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Summary Statement

Skeletal muscle fusion occurs during development, growth, and regeneration. To investigate how 

muscle fusion compares among different muscle cell types and developmental stages, we studied 

muscle cell fusion over time in wild-type, myomaker (mymk), and jam2a mutant zebrafish. Using 

live imaging, we show that embryonic myoblast elongation and fusion correlate tightly with slow 

muscle cell migration. In wild-type embryos, only fast muscle fibers are multinucleate, consistent 

with previous work showing that the cell fusion regulator gene mymk is specifically expressed 

throughout the embryonic fast muscle domain. However, by 3 weeks post-fertilization, slow 

muscle fibers also become multinucleate. At this late-larval stage, mymk is not expressed in 

muscle fibers, but is expressed in small cells near muscle fibers. Although previous work showed 

that both mymk and jam2a are required for embryonic fast muscle cell fusion, we observe that 

muscle force and function is almost normal in mymk and jam2a mutant embryos, despite the lack 

of fast muscle multinucleation. We show that genetic requirements change post-embryonically, 

with jam2a becoming much less important by late-larval stages and mymk now required for 

muscle fusion and growth in both fast and slow muscle cell types. Correspondingly, adult mymk 
mutants perform poorly in sprint and endurance tests compared to wild-type and jam2a mutants. 
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We show that adult mymk mutant muscle contains small mononucleate myofibers with average 

myonuclear domain size equivalent to that in wild type adults. The mymk mutant fibers have 

decreased Laminin expression and increased numbers of Pax7-positive cells, suggesting that 

impaired fiber growth and active regeneration contribute to the muscle phenotype. Our findings 

identify several aspects of muscle fusion that change with time in slow and fast fibers as zebrafish 

develop beyond embryonic stages.
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Introduction

Cell-cell fusion merges individual cells, generating syncytial tissue, and is critical for 

development of organs such as placenta, bone, and skeletal muscle (Aguilar et al., 2013). As 

a genetically programmed process, cell-cell fusion employs three characteristic stages: 1) 

cellular differentiation and fusion competence, 2) cell recognition and adhesion that commits 

cells to fusion, and 3) lipid destabilization and membrane merging resulting in fusion 

(Aguilar et al., 2013; Kim et al., 2015). Each process uses key regulators to transition to the 

next fusion phase. Each of these stages is observed during myoblast fusion (Kim et al., 

2015), generating the syncytial tissue required for skeletal muscle development, growth, and 

regeneration (Goh and Millay, 2017; Millay et al., 2014, 2013; White et al., 2010). Although 

many molecules are known to regulate muscle cell fusion, it remains unclear how muscle 

cell fusion mechanisms change over the course of development.

Myoblast fusion in Drosophila is well-characterized and uses two transcriptionally-distinct 

types of myoblasts: founder cells (FCs) and fusion-competent myoblasts (FCMs) (Abmayr 

and Pavlath, 2012; Kim et al., 2015; Rochlin et al., 2010). The asymmetric fusion process 

requires cell adhesion molecule-mediated recognition and adhesion, actin cytoskeleton-

directed FCM protrusions into FCs, and membrane destabilization to allow cell merging 

(Kim et al., 2015; Ruiz-Gomez et al., 2000). FC asymmetry is maintained by endocytic 

recycling of the FCM membrane protein, Sticks and Stones, enabling multiple fusion events 

(Haralalka et al., 2014). Thus, asymmetric cell-cell interactions lead to fusion in fruit fly 

muscles.

Several conserved Drosophila fusion genes have been implicated in vertebrate muscle fusion 

(Baas et al., 2012; Moore et al., 2007; Pajcini et al., 2008; Sampath et al., 2018; Sohn et al., 

2009; Srinivas et al., 2007; Tamir-Livne et al., 2017). Vertebrate muscle fusion also requires 

several genes not found in flies (Bi et al., 2017; Landemaine et al., 2014; Powell and Wright, 

2011; Quinn et al., 2017; Zhang et al., 2017). For instance, the vertebrate gene Myomaker 

(Mymk) is a muscle-specific multi-pass transmembrane protein required for skeletal muscle 

fusion in mouse, chick, and zebrafish (Di Gioia et al., 2017; Landemaine et al., 2014; Luo et 

al., 2015; Millay et al., 2013; Zhang and Roy, 2017). If expressed in a non-muscle cell like a 

fibroblast, Mymk can facilitate fusion with a myoblast (Millay et al., 2013) and Mymk 
overexpression causes hyper-fusion, indicating that it is sufficient to induce skeletal muscle 
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fusion (Millay et al., 2013; Zhang and Roy, 2017). A recent report shows that Mymk 

initiates membrane fusion by facilitating mixing between the outer cell membrane leaflet, in 

a process called hemifusion (Leikina et al., 2018). After Mymk initiates hemifusion, another 

fusogen (called Myomerger, Minion, or Myomixer) generates fusion pores, acting in trans 

with Mymk, leading to fusion (Bi et al., 2017; Leikina et al., 2018; Quinn et al., 2017; Shi et 

al., 2017; Zhang et al., 2017). It remains unclear how membranes are disposed of after pore 

formation, and whether these fusion mechanisms are consistent during different phases of 

myogenesis.

Skeletal muscle fusion contributes not only to embryonic muscle formation, but also to 

muscle growth and regeneration (Goh and Millay, 2017; Millay et al., 2014). Muscle growth 

is generally categorized as either the fusion-dependent addition of new fibers (hyperplasia) 

or the growth of existing fibers (hypertrophy). In mammalian embryos both modes 

contribute to muscle growth but fiber addition stops shortly after birth and thereafter occurs 

only by expansion of existing muscle fibers (Fiorotto, 2012; Matsakas et al., 2010; White et 

al., 2010). In early postnatal development, mammalian myofibers grow both by expanding 

the myofiber volume supported by each nucleus (the myonuclear domain) and by fusion-

dependent addition of new nuclei (Mantilla et al., 2008; White et al., 2010). After the third 

week of postnatal development, muscle continues to grow through adulthood by expanding 

the myonuclear domain size without addition of new nuclei (White et al., 2010). In the adult 

mouse, stem cell-mediated muscle fusion occurs only after muscle injury or intense exercise. 

Mymk is transiently expressed in muscle progenitors during fusion-dependent muscle 

growth (Goh and Millay, 2017) and is required during muscle growth and regeneration after 

injury (Goh and Millay, 2017; Millay et al., 2014). Because Mymk is essential for fusion-

dependent processes in both embryonic and adult muscle (Di Gioia et al., 2017; Goh and 

Millay, 2017; Landemaine et al., 2014; Millay et al., 2013; Shi et al., 2018; Zhang and Roy, 

2017), we use zebrafish mymk mutants to investigate how fusion influences skeletal muscle 

development, growth, and regeneration.

