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SUMMARY: 
Drosophila flight muscle is a powerful model to study transcriptional regulation, alternative splicing, metabolism, and mechanobiology. We present a protocol for dissection of fluorescent-labeled flight muscle from live pupae to generate highly enriched samples ideal for proteomics and deep-sequencing. These samples can offer important mechanistic insights into diverse aspects of muscle development.

ABSTRACT: 
Drosophila flight muscle is a powerful model to study diverse processes such as transcriptional regulation, alternative splicing, metabolism, and mechanobiology, which all influence muscle development and myofibrillogenesis. Omics data, such as those generated by mass spectrometry or deep sequencing, can provide important mechanistic insights into these biological processes. For such approaches, it is beneficial to analyze tissue-specific samples to increase both selectivity and specificity of the omics fingerprints. Here we present a protocol for dissection of fluorescent-labeled flight muscle from live pupae to generate highly enriched muscle samples for omics applications. We first describe how to dissect flight muscles at early pupal stages (<48 h after puparium formation [APF]), when the muscles are discernable by green fluorescent protein (GFP) labeling. We then describe how to dissect muscles from late pupae (>48 h APF) or adults, when muscles are distinguishable under a dissecting microscope. The accompanying video protocol will make these technically demanding dissections more widely accessible to the muscle and Drosophila research communities. For RNA applications, we assay the quantity and quality of RNA that can be isolated at different time points and with different approaches. We further show that Bruno1 (Bru1) is necessary for a temporal shift in myosin heavy chain (Mhc) splicing, demonstrating that dissected muscles can be used for mRNA-Seq, mass spectrometry, and reverse transcription polymerase chain reaction (RT-PCR) applications. This dissection protocol will help promote tissue-specific omics analyses and can be generally applied to study multiple biological aspects of myogenesis.

INTRODUCTION:
Modern omics technologies provide important insights into muscle development and the mechanisms underlying human muscle disorders. For example, analysis of transcriptomics data combined with genetic and biochemical verification in animal models has revealed that loss of the splicing factor RBM20 causes dilated cardiomyopathy due to its regulation of a target network of more than 30 sarcomere genes previously associated with heart disease, including titin1-3. 

In a second example, studies from cell culture, animal models, and human patients have shown that myotonic dystrophy is caused by a disruption in RNA regulation due to sequestration of Muscleblind (MBNL) and upregulation of CELF14,5. The cross-regulatory and temporal dynamics between MBNL and CELF1 (also called CUGBP1 or Bruno-Like 2) helps to explain the persistent embryonic splicing patterns in myotonic dystrophy patients. Additionally, the large network of misregulated targets helps to explain the complex nature of the disease4,6-8. A majority of such studies utilize omics approaches in genetic model organisms to understand the mechanisms underlying human muscle disease. Furthermore, they highlight the importance of first understanding temporal and tissue-type specific gene expression, protein modification, and metabolic patterns in healthy muscle to understand alterations in diseased or aging muscle. 

Drosophila melanogaster is another well-established genetic model organism. The structure of the sarcomere as well as individual sarcomere components are highly conserved from flies to vertebrates4,9,10, and the indirect flight muscles (IFMs) have become a powerful model to study multiple aspects of muscle development11,12. First, the fibrillar flight muscles are functionally and morphologically distinct from tubular body muscles11,13, allowing investigation of muscle-type specific developmental mechanisms. Transcription factors including Spalt major (Salm)14, Extradenticle (Exd), and Homothorax (Hth)15 have been identified as fibrillar fate regulators. Additionally, downstream of Salm, the CELF1 homolog Bruno1 (Bru1, Aret) directs a fibrillar-specific splicing program16,17. 

Second, IFMs are an important model for understanding the process of myogenesis itself, from myoblast fusion and myotube attachment to myofibrillogenesis and sarcomere maturation9,18,19. Third, Drosophila genetics permits investigation of contributions by individual proteins, protein domains, and protein isoforms to sarcomere formation, function, and biophysical properties20-23. Lastly, IFM models have been developed for the study of multiple human muscle disorders, such as myotonic dystrophy, myofibrillar myopathies, muscle degenerative disorders, actinopathies, etc.24-27, and have provided important insights into disease mechanisms and potential therapies28-30. Thus, Drosophila is a useful model to address many open questions in the myogenesis field, including understanding of the mechanisms of muscle-type specific transcription, splicing, and chromatin regulation, as well as to the role of metabolism in muscle development. The application of modern omics technologies, in particular in combination with the wide variety of genetic, biochemical and cell biological assays available in Drosophila, has the potential to dramatically advance the understanding of muscle development, aging, and disease.

IFMs are the largest muscles in the fly, spanning nearly 1 mm across the entire length of the thorax in adults31,32. However, this small size generates the challenge of obtaining enough sample to apply omics technologies in Drosophila in a tissue-type specific manner. Moreover, IFMs are part of the adult musculature that is formed during pupal stages. They form via myoblast fusion to form myotubes, which attach to tendons around 24 h after puparium formation (APF) and undergo a compaction step necessary to initiate myofibrillogenesis around 30 h APF (Figure 1A-D)18,33,34. 

