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ABSTRACT 
 

This study is focused on a zebrafish mutant, dead elvis (del), discovered using an N-

ethyl N-nitrosourea (ENU)-based screen in association with computer screening 

methodology developed in Dr. Lessman‘s laboratory at the University of Memphis. The 

del mutation manifests as a non-motile phenotype starting around 20 hours post 

fertilization (hpf) and is lethal by five days post fertilization (dpf). Microscopic analysis 

of the dead elvis mutant revealed obvious myotome defects, non-motility, cardiac 

myopathy and edema, and growth delay. A positional cloning strategy was used to isolate 

the del mutation to a small critical interval containing the titina and titinb genes located 

on zebrafish chromosome nine. Complementation anaylsis of del with an existing titina 

mutant, pik
uw2

, confirmed that the dead elvis mutant is a new allele of titina. Titin is a 

protein involved in sarcomerogenesis, affecting striated muscle structure and proper 

muscular function. Immunohistochemistry and confocal microscopy techniques were 

used to observe muscle formation and sarcomeric assemblages. A mutation in titina 

correlates well with immunohistochemical findings illustrating a lack of sarcomeric 

organization. In addition, microarray analysis of the del transcriptome revealed changes 

in the expression of transcripts, including titina, involved in sarcomere formation. This 

study supports the role of titina in myogenesis and proper muscle formation, and 
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identifies a new titina mutant that exhibits a phenotype that varies from other known 

titina alleles. 

 

Keywords: Zebrafish, sarcomere development, Titin, striated muscle, genetic mapping, 

immunohistochemistry  

 

 

INTRODUCTION 
 

The zebrafish (Danio rerio) is a valuable model for research in vertebrate muscle 

development. Embryonic development of the musculature involves the differentiation and 

interactions of varing components including muscle cells, the nervous system, and the 

components that the muscle are bound to, including skeletal elements, cartilage, and other 

tissues. For most organisms, the formation and innervation of musculature is a key 

developmental event. The ability to initate and complete movement; be it heart contraction, 

movement of food through a digestive tract, gross body movements for propulsion, or 

movements for a miriade of other functions, is necessary for survival. Improper development 

of any of these tissues can result in disorders such as muscular dystrophy, various 

myopathies, paralysis or other phenotypes deleterious to the organism. (Amack & 

Mahadevan, 2004; Mankodi et al., 2002). Zebrafish homologs of human genes associated 

with muscle architecture have been discovered (Basset & Currie, 2003; Costa et al., 2002). 

Many of these human genes, if altered, give rise to musculoskeletal diseases (reviewed by 

Rahimov & Kunkel, 2013). One advantage to using zebrafish as a model organism is the 

ability to generate novel mutations using a variety of techniques (Jao, et al., 2008; Moore et 

al., 2012; Sivasubbu et al., 2007). Numerous large-scale ENU screens
 
have been carried out in 

the zebrafish (Amsterdam et al., 1999; Muto et al., 2005; Driever et al., 1996; Haffter
 
et al., 

1996). Zebrafish mutants that closely model human diseases such as Duchenne or Becker 

muscular dystrophies have been discovered using genetic screens (Bassett et al., 2003; Berger 

& Curie, 2012; Granato et al., 2006; Steffen, et al., 2007a). Some of these zebrafish mutants 

have been characterized, and affect different aspects of muscle development (Dodd et al., 

2004; Guyon et al., 2003; Guyon et al., 2005, Steffen et al., 2007b).  

In this chapter, we describe the characterization of the zebrafish motility mutant, dead 

elvis (del). These mutant embryos have a non-motile phenotype throughout development and 

die by five days post fertilization. Gross analysis via light microscopy, genetic mapping, and 

complementation analysis of del mutants have been completed, and indicate that del is a new 

allele of the titina gene. Immunofluorescence microscopy using antibodies that target various 

muscle proteins was performed and show fine scale alterations in the architecture of the 

sarcomere consistent with the loss-of-function of the Titina protein.   

Titin, also known as connectin, is one of several proteins (including actin and myosin) 

that make up the filament system associated with the sarcomere. Titin is the largest known 

protein (~3.8 MDa), and has a correspondingly large gene structure (~360 exons). In 

zebrafish, there are two titin genes, titina and titinb. Titin gives rise to a number of splice 

variants whose isoforms range in size (Steffen et al., 2007b). The cardiac isoforms differ from 

skeletal muscle titin by the inclusion of the N2B exon, a cardiac-specific exon, and mutations 

within this N2B exon give rise to a cardiac specific titinopathy in zebrafish. (Xu et al., 2002). 