In zebrafish embryos, only fast-twitch muscle precursors fuse, and fast muscle cell fusion is 

coordinated with slow-twitch fiber morphogenesis (Cortés et al., 2003; Devoto et al., 1996; 

Henry and Amacher, 2004; Roy et al., 2001; Snow et al., 2008). Fast-twitch and slow-twitch 

fibers (hereafter, “fast fibers” and “slow fibers”) are not intermingled but are spatially 

segregated (Devoto et al., 1996; Roy et al., 2001). Slow muscle identity is specified in 

medially-located cells that then migrate laterally through the fast muscle precursors (Cortés 

et al., 2003; Devoto et al., 1996; Henry and Amacher, 2004). After migration, the slow fibers 

comprise a thin layer of superficially-localized muscle that overlays the much larger fast 

muscle mass (Devoto et al., 1996). This migration is thought to trigger fast muscle 

morphogenesis including myoblast fusion (Cortés et al., 2003; Devoto et al., 1996; Henry 

and Amacher, 2004; Roy et al., 2001; Snow et al., 2008). Fusion appears symmetric in 

zebrafish embryos, because all known fusogens are expressed uniformly in fast muscle 

precursors, and because mosaic experiments using fusion-deficient cells demonstrated that 

any fast-type myoblast can initiate fusion (Powell and Wright, 2012). Heterophilic 

interaction between vertebrate-specific junction adhesion molecules Jam2a and Jam3b is 

required for zebrafish myoblast fusion (Powell and Wright, 2011), though, the mammalian 

orthologs, Jam2 and Jam3, are not required for muscle fusion at the developmental stages 
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examined (Arcangeli et al., 2014; Gliki et al., 2004; Powell and Wright, 2011). When 

embryonic muscle fusion is blocked, as in zebrafish jam2a mutants, jam3b mutants (Powell 

and Wright, 2011; Sawamiphak et al., 2017; Zhang and Roy, 2016), and mymk mutants (Shi 

et al., 2018), muscle progenitors form functional mononucleate muscle fibers. Zebrafish 

muscle undergoes continuous fusion-dependent hypertrophic and hyperplastic growth from 

embryonic through adult stages (Barresi et al., 2001; Gurevich et al., 2015; Nguyen et al., 

2017; Patterson et al., 2008; Roy et al., 2017). Post-embryonic growth phases are thought to 

employ Pax7-positive satellite-like cells, which are also used during muscle regeneration 

(Berberoglu et al., 2017; Gurevich et al., 2016; Nguyen et al., 2017; Pipalia et al., 2016; 

Seger et al., 2011). However, little is known about fusion mechanisms in late-larval or adult 

zebrafish.

In this study, we characterize zebrafish muscle fusion at different developmental stages. 

Using live imaging we visualize cell-cell fusion in zebrafish embryos, revealing membrane 

breakdown and dispersal events that produce multinucleate myofibers. We investigate 

genetic requirements for fiber fusion and find that while mymk is required throughout 

development, jam2a is essential only through the first week of development. While 

myofibers become multinucleate in jam2a mutants by the second week of development, they 

have fewer nuclei than wild-type adults, suggesting thatjam2a plays a nominal role in fusion 

at later stages. In adult jam2a fibers with reduced myonuclei number and in mononucleate 

adult mymk mutant fibers, the total fiber volume per nucleus closely matches that of wild-

type fibers, suggesting that myonuclear domain is established independent of fusion 

capacity. Even though mymk is required for fusion at all developmental stages, mymk 
expression becomes more restricted by the late-larval stage, consistent with the idea that cell 

fusion is differentially regulated over developmental time. Surprisingly, we show that slow 

fibers, which are strictly mononucleate during embryonic stages, become multinucleate by 

the late-larval stage, and that this process is mymk-dependent. Lastly, proliferation and 

regeneration markers are expressed in mymk mutant adult muscle, implying that 

regenerative pathways are activated. Our findings reveal that fusion mechanisms change 

after embryonic stages and indicate that skeletal muscle growth and maintenance require 

skeletal muscle fusion.

Results

2.1 Time-lapse imaging reveals cell-cell interactions leading to myoblast fusion

The zebrafish model has long been established for studying embryonic skeletal muscle 

fusion (Cortés et al., 2003; Devoto et al., 1996; Henry and Amacher, 2004; Roy et al., 2001; 

Snow et al., 2008). To capture myoblast fusion events in vivo, we performed confocal time-

lapse imaging at 20 hours post fertilization (hpf) of embryos injected with mRNA encoding 

nuclear-localized CFP and carrying two transgenes: six1b:lyn-GFP that marks the plasma 

membrane of fast muscle precursors and smyhc1:lyn-tdTomato that marks the cytoplasm of 

slow muscle cell precursors (Talbot et al., In press; Wang et al., 2011). As expected, slow 

muscle remains mononucleate during early embryogenesis (Roy et al., 2001). However, fast 

muscle precursors often begin to elongate and almost simultaneously begin fusing when 

slow muscle cells migrate past them (Cortés et al., 2003; Henry and Amacher, 2004; Roy et 
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al., 2001) (Fig. 1; Supplemental Movies 1–3). While interacting with slow muscle cells, fast 

muscle precursors elongate anteriorly and attach to the somite boundary (termed boundary 

capture, (Snow et al., 2008)) (Fig. 1 A–F’). Following boundary capture, fast muscle 

myoblasts fuse posteriorly until the growing muscle fiber spans the somite (Supplemental 

movie 1). Fusion begins between neighboring fast myoblasts after they contact slow muscle 

cells (Fig. 1 G, H). Then, small gaps appear in membranes at the interface between the two 

fusing cells (Fig. 1 I–J). Lastly, the plasma membrane breaks down and disperses into small 

GFP-positive punctae (Fig. 1 K–M), creating a binucleate fast muscle cell (Fig. 1 N). From 

membrane coalescence to binucleate cell formation, the fusion process takes approximately 

1 hour (62.5 ± 3.15 min, n=4; ± indicates standard deviation). Thus, migrating slow muscle 

cells appear to trigger fast muscle precursor elongation towards the anterior edge of the 

somite, after which, myoblast fusion occurs from anterior to posterior within the somite.

2.2 mymk is expressed in fast muscle cells

In zebrafish, the fusogen gene mymk is expressed specifically in the fast muscle domain (Di 

Gioia et al., 2017; Landemaine et al., 2014; Zhang and Roy, 2017) beginning as early as the 

10 somite stage (Fig. S1 A–B’). As expected, when slow muscle fate is blocked by treatment 

with the Smoothened inhibitor Cyclopamine, mymk expression appears normal, consistent 

with fast muscle-specific expression (Fig. S1 C–D’). In prdm1a mutants, where slow muscle 

precursors (adaxial cells) adopt a fast muscle identity (von Hofsten et al., 2008), mymk 
expression expands into adaxial cells (Fig. S1 E–F”). These data provide additional evidence 

that mymk is expressed specifically in the embryonic fast muscle domain.

2.3 Fast myoblasts do not fuse in mymk mutant embryos

To genetically characterize skeletal muscle fusion in zebrafish, we used CRISPR/Cas9 

technology to generate mutations in mymk, a gene encoding a muscle-specific 

transmembrane protein necessary and sufficient for skeletal muscle cell fusion in mammals 

(Millay et al., 2013) and chick (Luo et al., 2015). mymk is also required for fast muscle cell 

fusion in zebrafish, as recently shown using genetic mutants (Di Gioia et al., 2017; Shi et al., 

2018; Si et al., 2019; Zhang and Roy, 2017). We targeted the third mymk exon to generate 

two additional alleles: mymkoz17, a 10 bp deletion and mymkoz25, a 5 bp deletion (Fig. 2 A, 

B). Both lesions are predicted to frameshift mymk after amino acid 170, before the last two 

transmembrane domains and the intracellular C-terminal domain (Fig. 2 C). Because the C-

terminal domain is essential for mouse Mymk function (Millay et al., 2016), both zebrafish 

mymk mutant alleles are predicted to encode nonfunctional proteins. mymk transcript is not 

detected at 48 hpf in mymkozr7 mutants, suggesting that the mutant transcript is subject to 

nonsense-mediated decay and providing additional evidence that mymkoz17 is a strong loss 

of function allele (Fig. 2 D, E). Consistent with recent studies, we find that embryonic fast 

muscle fusion fails in zebrafish mymkoz17 mutants (Fig. 2 F–G) and in mymkoz25 mutant 

embryos (data not shown). By 48 hpf, the single myonucleus in each muscle cell 

characteristically aligns about halfway between fiber tips (Fig. 2 F–G’), similar to other 

fusion-deficient mutants like jam2a, jam3b, and myog (Ganassi et al., 2018; Powell and 

Wright, 2011). Although fusion is compromised in mymk mutants, myonuclei number is 

normal at 24 hpf, suggesting that most mymk mutant fast muscle precursors generate 

mononucleate myofibers at this stage (Fig. 2 G, H). After 24 hpf, myonuclei number 
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increases in wild-type siblings, likely due to secondary fusion events. In mymk mutants, 

myonuclei number does not increase between 24 and 72 hpf, suggesting that fusion is 

needed for myonuclei addition during this time interval (Fig. 2H). Together, these data are 

consistent with previous work indicating that mymk is required for embryonic myoblast 

fusion (Di Gioia et al., 2017; Shi et al., 2018; Si et al., 2019; Zhang and Roy, 2017) and 

suggest that fusion is needed for a normal rate of myonuclei addition.

