Integrin is a component of
costameres, which are peripheral Z-disc structures that link sarcomeres to the plasma
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membrane and serve to transmit contractile force to the extracellular matrix (ECM) (Frank et
al., 2006). We found that Integrin linked kinase has a similar peripheral localization around Z-
discs, and is also present at end junctions. The presence of costamere-associated proteins at

the end junctions suggests that communication between cells is also mediated by costameres.

Genetic studies of Integrin mutations in Drosophila have revealed dramatic defects in the
attachment of somatic muscles to each other, revealing that muscle cells are attached via the
ECM (Brown et al., 2000). Integrin linked kinase mutations also display muscle detachment,
in this case because the actin cytoskeleton detaches from the ends of muscles (Zervas et al.,
2001). In gut visceral muscles, Integrin mutations cause detachment of the muscle layers from
underlying endoderm as well as detachment of sheets of circular visceral muscles; however, it
is unclear whether these phenotypes are caused by defects in migration of primordial
endodermal cells or in visceral muscle attachment (Brown et al., 2000; Martin-Bermudo et al.,
1999). Genetic analysis in epithelial sheath cells can now be carried out to determine exactly
how Integrin and Integrin linked kinase contribute to attachment of these muscle cells.

Labeling of epithelial sheath cells with antibodies to Filamin was very useful for viewing the
highly mesh-like shape of the cells (Fig. 8). The cytoplasm of the cells closely surrounds each
sarcomere with large gaps between sarcomeres connected by thin cytoplasmic bridges. This
type of cellular structure appears typical of Drosophila visceral muscles, which carry out
functions analogous to smooth muscle in higher animals. The Filamin isoform expressed in
these cells, FLN12-20, does not contain an actin-binding domain (Sokol and Cooley, 1999)
and is not specifically associated with F-actin (Fig. 5). Nonetheless, sarcomeric actin in cells
that have low levels of FLN12-20 has a different appearance compared to sarcomeric actin in
cells with high FLN12-20, suggesting an actin-related function for this Filamin isoform. In
humans, the FLNC isoform is expressed in skeletal, smooth and cardiac muscles (Feng and
Walsh, 2004;Small et al., 1986), although its role in these muscles is unknown. Mutations in
other Filamin isoforms are associated with diseases. FLNA mutations cause periventricular
heterotopia, a brain malformation with failure in neuron migration during development (Feng
and Walsh, 2004), and mutations in FLNB cause skeletal dysplasias (Krakow et al., 2004).
Genetic analysis of Filamin in epithelial sheath cells can now be carried out to determine the
role of FLN12-20 in these muscle cells.

Mononucleate muscle

Determining the number of nuclei in muscle cells can be challenging. The highly organized
somatic muscles of insects, analogous to vertebrate skeletal muscle, have multiple nuclei as a
result of myoblast fusion during development. However, the number of nuclei per cell in
visceral muscles is much less apparent morphologically, and was therefore harder to determine.
Before 2001, the circular gut visceral muscles were reported to be mononuclear (Brown et al.,
2000; Elder, 1975). In 2001, two assays for myoblast fusion were used to discover that circular
visceral muscles of the gut are actually the product of cell fusion (Klapper et al., 2001; Martin
etal., 2001). A cell transplantation technique was used to show that gut circular and longitudinal
muscle cells have exactly two nuclei. Cells from embryos expressing UAS-GFP were
transferred into recipients with ubiquitous expression of Gal4 (da-Gal4). GFP expression was
produced exclusively in syncytia resulting from fusion of the transplanted cell with a cell in
the recipient. GFP-positive visceral muscle cells were found that always had two nuclei
(Klapper et al., 2001). Similar results were obtained using a dye-filling approach (Martin et
al., 2001). In addition, the formation of gut visceral muscle syncytia depends on duf, sns and
mbc, the same genes involved with somatic myoblast fusion (Klapper et al., 2002).