In zebrafish, the two titin loci are located adjacent to one another and the runzel (ruz) mutant 
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is associated with mutations in the TTN1 gene (Steffen et al., 2007b). In contrast to the runzel 

(ruz) mutant, loss of function of titin associated with the del mutation leads to an earlier onset, 

and more severe myopathy.  

Further investigation of this mutation may provide insights concerning the role of various 

titin mutations in myotome development within striated muscle and could lead to a better 

understanding of human neuromuscular disease conditions. 

 

 

MATERIALS AND METHODS 
 

Fish Embryos 
 

The del mutation was isolated using an ENU mutagenesis screen in an AB-like short tail 

strain complemented by novel computer-aided motility screens (CAS and CALMS) 

(Lessman, 2002; 2004; Lessman et al. 2010). To generate embryos exhibiting the del 

phenotype, del heterozygous animals were mated and offspring were were incubated at 

28.5°C in E3 embryo medium (Brand et al., 2002; Westerfield, 1994). Embryos were 

screened based on motility (CALMS screening) and visual cues (edema, and abnormal size). 

These embryos were time-staged, euthanized, and stored depending on their use. To generate 

multiple families for linkage analysis, del heterozygotes were outcrossed with wildtype TL 

fish. Heterozygotes were identified from the resulting offspring and underwent pairwise 

mating to generate homozygous F2 mutant hybrid embryos. All animal work was performed 

with approval from the Animal Care and Use Committee (Protocol #0306EAC-01, 

#0806EAC-02, #0306EAC-03, to EAC and #0677 to CAL). 

 

 

Motility Screening and Temporal Stacking 
 

del mutants were assayed over time using a transparency scanner, computer, and 

associated software (Lessman, 2002; 2004). Embryos were transferred into multiwell plates, 

placed on a flatbed scanner, and repeated images were taken over a time couse. Using ImageJ 

software (NIH), the series of images were stacked together; and by animating the stack, del 

mutants were readily distinguished by their reduced movement over time (Lessman, 2002; 

2004). These images were also layered upon each other to make a composite image that 

allows for easy verification of absent or reduced motility. 

 

 

Genetic Mapping 
 

Mapping crosses were generated by outcrossing del heterzygotes to the TL strain. The 

resulting F1 hybrids were incrossed and the F2 del mutants and wild-type siblings were 

collected. DNA was isolated and pooled from 30 mutants and wild-type siblings. Genetic 

mapping was performed using microsatellite-based linkage mapping methods by bulked 

segregant analysis with 192 polymorphic primer pairs evenly distributed across the zebrafish 

genome (Muto et al., 2005). Tightly linked polymorphic markers were identified and used to 
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identify recombinants by PCR and agarose gel electrophoresis. Bulk segregant analysis 

revealed linkage to LG9. Using LG9 specific markers, recombination analysis was performed 

using DNA isolated from individual F2 embryos. 

 

 

Complementation Analysis 
 

A complementation analysis can be used to test whether two different mutant lines that 

present similar phenotypes are alleles of the same gene. If the mutations are recessively lethal, 

heterozygous carriers from each mutant are mated together. If the genes are allelic, a 

proportion of the offspring will recapitulate the phenotype. del heterozygote carriers and 

pik
uw2

 heterozygote carriers (gift from Mary C. Halloran) were mated to generate F1 progeny 

and screened for allelism.  

 

 

Antibodies  
 

A series of antibodies were obtained and diluted for use in this study. Primary antibodies 

included: anti-actin (Sigma A1978) used at a dilution of 1:200. This monoclonal antibody 

targets the thin actin filament of the sarcomere. The anti-desmin antibody ( AC-15; Sigma 

5441) was diluted 1:1000 for use. The AC15 monoclonal antibody recognizes the 

intermediate filament protein, desmin. F59 antibody (Developmental Studies Hybridoma 

Bank) was diluted from a supernate to 1:100. F59 recongnizes adaxil muscle cells in 

zebrafish. The T11 antibody (Sigma T9030) from ascites fluid, recognizes Titin, which 

extends along the thin filament from the M line to each Z line and anchors the thick myosin 

filaments to their proper positions relative to the thin filaments (Wang, 1985). Anti-

tropomyosin, CH1 (Sigma T9283) and used at a 1:100 dilution, is a monoclonal antibody in 

ascities fluid which targets the tropomyosin protein in striated muscle that extends over actin 

filaments. T4 antibody (initially a gift from Dr. Donald Thomason) was diluted 1:100 for 

immunohistochemistry and is a polyclonal mouse anti-human NKCC1 antibody. Additional 

amounts of T4 were obtained from the Developmental Studies Hybridoma Bank developed 

under the auspices of the NICHD and maintained by The University of Iowa, Department of 

Biology, Iowa City, IA 52242 (Lytle et al., 1995). The Zm3 monoclonal antibody recognizes 

the branchial and enteric musculature and was obtained from the Zebrafish International 

Resource Center at the University of Oregon. This antibody was used at a 1:20 dilution. The 

Znp1 monoclonal antibody recognizes motoneuronal axons at a 1:2000 dilution. It was 

obtained from the Zebrafish International Resource Center at the University of Oregon.  