2.4 Fast muscle growth and maintenance differentially requires zebrafish embryonic 
fusion regulators mymk and jam2a

While mymk is thought to be required for fusion throughout development, recent findings 

have indicated that jam2a, which in embryonic stages is essential for fusion, is not needed 

by adulthood (Si et al., 2019). To learn when fusion phenotypes diverge between these 

mutants, we used a “3MuscleGlow” (3MG) transgenic combination, Tg(smyhc1:EGFP)i104 
(Elworthy et al., 2008), Tg(mylfpa:lyn-cyan)fb122 (Ignatius et al., 2012), and 

Tg(myog:H2B-mRFP)fb121 (Tang et al., 2016), to visualize slow muscle cells, fast muscle 

cells, and myonuclei, respectively (Fig. 3 A–F). When examined at 5 dpf and 2 weeks post 

fertilization (wpf), wild-type fish are multinucleate and mymk mutants are essentially 

mononucleate (Fig 3 A–D, G). Only 3% (6/200) of mymk fast fibers were binucleate at 5 

dpf and 7% (14/200) were binucleate at 2 wpf (Fig 3G, H). In comparison, jam2a mutant 

fibers, which are typically mononucleate at 5 dpf, become multinucleate by 2 wpf, having 

about 3 nuclei per cell (Fig 3 E, F, G). These findings reveal that the requirements for jam2a 
and mymk in muscle fusion diverge during early larval development.

2.5 Myofiber growth and organization requires mymk

Because muscle volume correlates with myonuclei number, we hypothesized that mymk 
function is key to muscle growth. We examined mymk mutants from larval through adult 

stages using the 3MuscleGlow transgenes (Figure 4 A–H) and observe that mymk mutant 

fast muscle cells, including myoblasts and myofibers, are smaller in diameter and more 

densely packed than wild-type siblings at every time point examined (Fig. 4 I, J), consistent 

with the idea that fusion is important for muscle growth. Myofiber cross-sectional area is 

also smaller in mymk mutant versus wild-type adults (Fig. 4 K). Consistent with the mymk 
cell fusion defect, the total number of fibers per section is higher in 5 dpf and 2 wpf mymk 
mutants than wild-type animals (Figure 4 L). As expected, fast muscle cell diameter 

increases over time in both genotypes, though the mymk mutants take 1 month to achieve a 

cell diameter that wild-type animals attain in only 5 days (Fig. 4 I). In mymk adults, we find 

small diameter muscle fibers throughout both slow and fast muscle regions (Fig. S2). These 

mutant fibers may be small due to growth defects, fiber wasting, or because they are newly 

formed. Additionally, the distinct boundary between fast and slow muscle domains that is 

present in wild-type muscle is irregular in adult mymk mutants; in mymk mutants, we find 

slow muscle fibers within the fast muscle domain (Fig. S2 B) and vice versa (Fig. S2 B”’). 

These data reveal that mymk is required for larval and adult muscle fiber growth and 

organization.
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2.6 mymk is necessary for normal adult muscle size and strength

mymkoz17 mutant adults are viable but have severe defects. Adult mymk mutants have 

phenotypes consistent with muscle reduction, including narrow bodies (Fig. 5 A, B) and 

often an open jaw (Fig. S3) (Di Gioia et al., 2017). Even though mymk and jam2a mutant 

embryos have remarkably similar embryonic muscle fusion defects, adult mymk and jam2a 
mutants appear strikingly different, with jam2a mutants indistinguishable from wild-type 

(data not shown; Si et al., 2018; Zhang and Roy, 2016), suggesting that myofiber number 

and or size differs in adult mymk and jam2a mutants. Because skeletal muscle cell size 

correlates with force and power (Russell et al., 2000), we tested skeletal muscle strength in 

adult mymk and jam2a mutants using a swim tunnel assay. We find that mymk mutants 

perform poorly compared to wild-type siblings and jam2a mutants in both endurance and 

sprint assays (Fig. 5 C). jam2a mutant performance is comparable to that of wild-type 

siblings suggesting that adult muscle strength does not require jam2a function (Fig. 5 C). We 

also measured larval muscle force at 3 dpf using an in vivo contractile strength assay (Martin 

et al., 2015). The assay records the force generated by whole body contraction after pulsed 

electrical stimulation; these pulses begin at low frequency (20 Hz) and then are applied at 

increasing frequencies until the muscle reaches a fused tetanic contraction (180 Hz). At 3 

dpf, raw contractile force at frequencies higher than 50 Hz trends lower in jam2a and mymk 
mutants compared to wild-type siblings (Fig. 5 D, E), but the difference (calculated by 

ANOVA) is not statistically significant. Together, these data indicate that larval muscle can 

function normally when mononucleate, but adult muscle cannot. Since adult mymk mutant 

muscle fusion defects correlate with reduced muscle strength, we investigated whether 

mymk mutant fibers show signs of structural weakness or damage by assessing Laminin 

expression in the extracellular matrix, a commonly used measure of muscle integrity 

(Acharyya et al., 2005; He et al., 2013). We find that Laminin expression is substantially 

decreased in both fast and slow mymk mutant adult muscle domains compared to wild-type 

muscle (Fig. 5 F–G”). Our findings suggest that mymk mutant fusion defects lead to marked 

reductions in zebrafish muscle function and integrity by adult stages.

2.7 mymk mutant muscle expresses markers of nascent myofibers

Adult mymk mutant muscle fibers weakly express Laminin (Fig. 5 G) and are small in 

diameter (Fig 4 H, I), suggesting that they may be immature. To investigate this possibility, 

we assessed typical hallmarks of regenerating muscle (Berberoglu et al., 2017; Gurevich et 

al., 2016; Pipalia et al., 2016; Saera-Vila et al., 2016, 2015; Tee et al., 2012). To assess 

proliferation, we quantified cells expressing Pcna, an established proliferation marker (Fig. 6 

A–C) (Dray et al., 2015; Katz et al., 2016; Panza et al., 2015). We observe > 100-fold more 

proliferating cells within adult mymk mutant muscle than in wild-type siblings (Fig. 6 C). To 

assess whether satellite cells are activated in mymk mutant adults, we quantified the number 

of cells expressing Pax7 which, when strongly expressed, is a reliable satellite cell marker 

(Berberoglu et al., 2017). In mammals, Pax7 is required for satellite cell specification, 

maintenance, and muscle regeneration (Günther et al., 2013; Maltzahn et al., 2013; Seale et 

al., 2000). In zebrafish, Pax7 is expressed in cells that appear and behave like satellite cells 

(termed satellite-like cells, or SLCs) (Berberoglu et al., 2017; Pipalia et al., 2016; Seger et 

al., 2011; Siegel et al., 2013) and pax7 function is required for proper adult muscle repair 

(Berberoglu et al., 2017). Our previous work demonstrated that Pax7-positive SLCs are 
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sparse in uninjured zebrafish adult muscle and, when present, these rare Pax7-positive SLCs 

are concentrated in slow muscle; after injury, they increase dramatically at the injury site 