The mesh-like morphology of visceral muscles in the ovary is similar to gut muscles, and
epithelial sheath cells have been reported to be multinucleate (Hartenstein, 2006; King,
1970), although this latter point was not investigated in detail. These similarities between gut
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muscle and epithelial sheath cells suggested that visceral cells have a common developmental
program. However, our data provide convincing evidence that the epithelial sheath cells are
mononucleate. Our evidence includes the ability to mark the cell bodies, nuclei and cell
boundaries with a panel of antibodies and GFP-tagged proteins. We can now recognize the end
junctions of cells by discontinuities in sarcomeric organization alone. The most reliable marker
of cell outlines is the protein trap insertion in the Fas3 gene, which provides expression of Fas3
in dots at both lateral and end junctions of epithelial sheath cells. This attests to the remarkable
utility of protein traps for identifying new and useful cellular markers. The final piece of
evidence that epithelial sheath cells contain a single nucleus is the ability to generate marked
mitotic clones at high frequency. Thus, our data show that epithelial sheath cells are actually
mononuclear and therefore differentiate without first going through a myoblast fusion step. It
remains to be determined whether peritoneal sheath cells are similarly mononuclear. The
availability of mononuclear differentiated muscle cells provides an experimental model system
for examining the effects on muscle function of mutations in individual cells.
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Figure 1.

Drosophila ovarian muscle types. (A) Drosophila ovaries have three types of muscle: the
Peritoneal sheath, which surrounds each intact ovary, the Epithelial sheath, which surrounds
each ovariole, and the muscle of the oviducts. (B) Sarcomeres contain Z-discs that anchor the
F-actin thin filaments, and myosin thick filaments bound to F-actin. The registration and
position of thick filaments gives a characteristic banding pattern with the | band containing
thin filaments, A band containing thick and thin filaments and the M band containing only
thick filaments. The model also shows approximate positions of Sallimus, Projectin and
Tropomyosin. The shading represents the locations of the epitopes recognized by Sallimus and
Projectin antibodies. (C) Peritoneal sheath muscle labeled with phalloidin (red) to reveal F-
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Actin distribution (C’), and antibodies to Projectin (green) (C”) and Sallimus (blue) (C’”).

(D) Epithelial sheath muscle labeled as in C. (E) Oviduct muscle labeled as in C. Scale bars:
10 .
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Figure 2.

Expression of GFP protein traps in known sarcomere proteins. (A-D) Peritoneal sheath labeled
with antibodies to a-Actinin (blue) to view Z-discs and phalloidin (red) to reveal F-Actin. The
peritoneal sheath is from flies expressing protein traps (green) in Tm1 (A), Mhc (B), Sls (C)
and Ik (D). (E-H) Epithelial sheath labeled as in A-D. (I-L) Oviduct labeled as in A-D. For
all panels, the three individual color channels in the boxed regions are shown to the right. Scale
bars: 10 p.
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Figure 3.

Ovarian muscle expression of GFP protein traps in uncharacterized proteins. Top: Schematic
representations of isoforms predicted through differential splicing of Zasp52, Zasp66 and
CG15926 from Flybase. The location of the GFP gene insertion with respect to each isoform
is indicated with a green triangle and the locations of exon boundaries are indicated by black
lines. Bottom: Expression patterns of GFP-tagged proteins (green) in peritoneal sheath (A-
C), epithelial sheath (D-F), oviduct (G-1), larval midgut (J-L), larval body wall (M-O), and
adult indirect flight muscle (P-R) stained with phalloidin (red) and a-Actinin antibodies (blue,
A, B, D, E, G and H) or Dapi (blue, R). Zasp52::GFP (first column) and Zasp66::GFP (second
column) colocalize with a-Actinin in Z-discs in peritoneal sheath (A,B) epithelial sheath (D,E)
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and oviduct (G,H). Z-discs in both the longitudinal (arrows) and circular (arrowheads) muscles
of the larval midgut contain Zasp proteins (J, K), as do Z-discs in larval body wall (M, N) and
adult flight muscles (P, Q). CG15926::GFP localizes to cell membranes in all muscle types.
Additional localization to membranes on the interior of muscle cells can be seen in oviduct (I,
arrow), larval midgut (L), larval bodywall (O) and flight muscle (R). This may be sarcoplasmic
reticulum. Scale bars: 10 . Scale bar in D applies to D-R.
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A GFP protein trap in Fasciclin 3 reveals novel cell-cell junctions. (A, A’) An ovariole
expressing Fas3::GFP with (A) and without (A’) phalloidin in red. Fas3::GFP localizes to
follicle cells in the germaria and then is restricted to polar follicle cells. Additionally a “garland”
pattern of Fas3::GFP puncta can be seen in the overlying epithelial sheath. (B, B’) The surface
view of follicle cells expressing Fas3::GFP with (B) and without (B”) phalloidin in white.
Fas3::GFP puncta can be seen on the cell membrane. (C, C’) A lateral view of follicle cells
expressing Fas3::GFP with (C) and without (C’) phalloidin in white and Dapi in blue.
Fas3::GFP puncta localize to the apical lateral region of the membrane. Scale bars: A =50 p,
B =10 p. Scale bar in B applies to C.
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Figure 5.