The secondary antibody used was the Alexa Fluor® 488 Goat Anti-Mouse IgG diluted 

1:100 (Molecular Probes). Embryos were counterstained with DAPI using Anti-Fade Dapi-

Fluoromount-G (Southern Biotech).  

 

 

Whole-mount Immunohistochemistry 
 

Embryos were fixed in 4% paraformaldhyde/PBS (phosphate buffered saline) fixative for 

20 minutes at RT, then washed in PBST (1X PBS containing 1% Triton X-100). Embryos 
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were then dehydrated in methanol and stored at -20° C. Embryos were rehydrated through a 

methanol series then a series of PBST washes at RT. Samples were blocked in PBS 

containing 10% bovine serum for 1 hour at RT, prior to overnight incubation with a primary 

antibody. The primary antibody was removed after incubation, and embryos were 

subsequently washed in a series of PBST prior to another overnight incubation with the 

Alexaflour 488 secondary antibody. Secondary antibody was removed, and embryos were 

washed in PBST then slide mounted in a anti-fade/counter-stain for fluorescence microscopy. 

 

 

Microscopy and Imaging 
 

Images were captured using an FV1000 confocal microscope (Olympus). Images were 

analyzed using Fluoview software (Olympus America, Inc.) and saved in jpeg format. Images 

were then compiled using Photoshop CC (Adobe) and are shown with anterior to the left 

throughout.  

 

 

Microarray Analysis 
 

Microarray analysis was completed using 5 dpf del mutants and wild-type siblings. 

STAT-60 method: 100 embryos were homogenized in 1 ml of STAT-60 reagent using a 

glass-Teflon homogenizer. The sample volume did not exceed 10 % of the volume of STAT-

60 reagent used for homogenization. The homogenate was stored at RT for 5-10 min and then 

mixed with 200 μl of chloroform. The sample tube was capped tightly, shaken vigorously for 

15 seconds and stored at room temperature for 5 min. The mixture was centrifuged at 12,000g 

for 45 min at 4 °C. The colorless upper aqueous phase was transferred to a fresh tube and 

mixed with isopropanol (500 μl isopropanol per 1 ml STAT-60 used in the original 

homogenization). The sample was stored at room temperature for 30 min and centrifuged at 

12,000g for 45 min at 4 °C. The supernatant was carefully removed and the white RNA pellet 

was washed once with 80 % ethanol (1 ml ethanol per 1 ml STAT-60 used in the original 

homogenization). The washed RNA pellet was collected by centrifugation at 7,500g for 10 

min at 4 °C. After the ethanol was discarded, the RNA pellet was air dried, dissolved in 

RNase-free water, and stored at -20 °C for future analysis. 

Prior to running the microarrays, RNA integrity was determined using Bioanalyzer 2100 

analysis. cDNA was synthesized from total RNA (8 g) using the Superscript Double-

Stranded cDNA synthesis kit (Invitrogen Corp, Carlsbad, CA) and poly T-nucleotide primers 

that contain a sequence recognized by T7 RNA polymerase. The newly synthesized cDNA 

was used as a template to generate biotin-labeled in vitro transcribed (IVT) cRNA using the 

Bio-Array High Yield RNA transcript labeling kit (Enzo Diagnostics, Inc, Farmingdale, NY). 

The cRNA (20 g) was fragmented to strands of 35 to 200 bases in length and hybridized to 

an Affymetrix GeneChip Zebrafish Genome Array at 45
0
C with rotation for 16 h (Affymetrix 

GeneChip Hybridization Oven 320). The GeneChip arrays were washed and stained 

(streptavidin phycoerythrin) on an Affymetrix Fluidics Station 400, followed by scanning.  
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Figure 1. Time-lapse imaging of wild-type and del mutant embryos using CALMS. A montage of 

images in series are presented at left. These images were stacked one on top of each other and then 

collapsed into a composite images at right. The movements of the wild-type embryo are clearly seen, 

while the lack of movement in the del embryo is striking. 