(Berberoglu et al., 2017). We utilized two methods to identify Pax7-positive SLCs, a 

pax7a:GFP transgene (Seger et al., 2011) and a Pax7 antibody. In mymk mutant adult 

muscle, pax7a:GFP expression is widespread (Fig. 6 D, E), suggesting extensive SLC 

activation. Correspondingly, the number of Pax7-positive cells is higher in mymk mutant 

muscle than in wild-type muscle, with a marked increase both at the horizontal myoseptum 

(a slow muscle domain) and in fast muscle (Fig. 6 F). Because pax7a-driven GFP perdures 

longer than Pax7 protein, we infer that GFP-positive cells with strong Pax7-positive nuclei 

are SLCs, whereas GFP-positive cells with little Pax7 label are likely former SLCs that have 

begun to differentiate (Berberoglu et al., 2017). Alongside pax7a:GFP and Pax7, we 

examined expression of two muscle differentiation markers: Rbfoxll, which marks myoblast 

and myofiber nuclei (Berberoglu et al., 2017; Gallagher et al., 2011) and myog:H2B-mRFP 
which marks differentiating myonuclei (Berberoglu et al., 2017; Tang et al., 2016) (Fig. 6 

L). In mymk mutant adults, myoblast number is increased and myog:H2B-mRFP-positive 

myonuclei number is decreased in both fast and slow muscle compared to wild-type adults 

(Fig. 6 G–M). These data suggest that adult mymk mutant muscle has an abundance of 

newly formed myofibers, because proliferation, SLCs, and myoblast density are significantly 

increased.

2.8 Myofiber volume scales proportionally with fusion capacity

To examine myofiber size and nuclei number in adults, we isolated individual myofibers 

from 3-month old wild-type, jam2a mutant, and mymk mutant adults carrying muscle-

specific transgenes and quantified myonuclei number per fiber for each genotype (Fig. 7 A–

G). We find that adult mymk mutant fast myofibers (carrying the mylfpa:lyn-cyan fast 

muscle-specific transgene) are invariably mononucleate, consistent with a permanent block 

to fusion (Fig. 7 C). We also examined jam2a mutant fast fibers, which showed partial 

recovery of fusion by 2 weeks post fertilization (Figure 3 F); in adults, these fibers contain 

about half the myonuclei per fiber compared to wild-type sibling fast myofibers (Fig. 7 A, B, 

G). To assess myofiber volume, we measured length and area of each fiber and calculated 

volume using the formula for a cylindrical object. As expected, fast fiber volume is larger in 

wild-type than jam2a or mymk mutant adults (Fig. 7 H). Correspondingly, the average fast 

fiber volume per nucleus, a proxy for myonuclear domain, is the same in fast muscle fibers 

isolated from wild-type, jam2a mutant, and mymk mutant adults (Fig. 7 I). We observe the 

same phenomena during larval (5 dpf) and late-larval (2 wpf) stages (Fig. 7 J). These 

findings show that jam2a mutant fast myofiber fusion does not fully recover by adulthood 

and there is no recovery in mymk mutants. However, because fiber size scales with the 

number of nuclei per fiber, we find that the fast myonuclear domain (fiber volume per 

nucleus) is remarkably similar across all genotypes examined.

2.9 Slow muscle fibers become multinucleate during post-embryonic stages

To compare fusion capacity of the two major muscle cell types, we compared myonuclei 

number in isolated adult myofibers, using slow (smyhc1:EGFP) and fast (mylpfa:lyn-Cyan) 
muscle transgenes to identify fiber type (Fig. 7). Because slow myofibers are strictly 

mononucleate in zebrafish embryos, we expected to observe striking differences in 
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myonuclei number between slow and fast muscle types. Surprisingly, isolated adult slow 

myofibers are multinucleate, containing a similar number of myonuclei per fiber as fast 

myofibers (Fig. 7 D, E, G). In jam2a mutants, slow myofibers, like fast myofibers, are 

multinucleate and contain about half the myonuclei per fiber compared to wild-type sibling 

myofibers (Fig. 7 D, E, G). Whereas adult mymk mutant fast myofibers are strictly 

mononucleate, some adult mymk mutant slow myofibers are multinucleate (Fig. 7 D–G). 

However, myonuclei number per slow fiber is >10-fold lower than in wild-type and jam2a 
mutant adults and slow myofiber size is equivalently smaller (Fig. 7 G, H). The average 

myonuclear domain size in slow myofibers is similar among wild-t ype, jam2a mutant, and 

mymk mutant fish but is smaller in slow myofibers than in fast (Fig. 7 I). To determine when 

slow muscle becomes multinucleate, we performed live imaging of 3MuscleGlow transgenic 

fish at late-larval stages. Slow myofibers are mononucleate at 2 wpf, are multinucleate by 3 

wpf and have around 5 nuclei by 4 wpf (data not shown). We then isolated individual 

myofibers from 3-week-old larvae and found around 3 nuclei per fiber (3 wpf: 2.9±0.8 

nuclei per slow myofiber, N=9; 4.3±1.3 nuclei per fast myofiber, N=10; ± indicates standard 

deviation) (Fig. 6 K–L’). Between late-larval and adult stages, myonuclei number increases 

for both fiber types (compare Fig. 7 A, D to K, L). Collectively, these data reveal that slow 

muscle fibers become multinucleate much later in development than fast muscle fibers, and 

that efficient slow muscle multinucleation requires mymk.

2.10 During multinucleation, slow muscle fibers do not express mymk

To investigate whether slow muscle fibers express mymk when they become fusion-

competent, we examined mymk expression at 2 and 4 wpf (Fig. 8 A–B”’), which spans the 

time interval when slow myofibers become multinucleate. At these stages, mymk is 

expressed in cells throughout the myotome (Fig. 8 A, B). Although mymk does not appear 

to be expressed in slow muscle fibers, it is expressed in nearby cells (Fig. 8 A’–B”’). These 

data suggest that slow myofiber multinucleation occurs as neighboring mymk-expressing 

cells fuse into differentiated mymk-negative slow muscle fibers. Thus, the addition of new 

nuclei in late-larval zebrafish may be similar to what has been described in adult mammals 

undergoing injury-induced muscle growth, in which Mymk is expressed in muscle 

progenitors but not muscle fibers (Quinn et al., 2017). Altogether, these data support our 

proposal that zebrafish fusion mechanisms are context-specific and differ between 

embryonic and post-embryonic development.

Discussion

Our findings indicate that muscle fusion mechanisms differ between embryonic and late-

larval stages. In embryos, both jam2a and mymk are essential for muscle fusion, only fast 

myoblasts fuse, and mymk is expressed throughout the somite fast muscle domain (Fig. 9 

A–C), consistent with previous reports (Cortés et al., 2003; Devoto et al., 1996; Di Gioia et 

al., 2017; Landemaine et al., 2014; Powell and Wright, 2011; Shi et al., 2018; Si et al., 2019; 

Zhang and Roy, 2016). We find that zebrafish myofibers at all stages examined 

proportionally scale volume with nuclei number, regardless of fusion capacity, suggesting 

that the myonuclear domain size is not influenced by fusion. Our live imaging experiments 

offer new insights into embryonic fusion by elucidating further how the dynamic movements 
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of slow and fast muscle cells influence fusion and by revealing that muscle membranes are 

internalized at the fusion interface (Fig. 9 B). By late-larval stages, we show that slow 

muscle becomes multinucleate, jam2a is no longer required for fast muscle fusion, and 

mymk expression is more restricted (Fig. 9 D–F). Our work sheds light on how muscle 

fusion mechanisms change over developmental time and how fusion impacts muscle health 

and function.