The myofibers then grow to span the entire length of the thorax, with myofibrils undergoing an initial growth phase focused on sarcomere addition until about 48 h APF, and then transitioning to a maturation phase, in which sarcomeres grow in length and width and are remodeled to establish stretch-activation by 72 h APF (Figure 1A-D)32,35. The onset of fiber maturation is at least partially controlled by Salm and E2F32,36,37, and multiple IFM-specific sarcomere protein isoforms whose splicing is controlled by Bru1 are incorporated during this phase16,17. Mature flies eclose from 90–100 h APF. This means that to study muscle development, IFM has to be isolated with sufficient quantity, quality, and purity from multiple pupal timepoints to facilitate analysis using omics approaches.

Several protocols for IFM dissection have been published. While these protocols work well for their intended applications, none are ideal for omics approaches. Protocols that preserve IFM morphology for immunofluorescence of pupal and adult IFMs19, isolate IFM fibers for mechanical evaluation31, or utilize microdissection of pupal IFM from cryosections38 are too specialized and time and labor intensive to reasonably obtain sufficient amounts of IFM tissue for omics applications. Other protocols have been developed for rapid dissection of specifically adult IFM38,39, thus are not applicable to pupal stages, and use buffers that are not ideal or may be incompatible with, for example, RNA isolation. Thus, there is a need to develop new approaches to isolate pupal IFM for biochemistry or omics applications. 

Here we present a protocol for the dissection of IFM during pupal stages that have been used successfully for mRNA-Seq analysis from 16 h APF through adult stages16,32. The protocol employs a green fluorescent protein (GFP) label to identify IFMs at all stages of pupal and adult development, allowing live dissection under a fluorescent dissecting microscope. The approach is less labor-intensive, with a higher throughput than existing IFM dissection protocols. This allows rapid isolation and cryopreservation of samples, generating enough material after several rounds of dissection for omics approaches as well as for standard reverse transcription polymerase chain reaction (RT-PCR) or western blotting. 

We present the protocol in two parts, demonstrating how to rapidly dissect IFMs both before 48 h APF (during early metamorphosis, when IFM attachments are more tenuous) and after 48 h APF (when the pupal body plan and IFM attachments are well-defined). We demonstrate that we can isolate high quality RNA from dissected IFMs at all timepoints and present data on different approaches to RNA isolation and reverse transcription. Lastly, we demonstrate the application of the dissection protocol to mRNA-Seq, mass spectrometry, and RT-PCR using the CELF1 homolog Bruno1 as an example. We show misexpression of sarcomere protein isoforms in proteomics data from Bruno1 mutant IFM and examine Bruno1 regulation of the C-terminal splice event of Myosin heavy chain (Mhc). These results illustrate how omics data can provide a deeper understanding of biological phenomena, complementing genetic and biochemical experiments.

PROTOCOL:

1. Staging the pupae

1.1. Raise flies of the desired genotype in bottles (Figure 1E). Either make a fresh flip of the dissection stock or set a cross with at least 20 female virgin flies. Maintain bottles until the flies begin to pupate.

1.2. Collect pre-pupae with a wetted paintbrush and transfer to wetted filter paper in a 60 mm Petri dish (Figure 1F).

1.3. Sex the pupae, collecting the appropriate gender for the experiment (Figure 1G). Males are identified by the presence of testes, which appear as translucent balls in the otherwise opaque pupa.

1.4. Label the Petri dish with the time, date, and genotype, then age the pupae to the desired stage (Figure 1H).

NOTE: Maintain crosses/stocks and age pupae in a temperature-controlled incubator (i.e., 25 °C or 27 °C for RNAi crosses, as increased Gal4 activity at higher temperatures increases knock-down efficiency40). Ensure that the humidity is sufficiently high so pupae do not dry out when aging several days.

2. IFM dissection before 48 h APF

2.1. Assemble the necessary equipment including two #5 biology grade forceps, a pipette, pipette tips, dry ice, and (for RNA samples) isolation reagent (see Table of Materials). In addition, chill black dissecting dishes (see Table of Materials), 1x phosphate-buffered saline (PBS) buffer, and 1.5 mL microcentrifuge tubes on ice.

2.2. Using a wetted paintbrush, transfer staged pupae to a black dissecting dish filled about two-thirds with cold 1x PBS (Figure 2A,B). Move to a fluorescent dissecting microscope.

NOTE: Use as many pupae as can be dissected within a 30 min time window. Depending on experience, this ranges from 3–15 pupae. See Supplemental Methods for discussion of alternatives to black dissecting dishes.

2.3. Using #5 forceps, push one of the pupae to the bottom of a black dissecting dish and adjust the microscope zoom and focus to clearly see the pupa (Figure 2C).

2.4. Grasp the anterior of the pupa with one forceps (Figure 2D), then poke the pupae with a single tip of the other forceps slightly off-center in the abdomen, just behind the thorax. This holds the pupa in place and prevents the IFMs from moving into the abdomen (Figure 2E).

NOTE: Begin timing the length of dissection from this point, as soon as pupal integrity is disrupted. Use a defined length of dissection (for example 20–30 min) to minimize muscle death and associated transcriptomic and proteomic changes. Dissect as many flies as possible in this period of time.

2.5. Using the first forceps, remove the anterior half of the pupal case (Figure 2F).

2.6. Use the same forceps to pinch the exposed pupae just behind the thorax, and separate the abdomen from the thorax (Figure 2G). 

2.7. Using the forceps, gently squeeze the anterior part of the thorax (for <35 h APF) or rip open the thorax to expose the fluorescently labeled IFMs (Figure 2H). Tendon attachments at early timepoints are fragile, and IFMs can easily detach from the epidermis. Discard the remaining carcass using forceps to push it to the opposite side of the dish.