 

RESULTS AND DISCUSSION 
 

Phenotypic Characterization of the del Mutant  
 

N-ethyl-N-nitrosourea (ENU) is a powerful mutagen in animals resulting in single, base 

pair (point) mutations (Russell et al., 1979, Solnica-Krezel et al., 1994). Small-scale ENU 

screens as well as large-scale screens
 
have been carried out in the zebrafish (Amsterdam et al., 

1999; Baraban et al., 2007; Driever et al., 1996; Haffter
 
et al., 1996; Kishi et al., 2008; 

Lessman, 2004; and others). In a small pilot study, ENU mutagenesis, combined with 

Computer-aided screening (CAS) and Computer-aided larval motility screening (CALMS), 

was used to isolate the motility mutant del (Lessman 2002; 2004). CAS and CALMS are tools 

to help detect motility mutants by assaying the animals over time using a transparency 

scanner, computers, and associated software. This method isolates embryos or larvae on a 

scanner and collects sequential images of them over time. By stacking the images for each 

animal together and animating the stack, a researcher can readily distinguish those that are 

mobile compared to embryos or larvae that have reduced movement over time. These images 

can also be collapsed into one composite image that can be informative as well. del is a 

recessive mutation that first manifests a discernable non-motile phenotype starting around 20 

hours post fertilization (hpf). del mutants can easily be screened for by their lack of motility 

(Figure 1 and supplement Figures 1 and 2). Morphological development is grossly normal 

until about 36 hpf. However, del mutants do exhibit obvious cardiac edema, shortening of the 
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gut tube, abnormal body curvature, some misalignment of myosepta, and myotome defects 

seen throughout the length of the embryo (Figure 2, solid arrows). The cardiac muscle in del 

homozygotes contract and pump blood, albeit poorly. del mutants display cardiac edema and 

blood can be seen pooling in the trunk region of the mutant embryos (Figure 2, dashed arrow 

and supplement Figure 3). Because of the myotome disorganization, we visualized 

birefringence using polarizing microscopy. Birefringence is an optical method used to follow 

myofilament (actin) organization of skeletal muscle during development. Birefringence of del 

mutants was significantly reduced compared to wild-type controls at the same stages of 

development indicating a derangement of the filament arrays responsible for birefringence in 

del mutants (Figure 3).  

 

Wild type

del Mutant

 

Figure 2. Comparison of the wild-type and the del phenotypes. Panel on top is a wild-type 4 dpf 

embryo. The del embryo bottom panel is seen with its chorion manually removed. Notice the 

pericardial edema, swollen yolk sac, and myotome defects (arrows). In addition, there is a smaller swim 

bladder, and shorter overall embryo length in the del mutants. 

 

Wild type

del Mutant

Wild type

del Mutant

Normal optics

Polarized optics

 

Figure 3. Comparison of wild-type and del birefringence. Top panel illustrates wild-type and del 

embryos under standard light. The bottom panel is the same embryos illuminated to show birefringence. 

The wild-type has greater birefringence as seen by the brighter refraction of polarized light. 

Wild type 

del Mutant 



Ethan A. Carver, Lauren Milleville, Nominanda I. Barbosa et al. 162 

 

Figure 4. Bulk segregant analysis of del mutation using markers for Linkage Groups 1-8.  

Each marker was used to amplify a specific region on wild-type (left lane) verses del mutant pooled 

DNA (right lane) run on an agarose gel. No linkage was observed for del in this panel. 

 

Figure 5. Bulk segregant analysis of del mutation using markers for Linkage Groups 9-16. Each marker 

was used to amplify a specific region on wild-type (left lane) verses del mutant pooled DNA (right 

lane) run on an agarose gel. Markers that show differences are located in the panel for linkage group 9 

(white box). 



The Zebrafish Dead elvis (del) Mutant Encodes Titina 163 

 

Figure 6. Bulk segregant analysis of del mutation using markers for Linkage Groups 1-25. Each marker 

was used to amplify a specific region on wild-type (left lane) verses del mutant pooled DNA (right 

lane) run on an agarose gel. Markers that show differences are located in the panel for linkage group 9 

(white box). 