3.1 Multinucleate fibers are rare in the mymkoz17 mutant

The mymkoz17 mutants show a dramatic reduction in multinucleation, consistent with 

previous findings in fish and mouse (Di Gioia et al., 2017; Landemaine et al., 2014; Millay 

et al., 2016, 2014, 2013; Zhang and Roy, 2016). Our studies also revealed that larval fast 

myofibers and adult slow myofibers are occasionally binucleate in mymk°z17 mutants. We 

did not observe binucleate cells in adult mymkoz17 mutant fast fibers, either because they are 

no longer present or because the sample size was not large enough to detect rare events. 

Except for these rare multinucleate fibers, the mymkoz17 phenotype we describe is consistent 

with phenotypes of two recently published frameshifting alleles (Di Gioia et al., 2017; Shi et 

al., 2018) and potentially stronger than phenotypes of a deletion allele, mymksq36, which 

swam normally at one month (Zhang and Roy, 2017). We speculate that the milder 

phenotypes of mymksq36 mutants may be due to the presence of fusion modifier genes. 

While the frameshifting alleles could possibly encode neomorphic or dominant-negative 

proteins, we find this explanation unlikely for four reasons. First, our findings in zebrafish 

are consistent with mouse studies showing that Mymk is key to adult muscle fusion and 

growth (Goh and Millay, 2017; Millay et al., 2014). Second, we do not detect any phenotype 

in mymkoz17 heterozygotes. Third, we do not detect any mymk transcript in mymkoz17 

mutant embryos, suggesting that mutant transcripts are rapidly degraded by nonsense-

mediated decay. Fourth, it is unlikely that translation of functional protein could begin 3’ to 

the mymkoz17 lesion because several Mymk transmembrane domains are encoded by 

sequences 5’ to this mutation. Together, these findings indicate that the mymkoz17 lesion 

causes strong loss of gene function. We offer two alternative explanations for rare 

multinucleation in mymkoz17 myofibers. Genetic compensation by other fusogens could 

potentially enable mymk-independent fusion. Alternatively, zebrafish myonuclei may 

occasionally divide within myofibers at rates too low to be easily detected. Further work 

using fusion reporters (Sawamiphak et al., 2017) may reveal whether these rare 

multinucleate mymkoz17 myofibers arise via fusion-dependent or independent processes.

3.2 mymkoz17 mutant skeletal muscle is a model for Carey-Fineman-Ziter syndrome and 
chronic muscle wasting diseases

Recently, gene variants that reduce human MYMK function have been shown to cause 

Carey-Fineman-Ziter syndrome, a muscle weakness disease (Di Gioia et al., 2017; Hedberg-

Oldfors et al., 2018). Consistent with these symptoms, we show that adult mymk mutant 

zebrafish have smaller muscle fibers and reduced muscle strength. Others have shown that 

mymk mutant muscle displays fatty infiltration, a characteristic of Carey-Fineman-Ziter 

syndrome (Di Gioia et al., 2017; Shi et al., 2018). Although there are parallels between 

zebrafish mymk mutant phenotypes and Carey-Fineman-Ziter syndrome, the overall muscle 

defects in the mymkoz17 mutant is much more severe than in the human syndrome. In 
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zebrafish, mymk mutant adult muscle contains an abundance of cells that appear to be 

immature, fusion-incompetent myoblasts. Additionally, we observe more proliferating cells 

and SLCs and fiber-type organizational defects in mymk mutant muscle, which suggest that 

the tissue is continually regenerating. We propose that muscle fusion is thoroughly 

compromised in the zebrafish mymkozri mutant, whereas fusion is only partially blocked in 

individuals with Carey-Fineman-Ziter syndrome.

The mymkoz17 mutant displays hallmarks of skeletal muscle wasting diseases (Tabebordbar 

et al., 2013; Tisdale, 2002; Wallace and McNally, 2009), such as reduced Laminin, an 

indicator of muscle damage, and dramatic increases in Pax7-positive and Pcna-positive cells, 

indicators of satellite cell activation. Our findings suggest that activated SLCs in mymk 
mutants contribute to muscle fibers because pax7a-driven GFP expression perdures in 

immature fibers that also express muscle differentiation markers Rbfox1l or myog:H2B-
mRFP (Berberoglu et al., 2017). Continuous regeneration could also contribute to other 

adult mymkoz17 mutant muscle defects, such as the presence of fast and slow fiber types 

outside of their usual spatial domains. It is challenging to pinpoint when and how the 

mymkoz17 wasting phenotype begins because of potential interplay between muscle fiber 

growth defects and muscle damage. Mononucleate fibers may become damaged simply 

because they are not strong enough to withstand normal contractions; alternatively, the tissue 

may be in a constant state of regeneration because fusion is essential to complete the repair 

process for normally-occurring damage. Further investigation will parse out which 

component of the phenotype is the primary cause of tissue damage.

3.3 Zebrafish slow muscle migration triggers timely embryonic skeletal muscle fusion

We began our work by examining muscle fusion mechanisms in zebrafish embryos, where 

fast myoblast fusion is closely associated with slow muscle migration and requires slow 

muscle cells for timely onset (Cortés et al., 2003; Devoto et al., 1996; Henry and Amacher, 

2004; Yin et al., 2018). Fast muscle precursors extend lengthy cytoplasmic processes before 

fusion (Snow et al., 2008) that typically elongate the cells anteriorly (Yin et al., 2018). In 

some cells, fusion begins only after these cytoplasmic extensions reach both the anterior and 

posterior somite boundaries (Snow et al., 2008). Our results suggest that other fast myoblasts 

begin to fuse before they span the somite and that other events could also trigger fusion (Fig. 

9 B). We show that fast muscle precursors often extend processes anteriorly when they are in 

contact with the slow muscle cells; these movements appear to displace the anterior-most 

cells in the somite, the anterior border cells (Fig. 9 B #1–2 and (Yin et al., 2018)). We show 

that anterior border cells lack mymk expression, so replacement of anterior border cells by 

mymk-expressing fast muscle precursors at the somite border could potentially facilitate 

cell-cell fusion. After a fast muscle precursor contacts the anterior somite border, it begins 

fusing with more posterior myoblasts, suggesting that border contact may provide an 

activating signal (Fig. 9 B #3). Then, cell-cell fusion adds new myoblasts until reaching the 

posterior somite boundary (Fig. 9 B #4–5), where the extracellular matrix is thought to block 

further fiber elongation (Henry et al., 2005; Snow et al., 2008). We speculate that migrating 

slow muscle cells can trigger cell-cell fusion by activating myoblast elongation and by 

displacing mymk-positive fast muscle precursors to the anterior somite border where they 

initiate fusion with more posterior precursors to generate a multinucleate muscle fiber. In 
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future work, time-lapse analysis of mutants that lack anterior-posterior identity within 

somites could reveal how cell positioning affects fusion.

3.4 Muscle precursor fusion uses plasma membrane breakdown and dispersal

Our live imaging studies offer insights into how cell membranes merge during fusion. 

Membrane merging has been viewed at highest resolution under an electron microscope 

(Doberstein et al., 1997; Fumagalli et al., 1981; Lipton and Konigsberg, 1972; Raamsdonk et 

al., 1974; Rash and Fambrough, 1973; Shimada, 1971). In these studies, membranes were 

proposed to fuse by fusion pore formation and subsequent pore widening (Lipton and 

Konigsberg, 1972), and/or by plasma membrane breakdown and dispersal (Doberstein et al., 

1997; Fumagalli et al., 1981; Raamsdonk et al., 1974; Rash and Fambrough, 1973; Shimada, 

1971). During Drosophila fusion, a single large pore appears to initiate myoblast fusion 

(Sens et al., 2010); if multiple pores form along a broader interface, the membrane at the 

interface would need to be disposed of, rather than contributing to the joint surface of both 

cells. Our time-lapse images of living embryos suggest that at the fusion interface membrane 

particles disperse into the newly formed syncytium, indicating that fusing cells internalize 

their surface membrane to the cytoplasm. Consistent with this model, recent work shows 

Myomerger-dependent membrane pores also form in cultured mammalian muscle cell lines 

(Leikina et al., 2018). Similarly, EM studies have shown multiple cytoplasmic bridges 

between fusing cells along with membrane fractions within the cytoplasm of myotubes 

(Fumagalli et al., 1981; Rash and Fambrough, 1973). Thus, our live imaging studies indicate 

that membranes at the fusion interface are internalized and degraded after pore formation 

(Fig. 9 B #3–4).