2.8. Repeating steps 2.3–2.7, dissect additional pupae.

2.9. Collect the IFM fibers with forceps and organize them into a pile at the bottom of the black dissecting dish (Figure 2I,J). Remove any debris by pushing it out of the field of view using forceps. 

NOTE: With practice, forceps tips can be brought into close proximity without touching each other. This technique can be used to loosely grab IFMs without destroying them. Alternate methods include gently pushing or lifting the IFMs with a single tip or completely closed forceps, or taking some fat or other tissue with the IFM and removing the fat as described in step 2.10.

2.10. Quality control the IFM muscle sample, using the forceps to remove non-IFM muscles, fat, cuticle, etc. from the sample (Figure 2K,L).

NOTE: With Mef2-Gal4, IFM is labeled more strongly than other muscle types at early timepoints (Figure 2K,K’), allowing removal of jump muscle and larval muscles based on fluorescence intensity and muscle shape. Fat and cuticle tissue look different and are not labeled by a muscle-specific fluorescence label (Figure 2K,K’). See the discussion section for other Gal4 lines that label IFM.

2.11. Using a clipped pipette tip, transfer the pile of IFMs into a 1.5 mL microcentrifuge tube filled with 250 μL of chilled 1x PBS (Figure 2M-O). Proceed immediately to section 4.

NOTE: IFM samples may be lost simply by sticking to the side of the pipette tip. Pipetting buffer up and down several times before collecting IFMs can make standard tips less sticky, and siliconized or perfluoroalkoxy (PFA) tips (see Table of Materials) with lower surface tensions can help prevent sample loss.

3. IFM dissection after 48 h APF

3.1. Assemble necessary equipment including two #5 biology grade forceps, fine scissors, standard glass microscope slides, double-stick tape, pipette, pipette tips, dry ice, and (for RNA applications) isolation reagent (see Table of Materials). Chill the 1x PBS and microcentrifuge tubes on ice.

3.2. [bookmark: _GoBack]Using a lightly wetted paintbrush, transfer the staged pupae to a strip of double-sided sticky tape mounted on a microscope slide (Figure 3A). Place the pupae in a line oriented in the same orientation (ventral down and anterior towards the bottom of the slide). 

NOTE: Be careful not to use too much water on the paintbrush or filter, or the pupae will not stick well. If pupae do not stick, dry them by first transferring to a dry filter or tissue paper. Mount as many pupae as can be dissected within a 30 min time window, ideally ~10 pupae. 

3.3. Remove the pupa from the pupal case. Use forceps to tease apart and open the pupal case above the anterior spiracles (Figure 3B). 

3.4. Gently slide a pair of forceps dorsally towards the posterior, cutting the pupal case as the forceps move (Figure 3B’). Be careful not to rupture the underlying pupa. Liberate the pupa from the opened case and immediately transfer it to a drop of 1x PBS on a second microscope slide (Figure 3B’’,C). 

3.5. Repeat steps 3.3 and 3.4 for all pupae in the line, then set the double-stick tape slide aside.

3.6. Using the fine scissors, cut the abdomen of the pupa away from the thorax and push it into a separate pile (Figure 3D,D’). Repeat for the remaining pupae.

NOTE: Begin timing the length of dissection with step 3.6, as soon as pupal integrity is disrupted. Dissect as many flies as possible in 20–30 min to prevent cell death and associated transcriptomic and proteomic changes. When dissecting 1 d adults or >90 h pupae, it is often convenient for later steps to additionally remove the head with the fine scissors.

3.7. Using a tissue paper, remove the majority of the 1x PBS (generally cloudy with suspended fat) as well as the pile of abdomens (Figure 3E). Add a drop of fresh, chilled 1x PBS to the remaining thoraxes.

3.8. Use the scissors to cut the thorax in half (Figure 3F,F’) by cutting from the head down the longitudinal body axis in a single motion. Alternately, if the head has been removed, first insert the scissors where the head was attached and cut the top half of the thorax longitudinally between the IFMs. Then, cut the ventral side of the thorax with a second cut in the same orientation. 

3.9. Repeat steps 3.7 and 3.8 for all pupae to be dissected, generating a pile of thorax hemisections near the center of the slide. Ensure there is enough chilled 1x PBS on the slide so that the hemisections do not dry out.

NOTE: After 48 h APF, IFMs are large enough to be visible under a standard dissecting microscope to the trained eye. At this point in the protocol, muscles with a fluorescent label can be moved to a fluorescent dissecting scope to aid in IFM identification or for training purposes, but this is not necessary.

3.10. Dissect the IFMs out of the thorax. Isolate one of the hemisections using the #5 forceps (Figure 3G,H). Gently insert the tips of one forceps above and below the middle of the IFMs (Figure 3G’,H’). While holding the first forceps still, use fine scissors to cut one end of the IFM away from the cuticle and tendons. Then, cut the other end of the IFM free from the cuticle (Figure 3G’’,H’’).

NOTE: Depending on the orientation of the thorax after the first IFM cut, it is useful to rotate the thorax 180° so that the second IFM cut is easier to perform.

3.11. Remove the IFM bundle from the thorax with forceps (Figure 3G’’’,H’’’), transferring it to the edge of the PBS bubble to use water tension to hold it in place (Figure 3I). Push the carcass to the opposite side of the slide. Repeat for the remaining thorax hemisections, generating a collection of dissected IFMs.