 

Figure 7. Markers #1-6 are specific for Linkage Group 9 (LG9). Wild-type pooled DNA (A) and mutant 

pooled DNA (B) were amplified using these linkage group specific markers. Lanes 1 and 2 show no 

linkage, lane 3 failed, lane 6 shows no polymorphism between wild-type and mutants. Lanes 4 and 5 

illustrate polymorphism and linkage to markers on LG 9.  
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Genetic Mapping of the del Mutant 
 

To localize the del mutation within the zebrafish genome, microsatellite-based linkage 

mapping was used. Heterozygous carriers of the del mutation (in a wild-type background) 

were crossed with the TL strain to generate an F1 generation. F1 heterozygous pairs were 

identified and mated repeatedly to generate an F2 mapping panel. F2 clutches were sorted for 

del mutants and non-mutant siblings. Bulk-segregant analysis using pooled DNA from 

siblings and mutants was completed using a set of 192 polymorphic simple-sequence repeat 

markers (Muto et al., 2005) (Figures 4-6). This panel of markers provided a full genome scan 

and revealed polymorphic markers within LG 9 that co-segregated with the del mutant DNA 

pool (Figure 5, boxed in white). Linkage to these markers was confirmed by analysis of 

individual fish DNA (Figure 7, boxed in white). Fine mapping to LG 9 was completed using 

additional markers (Figures 8 and 9). From these markers, we constructed a linkage map of 

the del mutation and found that it contained two titin genes, titina and titinb (Steffen et al., 

2007b; Figure 10). 

 

  

Figure 8. Recombination analysis using markers z7120 and z20031. Map position was further verified 

by demonstration of linkage to markers located in the chromosome 9 region. Multiple individual wild-

type DNA and del mutant DNA were amplified using these linkage-group specific markers, and were 

used to build a linkage map of the region.  
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Figure 9. Recombination analysis using markers z10166 and z17365. Map position continued to be 

refined by inclusion of linkage to these markers. Multiple individual wild-type DNA and del mutant 

DNA were amplified using these linkage-group specific markers, and were used to build a linkage map 

of the region. This region of zebrafish chromosome 9 shows synteny with human chromosome 2, but 

there are regional genome rearrangements.  

 

Figure 10. Genetic map of the del mutation. Top: The recombination distances, represented in cM, for 

each marker localizes del to a region between z20031 and z10166, with del being closer to marker 

z20031. Bottom: Based on known marker maps within Ensembl, a more detail regional map with the 

inclusion of the titina and titinb genes are shown in relation to the region were the del mutation exists. 

 

Complementation Analysis of del and pik
uw2

 Mutants 
 

Zebrafish titin mutant lines have been previously identified and exhibit defects in striated 

muscle
 
formation similar to del (Sheely et al., 2007; Paulus et al., 2009; Xu et al., 2002). 

Paulus et al. recently published research associated with the pik
uw2

 mutant that shows defects 

in heart and skeletal muscle and edema associated with a mutation in the titina gene. 
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Complementation crosses were made using del and pik
uw2

 heterozygotes in both Dr. 

Lessman‘s and Dr. Carver‘s laboratories. Approximately 25% of the offspring displayed 

edema, non-motility and muscular defects common to both mutants (Figure 11) and 

supplement Figure 4, indicating that del fails to complement pik
uw2

. Based upon these results, 

we concluded that del is a new allele of titina.  

 

 

Figure 11 

del-pik                                       wild-type 

del-pik 

del-pik 

wt wt 

wt 

wt 

 

Figure 11. Complementation analysis of del. Left panel is the del mutation exhibiting obvious defects in 

body curvature, yolk sac, and cardiac edema. Right panel gives examples of the pik
uw2

 mutation 

illustrating similar defects. 

Lower panel shows the affected offspring of the del and pik
uw2

 heterozygotes with defects that are 

similar to del or pik
uw2

 homozygous embryos. 

 

Sarcomeric Protein Localization Patterns within Skeletal Muscle  
 

The obvious striated muscle defects presented in the del mutant, including the basic lack 

of muscle striation and reduced birefringence, suggested functional variations within the 

proteins associated with sarcomere formation. We examined a series of antibodies against 

sarcomeric proteins in del skeletal muscle using immunofluorescence microscopy. 

Collectively, the differences seen between wild-type and del mutants confirm disruption of 

the basic contractile apparatus in del mutants.  

Actin proteins make up the thin actin filaments of the muscle fiber (Du et al., 2007; 

Figure 20). Within the sarcomere, we expect localization of actin at the I bands, resulting in a 

striated appearance. Whole-mount immunohistochemistry using the anti-actin antibody to 3 
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dpf wild-type and del mutant embryos illustrate the presence of the actin protein (Figure 12). 

However, only the wild-type embryos display proper localization of the actin protein as a 

repeated series along the length of the myotubes (Figure 12). In the del mutant, the actin 

proteins are present but lack any focal localization within the sarcomere (Figure 12).  

 

.

Actin

Wild type del Mutant

 

Figure 12. Whole-mount immunohistochemistry using the anti-actin antibody 

Left panel: Confocal image of wild-type embryo using the anti-actin antibody, located within the 

sarcomere at 60x. 

Right panel: Confocal image of del mutant embryo using the anti-actin antibody at 60x. Actin is present 

in del, but there is no structured localization. 