3.5 Zebrafish myofibers may operate near the optimum myonuclear domain size

Our findings reveal that the average myonuclear domain size for each fiber type and 

developmental stage is the same in wild-type, jam2a mutant (fusion-reduced), and mymk 
mutant (fusion-impaired) fish. Previous work has suggested that each muscle nucleus can 

support a certain maximal volume of cytoplasm, known as the myonuclear domain (Abmayr 

and Pavlath, 2012; Gundersen and Bruusgaard, 2008; Hall and Ralston, 1989; Van der Meer 

et al., 2011). Myonuclear domain size can be influenced by species, fiber type, age, exercise, 

inactivity, position within fiber, and overall muscle size (Bruusgaard and Gundersen, 2008; 

Conceição et al., 2018; Gundersen and Bruusgaard, 2008; Liu et al., 2009; Mantilla et al., 

2008; Ohira et al., 1999; Rosser et al., 2002; Schwartz et al., 2016; Van der Meer et al., 

2011; Windner et al., 2019). Similarly, we note that in zebrafish, the myonuclear domain 

appears smaller in slow than fast fibers and in larvae than adults. Within fibers of a given 

type and age, we find that myonuclear number reliably predicts fiber size. Consistent with 

this finding, a recent meta-analysis revealed that human myofibers can only increase volume 

by 15–26% during induced fiber hypertrophy before new myonuclei are added, suggesting 

that fibers normally operate close to their near-maximal myonuclear domain size (Conceição 

et al., 2018). We find that zebrafish jam2a and mymk mutant larvae are mononucleate but 

have normal myonuclear domain size and normal muscle force, supporting a correlation 

between myonuclear domain size and force. When the myonuclear domain size of 

Drosophila larvae was experimentally altered, embryonic motility was dramatically reduced, 

revealing that myonuclear domain size is carefully regulated to ensure muscle function 
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(Windner et al., 2019). Together, these findings suggest that healthy myofibers scale their 

myonuclear domain for optimal muscle function for each fiber type and developmental 

stage.

3.6 jam2a is essential to muscle fusion in embryonic, but not in late-larval or adult 
zebrafish

Although mymk is required throughout life in zebrafish, jam2a becomes partially 

dispensable for fusion by 2 wpf. In this way, larval and adult zebrafish are similar to the 

mouse, which requires Mymk but not Jam2 for muscle fusion (Goh and Millay, 2017; Millay 

et al., 2013; Powell and Wright, 2011). To our knowledge, mammalian Jam function has not 

yet been examined in early embryonic muscle, nor have muscle nuclei been carefully 

quantified post-embryonically. Although recent work indicated that zebrafish jam2a mutant 

adults have a normal number of nuclei per fiber (Si et al., 2019), we find that adult jam2a 
mutant fibers have half the normal nuclei number suggesting that muscle multinucleation 

partially requires jam2a. Future work will clarify whether the jam2a mutant myonuclei are 

reduced due to delayed fusion or a lower rate of secondary fusion.

3.7 Slow muscle fibers become multinucleate by late-larval stages

Fish continually add new muscle fibers and expand fiber size (Koumans and Akster, 1995; 

Nguyen et al., 2017; Weatherley et al., 1988). As body size increases during larval growth, 

fish begin to rely primarily on slow muscle for casual swimming (Voesenek et al., 2018), and 

this shift to slow muscle function may necessitate changes in slow muscle fiber growth 

and/or physiology. We show that slow muscle fibers become multinucleate by late-larval 

stages during a period of pronounced muscle fiber growth. Because slow muscle fibers are 

mononucleate in embryos but become multinucleate between 2 and 3 wpf, we propose that 

late-larval slow muscle cells become fusion competent. Our findings suggest that slow 

muscle becomes multinucleate primarily via cell-cell fusion, because slow muscle has few 

nuclei per fiber in the fusion-deficient mymk mutant. In principle, multinucleation could 

arise via other mechanisms like endoreplication, however we think this is at most a minor 

source of new nuclei since we observe little or no Pcna-label in muscle fibers and mature 

myofibers are considered post-mitotic (Bryson-Richardson and Currie, 2008; Moss and 

Leblond, 1971, 1970; Simionescu and Pavlath, 2011). These lines of evidence suggest 

mymk-dependent cell-cell fusion is the main source of new nuclei in slow muscle fibers 

(Fig. 9 D–F).

3.8 Muscle fusion may become asymmetric in late-larval zebrafish

Studies of mosaicjam2a and jam3b mutants suggested that zebrafish embryonic muscle cell 

fusion occurs symmetrically, without defined founder cells and fusion-competent myoblasts 

(Powell and Wright, 2012, 2011). We find that jam2a is no longer essential for fusion by 2 

wpf, leading us to focus on mymk expression in late-larval fish. In zebrafish embryos, 

expression of fast muscle-specific genes, including mymk, is repressed in slow muscle 

precursors (Jackson et al., 2015; von Hofsten et al., 2008; Yao et al., 2013; this study); by 

late-larval stages, neither slow nor fast muscle fibers express mymk, but small cells adjacent 

to muscle fibers do express mymk. These mymk-positive cells may be satellite-like cells, 

activated myoblasts, or other cell types that contribute to muscle (Berberoglu et al., 2017; 
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Liu et al., 2017; Mitchell et al., 2010; Qu-Petersen et al., 2002). In the mouse, Mymk is also 

expressed in small cells adjacent to adult myofibers and lineage tracing shows that Mymk-

expressing cells contribute to new myofibers (Goh and Millay, 2017; Millay et al., 2014). 

These findings are consistent with the idea that muscle cell fusion becomes asymmetric in 

late-larval zebrafish and adult mouse (Millay et al., 2014; Sampath et al., 2018), suggesting a 

possible similarity between fusogenic cells in adult vertebrates with the founder cell/fusion 

competent cell pair in Drosophila. The shift in symmetry corresponds with changes in cell 

behaviors; during embryogenesis, cell-cell fusion generates muscle fibers de novo, but at 

late-larval and adult stages, fiber addition is slower and cell-cell fusion is thought to 

primarily add nuclei to existing fibers (Gurevich et al., 2015; Nguyen et al., 2017; Patterson 

et al., 2008; Rowlerson and Veggetti, 2001). Such asymmetric fusion could explain why 

slow muscle fibers become multinucleate, since neither slow nor fast fibers express mymk in 

late-larval fish. A shift in fusogenic cell type could also explain why jam2a is dispensable 

for larval muscle fusion, since jam2a function has only been described in symmetric 

embryonic fusion events. Together our findings suggest that by late-larval stages, zebrafish 

muscle cell fusion mechanisms are similar to the adult mouse in terms of gene requirements, 

gene expression, and fusion symmetry; future work may further clarify how fusion 

mechanisms change through development in both species.

Conclusions

Recent work has highlighted key differences between Drosophila and vertebrate muscle 

fusion mechanisms. Our work in zebrafish highlights how muscle fusion mechanisms can 

vary over time within a single organism and that, similar to the findings in Drosophila 
larvae, adult muscle fusion may proceed asymmetrically in zebrafish. Furthermore, similar 

to findings in Drosophila and mammals, we find that nuclear number is a predictor of 

myofiber size. In zebrafish embryos, slow muscle cell migration helps to orchestrate fast 

myoblast fusion, which at this stage is both jam2a-and mymk-dependent. In late-larval and 

adult zebrafish, both fast and slow muscle fibers are fusion-competent; at these later stages, 

fusion is mymk-dependent, but does not rely on jam2a. Furthermore, whereas embryonic 

fusion is largely symmetric, it appears to become asymmetric by the late-larval stage, with 

mymk-expressing cells fusing with mymk-negative muscle fibers. Although mononucleate 

embryonic muscles function normally, fusion becomes essential for muscle function, fiber 

size, and integrity by adulthood. Adult zebrafish mymk mutants are weak, with small muscle 

fibers that appear to be continuously regenerating. Together, these findings highlight that 

muscle cell fusion is an essential and dynamically-regulated process.