NOTE: If the IFMs do not stay in a neat pile, remove some of the 1x PBS with a tissue. Be careful not to let all of the PBS evaporate, and ensure that the dissected IFMs and hemithoraxes remain covered by buffer.

3.12. After dissecting all IFMs, quickly perform a quality control on the dissected muscle. Using #5 forceps, remove any jump muscle or cuticle fragments that may have found their way into the sample (Figure 3J-K”).

NOTE: Jump muscle appears different from IFM. If dissecting Mef2-Gal4 labeled muscle under fluorescence, jump muscle has a weaker fluorescence and a different shape and texture. Under normal light, it appears nearly translucent while the IFMs are an opaque, milky yellow (Figure 3J-J”,H).

3.13. Using water tension, capture (but do not squish) the dissected IFMs between a pair of forceps (Figure 3L). Transfer the IFMs to a 1.5 mL microcentrifuge tube pre-filled with 250 μL of chilled 1x PBS (Figure 3M). Proceed immediately with section 4.

NOTE: When forceps tips are brought into proximity of each other and lifted out of a buffer solution, water tension causes a bubble of buffer to be captured between the forceps tips. If IFMs are also present in this bubble, they can be lifted out of the solution and easily transferred to another buffer-filled receptacle. It is important to squeeze the forceps to bring the tips near one another without touching each other, to avoid macerating the tissue captured in the buffer bubble. 

4. Pellet and preserve the IFM sample

4.1. Pellet the IFMs by centrifuging the 1.5 mL microcentrifuge tube for 3–5 min at 2,000 x g in a table-top centrifuge (Figure 4A,B).

4.2. Remove the buffer using a pipette tip (Figure 4C). 

4.3. For RNA applications, resuspend the IFM pellet in 50–100 μL of the desired RNA isolation buffer (see Table of Materials, Figure 4D). Otherwise, proceed to step 4.4.

NOTE: IFMs can be dry-frozen after step 4.2 for mass spectrometry preparations or isolation of RNA with commercial kits (see representative results). For RNA applications, better results are obtained by immediately resuspending and freezing the IFM pellet in isolation buffer.

4.4. Freeze sample on dry ice or snap freeze in liquid nitrogen (Figure 4E). Store at -80 °C until ready for subsequent steps in sample preparation for downstream analysis.

NOTE: After cryopreservation, samples can be stored for several months before processing for downstream investigation.

REPRESENTATIVE RESULTS:
The dissection protocols presented above are useful to generate IFM-enriched samples from 16 h after puparium formation (APF) until the adult stage. Dissected flight muscle samples can be used for multiple applications, and have so far been successfully applied for RT-PCR4,17, RNA-Seq16,32, ChIP36,37, Western blotting14,41 and mass spectrometry experiments (see below). To help potential users dissecting for RNA-based applications, we first present our results highlighting important considerations specifically for isolation of RNA from IFMs. To more broadly demonstrate the utility of our dissection protocols, we then illustrate some of the possible –omics applications using our data on the RNA-binding protein Bruno1. 

IFM dissection protocol yields high quality RNA

It is important to determine the number of flies to be dissected in advance, as coding mRNA is estimated to constitute only 1–5% of total RNA42. We obtained on average 24 ± 9 ng of total RNA per fly from IFM dissected from 1 d adults (Figure 4F and Supplemental Figure 1A), with yields typically increasing with experience. This yield of total RNA per fly is relatively constant, fluctuating around 25 ng for IFM dissected at 16 h APF, 24 h APF, 30 h APF, 48 h APF, 72 h APF and 90 h APF (Figure 4F and Supplemental Figure 1B,D,E). These observations also reflect any RNA isolated from contaminating fat, tendon, trachea or other cell types, which may be higher in samples isolated from earlier timepoints. Thus, we obtained >1 μg of total RNA from IFM from 50 flies and typically dissect IFM from 100−150 flies to generate >3 μg of total RNA for RNA-Seq samples.

The method of RNA isolation affects the quantity and quality of recovered RNA, and we encourage users to validate their isolation approach. For example, while isolation using method 1 produces on average 1143 ± 465 ng of total RNA from IFM from 50 1 d adult flies, isolation with various commercial kits yields anywhere from 186 ± 8 ng to 1261 ± 355 ng of total RNA (Figure 4G and Supplemental Figure 1C). RNA isolated from commercial kits is generally of good quality (Figure 4H and Supplemental Figure 1F), but low recoveries suggest that RNA may not be efficiently eluted from the columns. RNA integrity can also be compromised by use of a kit as done in method 2 (Figure 4H, second plot), likely due to buffer constitution and heat treatments, leading to severe fragmentation that can impact downstream experiments. 

It is also important to observe proper RNase-free technique when isolating and handling RNA samples. Although freeze-thaw cycles and a 4 h room temperature incubation do not dramatically impact RNA integrity profiles, even small amounts of RNase lead to rapid RNA degradation (Figure 4I and Supplemental Methods). Users are still encouraged to work on ice and limit freeze-thaw to prevent RNA hydrolysis and fragmentation. This was not detected here but preventing RNase contamination by using filter tips and DEPC-treated buffers is absolutely essential.

The efficiency of reverse transcription also impacts the success of downstream applications. We obtained reliable results with two of three commercial RT kits we tested, which both amplify strong RT-PCR bands for ribosomal gene rp49 (Figure 4J). However, RT Kit #2 may be more sensitive for the detection of low-expressed transcripts, as we obtained stronger bands for the RNA-binding protein bru1 for all three biological replicates (Figure 4J). Taken together, these results illustrate that high-quality RNA can be isolated from IFMs dissected with this procedure. 