Desmin, another sarcomeric protein, was also visualized. Desmin is an intermediate 

filament protein that binds the myofibrils (i.e., thin and thick filaments) together at the z-discs 

(Costa, 2008), and is one of the first proteins expressed in muscle differentiation (Furst et al., 

1989). Since desmin bind myofibrils at the z-discs, we expected to see antibody staining 

primarily along the z-discs of the sarcomere. Immunohistochemistry using 3 dpf wild-type 

and del mutant embryos illustrated presence of desmin within the myofibril (Figure 13). 

Within the wild-type embryos, there were regions within the myofibril where desmin 

localizes to a greater extent, creating a striated pattern within the myocytes (Figure 13). 

However, in the del mutant embryo, we found the presence of the desmin protein but no sub-

localization of the protein to the z-discs of the sarcomeres (Figure 13). 

The F59 antibody labels myosin with adaxial cell slow-twitch muscle cells (Zeller, 2002). 

Myosin is located within the sarcomere at the A-bands, the dark striation as visualized using 

light microscopy (Figure 20). Images of immunohistochemistry of wild-type and del mutant 

embryos both displayed the presence of myosin with the lateral adaxial slow-twitch muscle 

cells. The localization of myosin within the sarcomere of wild-type embryo appears normal 

(Figure 14). However, while Myosin was present in del mutants; myosin filaments were not 

localized with a sarcomere, as evident by the lack of myofibril formation and non-striated 

appearance (Figure 14). 
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Desmin

Wild type del Mutant

 

Figure 13. Whole-mount immunohistochemistry using the anti-desmin antibody.  

Left panel: Confocal image of wild-type embryo stained with anti-desmin antibody at 60x, with 

sarcomere and cytoskeletal localization. 

Right panel: Confocal image of del mutant embryo stained with anti-desmin antibody at 60x illustrating 

the presence of the Desmin in the myocytes, but no structured localization along a sarcomere. 

f59

Wild type del Mutant

 

Figure 14. Whole-mount immunohistochemistry using the F59 antibody. 

Left panel: Confocal image of wild-type embryo stained with F59 antibody at 60x with striated 

localization within the skeletal muscle. 

Right panel: Confocal image of del mutant embryo stained with F59 antibody at 60x with localization 

within skeletal muscle cells, but without any repeated localization along the sarcomere. 
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Wild Type del Mutant

Tropomyosin

 

Figure 15. Whole-mount immunohistochemistry using the anti-tropomyosin antibody. 

Left panel: Confocal image of wild-type embryo stained with anti-tropomyosin antibody at 60x 

localizing along the sarcomere. 

Right panel: Confocal image of del mutant embryo stained with anti-tropomyosin antibody at 60x 

without sarcomeric localization. 

T4

Wild type del Mutant

 

Figure 16. Whole-mount immunohistochemistry using the T4 (Slc12a2) antibody. 

Left panel: Discrete localization of the Slc12a2 antibody along the length of the myocytes as illustrated 

with a confocal image of wild-type embryo at 60x. 

Right panel: A confocal 60x image of del mutant embryo with general, nonspecific localization of 

Slc12a2. 
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Zm3

Wild type del Mutant

 

Figure 17. Whole-mount immunohistochemistry using the zm3 antibody. 

Left panel: A confocal image of wild-type embryo stained with zm3 antibody at 60x depicting 

myocytes with clearly defined sarcomeres.  

Right panel: Image of a del mutant embryo with deranged localization of the zm3 antibody within 

muscle cells at 60x. 

Tropomyosin consists of a double helix structure that associates with actin filaments. 

Because of this direct association, the expected localization pattern of Tropomyosin should be 

similar to Actin at the I-bands of the sarcomere. We found that Tropomyosin was present in 

both wild-type and del embryos, however, only the wild-type embryos illustrated proper 

localization within the myofibril (Figure 15). In the del mutant, some localization was seen, 

but tropomyosin was not localized in any discernible pattern indicative of sarcomere 

formation (Figure 15). 

The T4 antibody labels Slc12a2. Dew et al., (2014, this volume) found that the T4 

antibody localizes near the t-tubules (transverse tubules) within the zebrafish musculature. 

Because t-tubules are located regularly along consecutive sarcomeres, we expected Slc12a2 to 

show a striated pattern in the wild-type zebrafish. We found that Slc12a2 was present in both 

the wild-type and del mutant embryos at 3 dpf (Figure 16). However, only the wild-type 

embryo showed a repeating pattern of localization along the length of the myocytes (Figure 

16). These results indicate that secondary structures associated within the myocytes are being 

affected as well. If the sarcomeres are unable to form, the secondary structures that rely on the 

sarcomeres to establish basic uniform architecture, such as the t-tubules, are perturbed as well 

(Figure 16).  