Experimental Procedures

4.1 Animal Stocks and husbandry

We raised and housed wild-type (AB strain), mutant, and transgenic zebrafish at 28.5°C on a 

14 hour light and 10 hour dark cycle (Westerfield, 2007). We collected embryos by natural 

spawning of adult fish and staged as described (Kimmel et al., 1995; McMenamin et al., 

2016; Parichy et al., 2009; Singleman and Holtzman, 2014). Zebrafish lines were maintained 

according to The Ohio State University Institutional Animal Care and Use Committee 
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(IACUC). We intercrossed transgenic fish carrying Tg(myog:Has.HIST1H2BJ-mRFP)fb121 
(Tang et al., 2016) (called myog:H2B-mRFP for simplicity), Tg(smyhc1:EGFP)i104 
(Elworthy et al., 2008), and Tg(mylpfa:lyn-Cyan)fb122 (Ignatius et al., 2012) (called 

mylpfa:lyn-Cyan for simplicity) to generate the 3MuscleGlow line, which carries all three 

transgenes. The Tg(−10kb smyhc1:lyn-tdTomato) line was generated from a plasmid gifted 

by the Ingham Lab that had been used to generate the Tg(−10kb smyhc1:lyn-tdTomato)i261 
transgenic line (Wang et al., 2011); our new derivative transgenic line is designated 

Tg(−10kb smyhc1:lyn-tdTomato)oz29 (or, smyhc1:lyn-tdTomato for simplicity). The BAC 

Tg(six1b:lyn-GFP)oz5 transgenic line (six1b:lyn-GFP for simplicity) was generated using 

BAC CH73–301I9, which contains six1b, six4b, and over 100 kb of surrounding sequence; 

construction of this line is described elsewhere (Talbot et al., In press). To inactivate six4b 
and to replace six1b coding sequence with sequence encoding lyn-GFP, we modified this 

BAC using previously described protocols (Suster et al., 2011) and then used this modified 

BAC to generate a stable transgenic line. The jam2ahu3319 line was generously provided by 

Gareth Powell and Gavin Wright. Two new mymk alleles, mymkoz17 and mymkoz25, were 

generated in this study and are described below.

4.2 mymk mutant construction and identification

To generate new knockout alleles of mymk, we performed CRISPR mutagenesis as 

previously described (Talbot and Amacher, 2014). The mymk CRISPR target site used was 

5’-GGCATTTACTCCGGCCCCAT-3’. A 10 bp deletion allele that creates a premature stop 

codon at amino acid 125 of 220 was recovered and designated mymkoz17. We also recovered 

a 5 bp deletion allele, mymkoz25, that creates a premature stop codon at amino acid 170 of 

220. Both alleles can be identified using the primers (Forward) 

5’CGCAGCTGTGAGGATCTACC-3’ and (Reverse) 5’-

GACGTGTCTCAAACTCACCCA-3’, followed by analysis on a 3% gel or by using high-

resolution melt analysis. mymkoz25 can also be identified by digesting the 109 bp PCR 

product with Haelll which cuts the wild-type amplicon, but not the mutant amplicon, into 51 

and 58 bp fragments. mymk mutants are also readily identified after 24 hpf by centrally 

localized myonuclei, which can be visualized using the Tg(myog:H2B-mRFP) transgenic 

line.

4.3 Live imaging of skeletal muscle fusion

To label all cell nuclei, H2B-CFP mRNA in 0.2 M KCl with 0.05% Phenol Red (5 ng/pl 

dose) was microinjected at the one-cell stage into six1b:lyn-GFP;smyhc1:lyn-tdTomato 
embryos. At 18–20 hpf, embryos were mounted in 0.1% agarose containing 5% Tricaine 

anesthetic. During time-lapse, fish were held in a 28.5°C Okagawa-heated chamber and 

imaged for 4–5 hours. MetaMorph software (Molecular Devices) was used for image and 

video processing and the MTRackJ tool in ImageJ (Meijering et al., 2012) was used for cell 

tracking.

4.4 In situ hybridization and fluorescent in situ hybridization (FISH)

In situ hybridization and FISH were performed as previously described (Jowett, 1999; Talbot 

et al., 2016). The smyhc1 probe has been previously described (von Hofsten et al., 2008). 

We synthesized a template for mymk in situ by PCR-amplifying a 617 bp region of 3’ UTR 
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using (Forward) 5’-TGGCAGACTTCACAACCTCAGA-3’ and (Reverse) 5’-

taatacgactcactatagggCAAGGGAGCTAATAATTCAGGGGGGCTAAT-3’ primers. For 

antisense probe synthesis, we included the T7 promoter sequence (lowercase) in the reverse 

primer. We amplified and purified template for the probe using the Qiagen MinElute PCR 

Purification Kit (Cat. No. 28006) and transcribed DIG-labeled antisense riboprobe using T7 

RNA polymerase.

4.5 Sectioning and Immunohistochemistry

Embryos, larva, and adult fish > 3 months of age were processed for cryostat sectioning and 

antibody stained as previously described (Berberoglu et al., 2017; Bird et al., 2012). The 

following primary antibodies were used at the noted dilutions: chicken anti-GFP (ab13970, 

Abcam; 1:2000), mouse anti-Pax7 (DSHB; 1:20), rabbit anti-Laminin (L9393, Sigma; 

1:200), rabbit anti-Rbfox1l (1:1000) (Berberoglu et al., 2017), and anti-Pcna (GTX124496, 

GeneTex; 1:500). Pcna labeling was performed as previously described (Katz et al., 2016). 

Fiber diameter was measured in ImageJ and ≥ 80 fibers were measured from 2–3 sections 

for 2–4 fish per genotype for each time point.

4.6 Myofiber Preps

Myofibers were prepared from adult zebrafish essentially as previously described (Horstick 

et al., 2013). Adult transgenic fish were anesthetized in Tricaine, then sacrificed by 

decapitation, de-finned, skinned, and internal organs were removed. The resulting muscle 

fillets were placed in 3.125mg/mL Collagenase IV in L15 media for 2–2.5 hours and washed 

twice in L15 media before trituration with a Pasteur pipet. Single fibers were selected for 

immediate confocal imaging in L15 media.