FLN12-20 and Fas3::GFP expression reveal epithelial sheath cell shape. (A)
Immunofluorescence of epithelial sheath expressing Fas3::GFP (green) with FLN12—-20
labeled white and phalloidin red. (B-B”’) Higher magnification and channel separation of boxed
area shown in (A). (C) Immunofluorescence of epithelial sheath showing mosaic expression
levels of FLN12—-20 (green). Phalloidin-labeled F-Actin is red. FLN12—-20 is present in cell
bodies around nuclei (arrows). (D-D”) Higher magnification and channel separation of boxed
area in panel C. Sarcomeric F-Actin exhibits a more pronounced periodicity in cell expressing
a lower level of FLN12—20 (compare sarcomeric bundles in the upper part of D’ with those in
the lower half). (E-E”) Higher magnification and channel separation of boxed area in panel C.
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F-Actin “joints” coincide with borders between regions of high and low FLN12—-20 expression.
(F-F”) Epithelial sheath muscle expressing Fas3::GFP (green) and also displaying FLN12-20
(white) mosaicism. F-Actin is red. Region expressing low levels of FLN12—-20 (arrow) is
outlined by Fas3::GFP dots. (G-G”) Higher magnification and channel separation of boxed
area shown in (F). Two types of fine projections are evident extending from muscle cell bodies:
those associated with Fas3 dots (G, white arrowheads), and those that extend from one portion
of a cell body to another (G, yellow arrowheads). Scale bars: A, Cand F=20 n, B,Eand G =
10 p. Scale bar in C applies to D.
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Figure 6.

Epithelial sheath cell end junctions contain Integrin. (A-A”) Immunofluorescence of epithelial
sheath expressing Zasp52::GFP (green) stained with antibodies to FLN12—20 (blue) and B-
Integrin (red). In A’, B-Integrin expression is higher at end junctions between cells (yellow
arrowheads) than at Z-discs, while Zasp52 expression is higher in Z-discs than at end junctions
(A”). (B-B™). Higher magnification and channel separation of boxed area shown in (A). (C-
C”) Immunofluorescence of epithelial sheath expressing Fas3::GFP (green) stained with
antibodies to FLN12—-20 (blue) and R-Integrin (red). R-Integrin is present in a continuous zone
at end junctions (C’) while Fas3::GFP is in distinct dots (C”). Scale bars: 10 p.
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Figure 7.

Epithelial sheath cells are mononucleate. (A-A’) Confocal projection of top half of an ovariole
expressing both Fas3::GFP (green dots) and Meso18::GFP (green nuclei) in epithelial sheath
cells stained with antibodies to FLN12-20 (red). (A”) A single cell is clearly outlined by
Fas3::GFP dots and contains only one nucleus, as seen with Meso18::GFP. (B-B”) Rendering
of optical sections taken through the entire ovariole shown in A. Only green signal from
Fas3::GFP and Meso18::GFP was rendered. The top half of the confocal stack is colored cyan,
the bottom half red. B’ shows the top half only, and represents a rendering of the raw data
shown in A’. See Supplemental movies for rotation of the raw data and rendered stacks. (C-
C’) Confocal image of an ovariole with FIp/FRT-induced mitotic clones. F-Actin is in red and
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Zasp52::GFP is in green. C” shows Zasp52::GFP only, with the inferred copy number of GFP
genes indicated in yellow. Scale bars: 20 p.
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Figure 8.

Model of epithelial sheath cell structure. (A) Schematic of a section of epithelial sheath muscle
showing one surface of an ovariole. Each muscle cell contains a single nucleus (yellow) and
has a mesh like structure (blue). Thin cytoplasmic projections extend between cells in the
anterior/posterior direction. Sarcomeric actin (red) forms branching structures within cells.
Fas3 cell-cell contacts (green) are located at the both the end-to-end junctions between cells
and at the intersection of lateral cytoplasmic extensions between adjacent cells. (B) Schematic
of two epithelial sheath muscle cells filleted flat to emphasize that where two cells connect
there is a continuation of the sarcomeric structure across cell membranes.
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