The zm3 antibody localizes to brachial and enteric muscle cells (zfin.org); zm3 staining 

was seen in both wild-type and del mutant embryos (Figure 17). Wild-type embryos exhibited 

a striated appearance; indicative of a protein involved in sarcomere structure (Figure 17). 

However, this striated localization did not occur within del mutant embryos (Figure 17).  
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Znp1Wild Type del Mutant

 

Figure 18. Whole-mount immunohistochemistry using the znp1 antibody. 

Left panel: Confocal image of wild-type embryo with znp1 antibody along motoneuronal axons at 60x. 

Right panel: Confocal image of del mutant embryo localizing the znp1 antibody along motorneuronal 

axons at 60x with a similar pattern to wild-type embryos. 

 

Wild type del Mutant
Titin

 

Figure 19. Whole-mount immunohistochemistry using the anti-titin antibody. 

Left panel: Titin localizes along the sarcomere of wild-type embryos as illustrated using this confocal 

image at 60x. 

Right panel: A del mutant embryo illustrating deranged localization of Titin along the myocytes at 60x. 
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The znp1 antibody recognizes motoneuronal axons, including their main trunks within 

the spinal nerve through to the myotomes (Fashena, 1999). Branches of the motoneuronal 

axons appear regularly along the myosepta. Both wild-type and del mutant embryos exhibited 

proper localization of the znp1 antibody to the motoneuronal axons in musculature at 3 dpf 

(Figure 18), indicating that innervation occurs normally in del mutant embryos. Thus, we 

conclude that the non-motile phenotype of the del mutant is not due to improper 

motoneuronal axon outgrowth targeting the musculature.  

Titin filaments connect the thick myosin filaments to the z-discs and help stabilize the 

myosin filaments in the longitudinal axis (Figure 20). The Titin antibody, T11, targets 

epitopes that are near the z-disc. The Titin protein localizes within the myofibrils in an 

ordered pattern in association with myosin and the z-discs. As seen using 

immunohistochemistry, the wild-type embryos displayed proper localization of Titin within 

the sarcomere (Figure 19). In the del mutant, Titin localization occurred within the myofibril, 

indicating that the protein was present but lacked organized patterning (Figure 19).  

Overall, these substructure protein localization experiments indicate a defect in 

sarcomere formation and suggest a central role for Titin in sarcomere development.  

 

I-band (Light striation)

A-band (Dark striation)
M-lineZ-disc

I-band (Light striation)

Z-disc

Thin filament
Actin and tropomyosin filaments

Thick filament Titin filament

Sarcomere structure

 

Figure 20. Basic sarcomere structure illustrating some of major proteins found within the contractile 

element.  

 

Microarray Analysis 
 

Gene expression profiling using microarrays is a technique to measure the expression 

level of many genes simultaneously and to analyze embryos in a large systematic manner. 

When you use microarray analysis to compare two systems, such as a wild type versus 

mutant, you generate two datasets and compare them to find differences in gene expression 

patterns. These differences may either be directly caused by the mutation, or may be a 

secondary characteristic. These data sets have the potential to be very informative. For this 

study, we completed a microarray for the del mutant. This array compared wild-type to del 
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mutant embryos at the same developmental stage. We uncovered marked expression 

differences between the del mutant and wild-type embryos. Sarcomere specific genes actin, 

myosin, tropomosin, desmin, nebulin, and titin were differentially expressed in del mutants 

compared to wild-type siblings (Figure 21). These genes were expressed transcripts in the del 

mutant, confirming our whole-mount immunohistochemical analysis. Data also indicate 

misexpression of heat shock and metalloproteinase proteins as well (data not shown). These 

data are similar, as a trend, to microarray data on the ruz mutant (Steffen et al., 2007). 