Dissected IFMs produce high quality mRNA-Seq and proteomics data

Using IFM dissected according to the above protocol at 30 h APF, 72 h APF and from 1 d adult flies, we previously showed that the RNA-binding protein and CELF1-homologue Bruno1 (Bru1, Arrest, Aret) controls an IFM-specific splicing pathway downstream of the transcription factor Spalt major (Salm)16. IFMs from null mutants as well as flies with muscle-specific bruno1 RNAi (bru1-IR) display sarcomere growth defects, misregulation of myosin activity and ultimately hypercontraction and loss of muscle fibers16,17. Below we demonstrate the utility of dissected IFMs for whole proteome mass spectrometry and show that several of the expression changes we observed on the RNA level are also evident on the protein level. We further highlight a specific developmental splice event in Mhc that was found to be regulated by Bruno1, illustrating that mRNA-Seq and RT-PCR from dissected IFMs can be used to demonstrate the regulation of alternative splice events.

Depending on library quality and depth, mRNA-Seq data can be analyzed on the level of gene units (averaging read counts over all exons of a gene), individual exons, or splice junctions. mRNA-Seq data from bru1-IR IFMs compared to wildtype shows weak changes in expression on the gene unit level16 (Figure 5A). At 72 h APF, there is already a trend for sarcomere genes such as muscle LIM protein at 60A [Mlp60A], actin 57B [Act57B], muscle-specific protein 300 kDa [Msp300], or Stretchin-Mlck [Strn-Mlck]) that are important for proper muscle development to be downregulated in bru1-IR muscle (Figure 5A and Supplemental Table 1). However, we have shown previously that on the level of individual exons, there is a much stronger downregulation of specific sarcomere gene isoforms16, suggesting the major function of Bruno1 is to control alternative splicing (Supplemental Table 1). 

Using whole-proteome mass spectrometry on dissected IFMs, we can show similar regulation on the protein level (Figure 5B and Supplemental Table 2). Of the 1,895 peptide groups detected, 524 (28%) of them are misregulated in Bru1M2 mutant IFM in 1 d adults (Supplemental Table 2). Downregulation of both Strn-Mlck and Mlp60A protein is also observed, matching observations at the transcript level in our mRNA-Seq data. Despite the limited number of database peptides that map to specific protein isoforms (see Supplemental Methods for analysis details), for sarcomere proteins Tropomyosin 1 (Tm1), upheld (up/TnT), Mhc, bent (bt/projectin) and Paramyosin (Prm) we observe upregulation of peptides from one isoform and downregulation of another (Figure 5B), confirming our previous observations of similar regulation on the RNA level16. This demonstrates that dissected IFMs are useful for both mRNA-Seq and proteomics applications.

As a further example of how omics data can complement traditional approaches to enhance and extend biological insight, we chose to focus on splicing at the C-terminus of Mhc. A previously characterized protein trap line called weeP26 is inserted in the final intron of Mhc43,44 (see Supplemental Methods for exact location). weeP26 contains a strong splice acceptor and is incorporated into presumably all Mhc transcripts (Figure 5C). However, the GFP labeled protein in IFM is incorporated into two “dots” on either side of the M-line, while in leg muscle, it incorporates uniformly across the M-line and weakly across the thick filaments (Figure 5E). Orfanos and Sparrow showed these “dots” in IFM form due to a developmental Mhc isoform switch: the Mhc isoform expressed before 48 h APF is GFP-labeled as the weeP26 exon inserts in the open read frame, while the Mhc isoform expressed after 48 h APF is unlabeled, as the weeP26 exon is included downstream of the stop codon in the 3’-UTR44. 

Our mRNA-Seq data allowed us to characterize C-terminal Mhc isoform expression in greater detail. While two different Mhc terminations have been reported43,44, our mRNA-Seq data and current Flybase annotation (FB2019_02) suggest that there are actually three possible alternative splice events at the Mhc C-terminus (Exon 34-35, 34-36, or 34-37) (Figure 5C), which is confirmed by RT-PCR (Figure 5D). weeP26 GFP is inserted in the intron between Exon 36 and 37; thus, as both Exon 34-35 and Exon 34-36 isoforms contain stop codons, GFP can only translated in the Exon 34-37 isoform (resulting in Exon 34-GFP-37). We further could see both temporal and spatial regulation of all Mhc isoforms. In IFM, we observe an Mhc isoform switch from Exon 34-37 to Exon 34-35 between 30 h APF and 48 h APF (Figure 5C,D,F) at 27 °C, even though this is not yet visible by immunofluorescence at 48 h APF (Figure 5E). Legs already express a mixture of Exon 34-37 and Exon 34-35 at 30 h APF, and by 72 h APF express all three Mhc isoforms (Figure 5D,F). Adult jump muscle (TDT) also expresses all three Mhc isoforms (Figure 5F), suggesting this is generally true for tubular somatic muscles. Thus, our mRNA-Seq data allow extension of previous findings by narrowing the timeframe for the Mhc isoform switch in IFM and characterizing Mhc isoform use in tubular muscles.

Mhc isoform regulation in salm and bru1 mutant IFM were then examined. In both cases, we saw misregulation of weeP26. Salm mutant IFMs fail to complete the developmental switch in Mhc isoform expression and phenocopy leg splicing patterns at later stages, including gain of the Exon 34-36 event (Figure 5F). This agrees with previous findings that loss of Salm results in a near-complete fate transformation of IFM to tubular muscle16. Bru1-IR and bru1 mutant IFM, similar to salm-/- IFM, retains the Exon 34-37 splice event through adult stages (Figure 5E,F), resulting in a weeP26 GFP labeling pattern resembling leg muscle, but it does not gain the Exon 34-36 event. This suggests that Bruno1 is necessary in IFM to at least partially control the developmental switch in Mhc alternative splicing, but it indicates that additional splicing factors are also misregulated in the salm-/- context. Furthermore, this example illustrates how RT-PCR and mRNA-Seq data from dissected IFM can be valuable in gaining a deeper understanding of developmental splicing mechanisms and observed morphological defects. 

FIGURE AND TABLE LEGENDS:

Figure 1: IFM development and staging of pupae. (A) Schematic of IFM development at 24 h APF, 32 h APF, 48 h APF, 72 h APF, and 1 d adults showing compaction of flight muscles (green) at ~32 h APF and subsequent fiber growth to fill the thorax. Tendons are in dark grey. (B) Confocal images of fixed IFMs from open book dissections (24 h, 32 h, 48 h)19 or thorax hemisections (72 h, 1 d) stained for actin (rhodamine phalloidin, magenta) and GFP (green). (C,D) Images of GFP fluorescence in live pupae illustrating intact IFM morphology of the dissection fly line in the dorsal (C) or lateral (D) plane. Asterisks mark IFM location. (E) To prepare for dissections, fly stocks should be flipped or crosses set 3–4 days in advance. (F) Prepupae are selected by their white color (yellow arrowheads) and isolated using a wetted paintbrush (F’,F’’). (G) Prepupae should be sexed to separate females from males based on the presence of testes which appear as posteriorly located translucent balls (yellow asterisks). (H) Pupae are aged on wetted filter paper in 60 mm dishes. Scale bars = 100 µm (B), 1 cm (C,D,E,H), 1 mm (F,F”,G).

Figure 2: Dissection of IFMs before 48 h APF. (A) Addition of 1x PBS buffer to a black dissecting dish with a transfer pipette. (B) Transfer of staged pupae using a paintbrush. (C) Under a fluorescent dissecting microscope to visualize GFP, gentle pushing of the pupa to the bottom of a dissecting dish using #5 forceps (outlined in grey). The “X” in a circle denotes motion into the image. (D,E) Grasping of the pupae anteriorly (D), then poking of the pupae just behind the thorax (E). Dash in a circle denotes no motion. (F,G) Pulling with the anterior forceps (arrow) to remove the pupal case (F), then removal of the abdomen (G). (H) Repetition of C-G for several pupa. Yellow dotted lines are numbered denoting contributing pupae. (I, J) Use of the forceps (I) to isolate IFMs from surrounding tissue (J). Dot in a circle denotes motion out of the page. (K,L) Removal of contaminants including fat and jump (TDT) muscles (K) to generate a clean IFM sample (L). TDT has lower GFP expression and a different shape than IFM fibers (K’). (M,N,O) Use of a clipped pipette tip (M) to collect dissected IFMs (N) and its transfer to a microcentrifuge tube (O). Scale bars = 1 cm (A,B,M,O), 1 mm (C-G), 500 µm (H-L,N).

Figure 3: Dissection of IFMs after 48 h APF. (A) Aligning of pupae on double-stick tape. (B) Removal of pupae from the pupal case by opening anteriorly (B), cutting the case dorsally (B’), and lifting out the pupa (B’’). Circle symbols represented the same as Figure 2. (C) Transfer of pupae to buffer. (D) Removal of the abdomen by cutting with scissors (yellow double arrows) and separation of from thoraxes (D’). (E, F) Addition of clean buffer (E), then cutting of thoraxes in half longitudinally (F,F’). (G,H) Dissections can be performed under white light (G) or fluorescence to visualize the GFP (H); cutting of the IFMs on one side (G’), then the other side (G’’); lifting out of the thorax with forceps (outlined in grey) (G’’’). (I,J,K) Collection of IFMs in buffer (I) and removal of contaminating ventral nerve cord (VNC), gut, and jump muscle (TDT) (J) to generate a clean IFM sample (K). TDT has lower GFP expression and a different shape than IFM fibers (J”, K’). (L,M) Use of forceps to transfer IFMs (L) to a microcentrifuge tube (M). Scale bars = 1 cm (A,E,M), 1 mm (B-D’,F-L).

Figure 4: IFM preservation and RNA isolation details. (A) IFMs are pelleted by centrifugation for 5 min at 2000 x g. (B) IFM pellet (arrow) and pellet under fluorescence (B’). (C) Removal of all buffer with a pipette tip. (D) For RNA extraction, resuspension of pellet in isolation buffer. This step can be skipped to dry-freeze dissected IFMs. (E) Freezing of sample in liquid nitrogen or on dry ice and storage at -80 °C. Scale bars = 10 cm (A), 1 mm (B,B’), 1 cm (C,D,E). (F) Nanograms (ng) of total RNA from dissected IFM obtained per fly at 16 h APF, 24 h APF, 30 h APF, 48 h APF, 72 h APF, 90 h APF, and 1 d adult. Error bars = SD. (G) Total RNA isolated from IFM dissected from 50 1 d adult flies using different extraction methods. Error bars = SD. (H) Representative traces to assay RNA integrity after different extraction methods. The ribosomal bands run just below 2000 nucleotides (nt) and the marker band at 25 nt. Additional traces available in Supplemental Figure 1. (I) Representative traces of a freshly isolated RNA sample (top), a sample freeze-thawed 25x on dry ice (second plot), a sample left for 4 h on the bench (third plot), and a sample treated with RNase A (bottom plot). Note complete degradation of RNA upon addition of RNase A. (J) RT-PCR gel from kits as labeled for bru1 and rp49. The relative intensity of the bru1 band normalized against rp49 is plotted below. Error bars = SEM (unpaired t-test, p = 0.0119). 