 

Affymetrix zebrafish array: Feinstone Center for Functional Genomics  

 

del wt gene name abbrev ratio

175407 147943

gb:NM_131591.1 /Danio rerio actin, alpha 1, skeletal muscle 

(acta1), mRNA actin, alpha 1 acta1 0.84

163303 141297

gb:NM_131591.1 /Danio rerio actin, alpha 1, skeletal muscle 

(acta1), mRNA actin, alpha 1 acta1 0.87

50833 46103

gb:AL717344 / weak similarity to protein  MLE1_HUMAN Myosin 

light chain 1

myosin light 

chain

zgc:77

231 0.91

34518 34693

gb:AW777826 /moderate similarity to protein  myosin light chain 

2 (Homo sapiens)

myosin light 

chain --- 1.01

25782 32250

gb:AF434191.1 /Danio rerio atrial myosin light chain mRNA, 

complete cds.

myosin light 

chain

zgc:66

286 1.25

36128 30053 gb:NM_131105.1 / Danio rerio alpha-tropomyosin (tpma), mRNA

alpha-

tropomyosin tpma 0.83

7722 9322

gb:AL723338 / strong similarity to protein  tropomyosin NM, 

skeletal muscle - human tropomyosin

zgc:77

592 1.21

7885 3188 gb:NM_130963.1 /Danio rerio desmin (desm), mRNA desmin desm 0.40

793 1797

gb:AW116068 / weak similarity to protein  Sh3 Domain From 

Human Nebulin nebulin --- 2.26

431 989 gb:AY081167.1 /titin /DEF=Danio rerio titin mRNA, partial cds. titin ttn 2.29

563 1016 gb:BI878949 /Danio rerio transcribed sequences titin ttn 1.81

3159 4188

gb:AI601291 /weak similarity to protein S63665 titin protein -

human (fragment) titin ttn 1.33  

Figure 21. Microarray analysis. del transcriptome alterations listing the major sarcomere loci.  

 

CONCLUSION 
 

This chapter discusses the characterization of the dead elvis (del) mutant in zebrafish. del 

mutant embryos exhibit a phenotype that consists of a failure to move during a motility 

screen, cardiac myopathy and edema, shortened gut tube, abnormal curvature, and obvious 

defects of the myotome (Figures 1-3). Genetic mapping revealed localization of del to linkage 

group 9. Fine mapping of the del mutation revealed it to map near the titina and titinb genes 

(Figures 4-10). Complementation analysis was completed using del mutants to cross with the 

pik
uw2 

mutant, a known titina mutant (Steffen 2007b). The results indicated that del and pik
uw2 

mutant are allelic and the del mutation is a new allele of titina (Figure 11).  
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Whole-mount immunohistochemical techniques and confocal microscopy revealed the 

sarcomere structure defects associated with the del mutant. Sarcomeric proteins Actin, 

Myosin, Tropomyosin, zm3, and Titin were present in the del mutant, but failed to 

sublocalize, suggesting that the sarcomere architecture was abnormal (Figures 12, 14, 15, 17, 

and 19).  

Desmin and Slc12a2 both localized to structures that are associated with proteins in the 

sarcomere (Figures 13 and 16). Desmin was present in both wild-type and del embryos, but 

del embryos did not exhibit any secondary structures as seen in the wild-type embryos (Figure 

13). Similarly, Slc12a2 was present in both wild-type and del mutant embryos, with no 

uniform localization patterns seen in the del embryos.  

The Znp1 protein, present in the motoneuronal axons, localized properly in both the wild-

type and the del mutant embryos (Figure 18). From this, it seems that innervation is grossly 

normal within the del mutant and the non-motile phenotype is not due to a lack of 

motoneuronal axon outgrowth in the musculature.  

As a new allele of titina, the immunohistochemistry experiments on the del mutant 

embryos support the role of Titin as a major ―scaffolding protein‖ that connects and interacts 

with multiple proteins within the sarcomere (MacIntosh, 2006; Figure 20). Titin binds to 

Actin and Ayosin, connects to α-Actinin at the Z-disk and Myomesin in the M-region to help 

establish the basic structure of the sarcomere (reviewed in Tskhovrebova and Trinick, 2010; 

Ehler and Gautel, 2008). Therefore, if the Titin protein, or one of its isoforms, were absent or 

non-functional; the development of the sarcomere would not be normal. A mutation in the 

cardiac isoform of titin, pik
m171

, has been associated with the N2B region of the gene, and has 

heart defects that are more severe than del (Xu et al., 2002). Another mutation, ruz, has not 

been sequenced, but through mapping and complementation analysis also localizes to the 

titina gene. (Steffen et al., 2007b). The ruz mutant exhibits a less severe phenotype and later 

onset than seen in del. Together, these mutant animals begin to define a range of phenotypes 

associated with abnormal functionality of Titin in zebrafish. A series of more specific Titin 

antibodies with cardiac or skeletal muscle specificity and that target specific domains of Titin, 

could help clarify region-specific functions of the protein. Also, even with the complex nature 

of this large gene notwithstanding, sequencing the del mutation would provide definitive 

proof of its association with titina and provide new ideas of how alterations within the gene 

affects protein function. Future work with these mutants may lead to a better understanding of 

Titin‘s role in striated muscle formation, contractility, and association with muscular disease. 
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