Figure 5: Application of IFM dissections to investigate Bruno1 function in alternative splicing. (A) Volcano plot of mRNA-Seq data (gene unit) from IFMs dissected at 72 h APF. Genes that are significantly differentially regulated between bru1-IR and wildtype IFM (padj < 0.05, abs(log2FC) >1.5) are shown in blue, and non-significant genes in grey. Sarcomere proteins are highlighted in red, and select genes are labeled. (B) Volcano plot of whole proteome mass spectrometry results from 1 d adult IFMs. Proteins significantly different between bruM2 mutants and wildtype (FDR < 0.05) are shown in blue, nonsignificant proteins in grey. Sarcomeric proteins are highlighted in red. Peptides corresponding to genes in (A) are labeled in red. Sets of peptides mapping to different isoforms of the same protein are labeled in the same color. (C) Scheme of the C-terminus of Mhc illustrating distinct transcript isoforms and insertion location of the weeP26 gene trap (see Supplemental Methods for insertion point). RT-PCR primers are denoted as black lines above transcripts. Read counts per kilobase per million bases (RPKM) from mRNA-Seq are shown for IFMs dissected from wildtype at 30 h APF (orange) and 72 h APF (red), from bru1-IR (blue) and salm-/- (cyan) at 72 h APF and from whole leg (green) at 72 h APF. (D) RT-PCR with primers against Mhc showing the isoform switch in IFM between 30 h APF and later timepoints. The Exon 34-35 splice event is only weakly observed in bruM3 mutant IFM or in the adult leg. (E) Confocal images of weeP26 GFP localization in wildtype IFM sarcomeres at 48 h APF and 90 h APF compared to 90 h APF leg muscle. Scale bars = 1 µm. (F) Splice junction quantification from mRNA-Seq data for genotypes and timepoints as labeled. Junction reads are presented as the ratio of a specific splice event (Exon 34 to 35 in grey, 34 to 36 in purple, and 34 to 37 in green) to the total number events sharing the exon 34 splice donor.

Supplemental Figure 1. (A,B,C) RNA yields from samples of the same genotype dissected by the same researcher in the same week. After all samples were dissected, RNA was isolated and measured the same day. (A) Nanograms (ng) of total RNA obtained from IFM dissections per 1 d adult fly. Error bars = SEM. (B) Total RNA obtained from dissected IFM per fly at 30 h APF, 48 h APF, 72 h APF and 1 d adult. (C) Total RNA isolated from IFM dissected from 50 1 d adult flies using different extraction methods. (D) Total RNA concentrations per fly from dissected legs, jump muscle (TDT) and IFM. More RNA is obtained from the larger IFMs. Error bars = SD. (E) Total RNA concentrations per fly of IFM dissected from controls compared to RNAi or mutant samples at 30 h APF, 72 h APF and 1 d adult. For mutants, w1118 was used as wildtype control. Mutant data are compiled from bru1-IR, salm-/- and another RNA-binding protein mutant. Note that for these manipulations, RNA yields are decreased in 1 d adult due to muscle atrophy and loss, so more flies need to be dissected to obtain sufficient quantities for omics approaches. Errors bars = SD. (F) Additional traces showing RNA integrity for the RNA isolation methods shown in Figure 4G and in Supplemental Figure 1C. 

Supplemental Methods: A detailed description of the methods and reagents used throughout the text and, in particular, to generate the data shown in Figure 1A-D, Figure 4F-K, Figure 5, Supplemental Table 1, and Supplementary Table 2. These data motivate the dissection protocol and demonstrate its utility for RNA isolation, mRNA-Seq, RT-PCR, and proteomics. 

Supplemental Table 1: Table of 72 h APF mRNA-Seq data for sarcomere proteins identifying differentially expressed genes (via DESeq2) and exons (via DEXSeq) in bru1-IR vs. wildtype IFMs. 

Supplemental Table 2: Table of whole proteome mass-spectrometry data from 1 d adult identifying differentially expressed proteins and protein isoforms in bruM2 mutant vs. wildtype IFMs.

DISCUSSION:
In this protocol, we present the basic technique to dissect Drosophila IFMs from early and late-stage pupae for downstream isolation of protein, DNA, RNA or other macromolecules. The protocol can be easily adapted to dissect IFM from adult flies. We demonstrate the utility of our dissection protocol for mRNA-Seq, proteomics and RT-PCR applications. With the continuous improvement of omics technologies to allow analysis of samples with less starting material and lower input concentrations, these dissections will likely become valuable for many additional applications. As IFMs are an established model for human myopathies4,24 and muscle-type specific development9,12, we envision, for example, IFM-enriched metabolomics, investigations of chromatin conformation via 3C or 4C, splicing network evaluation via CLiP interactions or phospho-proteomics of myofibrillogenesis.

It is important to consider that these dissections produce a sample enriched for IFM instead of a pure IFM sample. This is unavoidable due to motor neuron innervation, tendon attachments and tracheal invasion of muscle fibers. Bioinformatics analysis can be used to identify IFM enriched genes or proteins, but further experiments are required to demonstrate that they are in fact IFM-specific. Sample purity can be assayed using published tissue-specific markers such as Stripe45 (tendon), Act79B4,44 (tubular muscle), Act88F15 (IFM), or syb46 (neuronal specific). It may be possible to use such markers to normalize datasets to the IFM-specific content, but users are cautioned that temporal changes in expression of genes used for normalization, for example of IFM-specific genes or tubulin, may bias such an approach. 

Genetically encoded tissue-specific labeling methods, for example EC-tagging47,48 or PABP-labeling49,50 for isolating RNA have been developed in recent years, which may help obtain a truly tissue-specific RNA sample. However, EC-tagging requires constant feeding of flies47 and thus is not applicable during pupal stages. The sensitivity and completeness of PABP-labeled transcriptomes may have limitations51. FACS approaches to isolate individual muscle fibers are complicated by the large size and syncytial nature of IFMs. INTACT52,53 style approaches may be applied to isolate specific subcellular-compartments from IFMs, which may prove useful for isolating pure populations of IFM nuclei or mitochondria. Manual dissections are still the current standard to obtain intact IFM tissue for most downstream applications.

Sample quality depends on several critical steps in the dissection process. The dissections are technically demanding, with dissection speed and sample purity increasing with experience. Dissecting for short periods of time (20–30 min) in chilled buffer without detergent and immediately freezing helps to preserve sample integrity, as has been observed previously for mouse tendon isolation54. IFMs can be successfully dry-frozen after removing all buffer from the pellet, but specifically for RNA isolation, freezing samples in isolation buffer tends to produce better results. IFMs from up to 20 separate dissections are combined prior to RNA or protein isolation, allowing scaling up and collecting enough material, even from early timepoints or mutants16,32, for downstream analysis. 

For RNA applications, the most critical step may be the isolation of the RNA itself. Guanidinium thiocyanate-phenol-chloroform isolation (method 1 above) outperforms most commercial kits tested and, as previously noted, is considerably less expensive55. The variability observed in RNA isolation yields with commercial kits is in agreement with previous observations56,57. We further add glycogen during isopropanol precipitation to help recover all RNA. Beyond RNA yield, it is important to verify RNA integrity to ensure that the sample has not been fragmented or degraded during the dissection and isolation processes. It is also essential to work RNase-free. Lastly, the choice of RT-kit can impact the sensitivity of the reverse transcription process. While not often discussed in detail, all of these points influence the quality of the IFM sample and the data obtained from downstream applications.

Several important modifications set the protocol apart from existing IFM dissection protocols. Although a detailed dissection protocol for IFM immunofluorescence exists19, this protocol presents a different approach to pupal dissections that allows more rapid isolation of IFM tissue. This allows collection of large amounts of IFM tissue (relatively speaking) with limited dissection times to prevent proteome or transcriptome changes. Other protocols describe dissection of adult IFM for visualizing GFP staining in individual myofibrils39 or for staining of larval body-wall muscles58, but they do not address dissection at pupal stages or for isolation of RNA or protein. This approach is also distinct from the existing protocol for microdissection of pupal IFMs from cryosections38, which may generate a purer IFM sample but is more labor intensive and produces less material. As compared to other rapid adult IFM dissection protocols38,39, IFMs are isolated in PBS buffer without detergent to limit stress induction and other major expression changes. 

The key advance in this protocol is the inclusion of a live, fluorescent reporter, allowing isolation of the IFMs at early pupal stages. We standardly use Mef2-GAL459 driving either UAS-CD8::GFP or UAS-GFP::Gma60. This allows differential labelling of IFM (flight muscles are more strongly labeled and differently shaped than other pupal muscles) as well as performance of GAL4-UAS-based manipulations, for instance rescue or RNAi experiments. It is also possible to combine Mef2-GAL4 with tub-GAL80ts to avoid RNAi-associated early lethality or with UAS-Dcr2 to increase RNAi efficiency40. 

There are additional GAL4 drivers or GFP-lines available that vary in muscle-type specificity, temporal expression pattern, and driver strength19,61 that may be used instead of Mef2-GAL4. For example, Act88F-GAL4 is first expressed around 24 h APF, so it cannot be used for earlier timepoints; however, it strongly labels IFM and may be useful to avoid RNAi-associated early lethality. Him-GFP or Act88F-GFP label IFM, again with temporal restrictions, but they avoid GAL4 dependence of marker expression and may be useful in combination with a mutant background of interest. Lists of other possible marker lines19. It should also be noted that use of transgenes and the GAL4/UAS system may cause gene expression artifacts, so it is important to use appropriate controls, for example the driver line crossed to the wild-type background strain, so that such artifacts are presumably the same in all samples.

With the accompanying video, this detailed protocol aims to make pupal IFM dissection more accessible and promote the use of omics approaches to study muscle development. Coupling the power of Drosophila genetics and cell biology with the biochemistry and omics assays accessible through dissected IFM has the potential to advance mechanistic understanding of myogenesis and muscle function. Future studies linking systems-level observations of transcriptome and proteome regulation to metabolic and functional outputs will provide a deeper understanding of muscle-type specific development and the pathogenesis of muscle disorders.
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