4.7 Nuclei, myofiber volume, cross-sectional area, and cell density quantification

Myonuclei counts (Fig. 2 H) were performed using Velocity software (PerkinElmer) on 1–3 

dpf zebrafish embryos and larvae containing the myog:H2B-mRFP transgene. Somites 12 

and 15 were imaged and nuclei were manually counted through the entire z-stack (step size: 

1.0 μm) for each somite imaged. The values reported are the average of the averages for 

combined total nuclei from both somites 12 and 15. For fast muscle cell density on cross 

sections (Figure 4 J), mylpfa:lyn-Cyan positive cells were counted in fast muscle, but not 

slow or intermediate domains, and counts were divided by the area of quantification. Two 

sections were quantified per fish and 2–4 fish per genotype were examined at each 

developmental stage. Using ImageJ, we determined cross-sectional area (CSA) (Figure 4 K) 

for over 50 myofibers per section and 3 non-consecutive sections per fish in two wild-type 

(WT) and two mymk mutant fish. CSA was averaged and compared per genotype using 

student’s T-test. For total myofiber counts (Figure 4 L), we counted fast myofibers using the 

fast muscle label mylpfa:lyn-cyan and slow muscle label smyhc1:GFP at 5 dpf and 2 wpf, 

stages where whole sections fit into a single image; average counts per genotype were 

compared using student’s T-test. To quantify the density of labeled cell types in adult fish 

(Fig. 6 C, F, M), cells were counted throughout the entire slow or fast muscle domain within 

each image and then divided by the area of quantification. Two sections per fish were 

quantified, and the average cell density per fish was compared for three WT and three mymk 
mutant fish using students T-test. For nuclei counts in isolated myofibers (Fig. 7 G and 
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Section 2.8 results text), counts are determined per myofiber then compared among 

genotypes and fiber types using ANOVA and Tukey-Kramer post-hoc analysis. We 

calculated the volume of isolated myofibers (Figure 7 H) by measuring the length and area 

of each fiber on confocal projection, then dividing area by length to find the average width, 

then applied the formula for area of a cylinder (Volume = Pi x [1/2 width] 2 x Length) on at 

least 10 fibers per fiber type for each genotype. Fiber volume per nucleus (Figure 7 I) was 

calculated and averaged over at least 10 fibers per genotype per fiber type. For larval 

myofibers (Figure 7 J), we measured cross-sectional area and length on whole mount images 

and used these measurement to calculate cylindrical volumes. We calculated larval volume 

per nuclei ratios for 10 fibers per fish, and at least 8 fish per genotype at 5 dpf and 2 wpf.

4.8 Swim Tunnel Assay

Adult zebrafish (4–5 months) were tested in a swim tunnel adapted from Gilbert et al. 
(2014). The swim tunnel is a 2 cm by 30 cm long tube connected to an EHEIM aquarium 

pump with King Instrument flowmeter that is adjusted by the use of a water valve. Each fish 

was individually acclimated to the swim tunnel for 15 minutes at the lowest flow rate of 6 

cm/s. After acclimation, the flow was increased by 6 cm/s every 10 minutes for the 

endurance assay and every 1 minute for the sprint assay until the subject fatigued, which was 

defined as the time when the fish was pushed to the back of the tunnel for more than 5 

seconds. After the initial endurance and sprint assays, we let the fish rest for 45 minutes and 

then performed a second endurance assay on each fish. Maximum endurance (Ucrit) and 

maximum sprint speed (Umax) values were calculated as described and reported as a ratio 

(Ucrit/Umax) (Gilbert et al., 2014).

4.9 Muscle Contractile Analysis

Contractile analysis of 3 dpf larvae was performed as described previously (Martin et al., 

2015) and summarized briefly here. To measure contraction, live 3 dpf larvae were 

anesthetized in 0.02% weight/volume tricaine buffered with TrisHCl in Krebs-Henseleit 

solution and then mounted on a custom-built set up between a force transducer and a hook. 

To induce contraction, larvae were stimulated at increasing frequencies, and contractile 

strength was measured at each frequency. The maximal contractile force reached during 

each contraction was recorded, analyzed, and reported per larva. Measurements were 

compared at each contraction frequency using student’s T-test. At 180 Hz we observe fused 

tetanic contractions, wherein muscle tension is sustained at a plateau level.

4.10 RT-PCR

Twenty embryos at 4–8 cell, 6 somite, 20 somite, and 48 hpf stages were solubilized in 

TRIzol (ThermoFisher) for RNA extraction. At larval stages (5 dpf, N=20; 2 wpf, N=12), 

fish were anesthetized in Tricaine and decapitated, then the rest of the fish was immediately 

placed into Ringer’s solution before TRIzol solubilization. Total RNA (2.5 pg) was purified 

and reverse transcribed into cDNA using Superscript VILO master mix (ThermoFisher) 

following manufacturer’s instructions. Products were amplified using a primer in the first 

(5’-ATGGGAGCGTTTATCGCCAAG-3’) and sixth (5’-

TCATACACAGCAGCAGAGGGT-3’) exons.
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4.11 Confocal Imaging

Confocal imaging, except for the images shown in Figure 3, was performed on an inverted 

Nikon TiE microscope equipped with an Andor Revolution WD spinning disk. For Figure 3, 

imaging used an inverted Olympus IX-81 scanning microscope. Lasers used for all figures 

were 405 nm, 445 nm, 488 nm, 561 nm, and 640nm using 10x, 20x, 40x, and 60x objectives.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Live imaging reveals membrane fusion and dispersal during muscle fiber 

formation.

• Myonuclear domain size is established independently of fusion capacity

• The embryonic fusogen jam2a is not vital for fusion by late-larval stages.

• During late-larval stages, zebrafish slow-twitch muscle fibers become 

multinucleate.

• By adulthood, fusion is critical for muscle fiber growth, structure, and 

performance
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Figure 1: Live imaging of slow muscle cell migration concurrent with fast muscle fusion events.
(A-F) Frames from a time-lapse movie (Supplemental Movie 1) of a 19 hpf six1b:lyn-GFP 
(green); smyhc1:lyn-tdTomato (magenta) double transgenic embryo. (A’-F’) Pseudo-colored 

images show the slow muscle channel (white) from frames (A-F) overlaid with the shape of 

two fast muscle precursors (green) as they interact with slow muscle cells and extend 

anteriorly. Dotted outlines in A’ show somite boundaries (yellow). (G-N) Frames from a 

time-lapse movie of a 20 hpf six1b:lyn-GFP (green); smyhc1:lyn-tdTomato (blue) double 

transgenic embryo injected with mRNA encoding H2B-CFP (fuchsia). The movie 
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(Supplemental Movie 2), which spans 92.5 minutes, was taken when fusion is actively 

occurring. (G’-N’) Illustrations depict a pair of fusing cells from Supplemental Movie 2 (G-

N; white arrowhead). The time stamp of each frame is indicated. Scale bars in F’ (for A-F’) 

and N (for G-N) are 20 μm.
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Figure 2: Embryonic skeletal muscle fusion requires mymk.
(A) The mymkCRISPR target site is within exon 3. (B) DNA lesions for mymkoz17 and 

mymkoz25 induced at the CRISPR target sequence (bold text), with the corresponding wild-

type (WT) sequences (red text is deleted in mutant). (C) The resulting frame-shifting 

mutations are predicted to introduce 4 and 30 aberrant amino acids respectively (grey text), 

followed by a premature stop codon (*) that would truncate the protein in transmembrane 

(TM) domain 5 and eliminate C-terminal fusogenic elements (Millay et al. 2016). (D) 
Forward (fwd) and reverse (rev) primers (orange arrowheads) for RT-PCR amplify exons 1 

through 6 of the cDNA including the mymkoz17 lesion site in exon 3 (green arrowhead). (E) 
RT-PCR of mymk and jam2a transcripts in wild-type (WT) and mymkoz17 mutant 

individuals at 48 hpf. (F-G’) Wild-type embryos (F, F’) contain multinucleated fast fibers at 

48 hpf, while fast fibers in mymkoz17 mutant embryos (G, G’) are mononucleate, with the 

single nucleus in each fiber located about midway between fiber tips. myog:H2B-mRFP 
(white) marks myonuclei, mylfpa:lyn-cyan (green) labels fast muscle cells, and 

smyhc1:EGFP (aqua) labels slow muscle cells. (H) The total number of myonuclei per 

somite is reduced in mymk mutants compared to WT siblings beginning at 48 hpf. 

Myonuclei in somites 12 and 15 of each embryo were counted and averaged to get the 

number per somite (n= 6 for 24 hpf, n=8 for 48 hpf and 72 hpf). (Student’s t-test, p*** < 

0.001). Scale bar in E’ (for D-E’) is 100 μm.
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Figure 3: jam2a is no longer required for multinucleation by 2 weeks post fertilization.
(A-F) Sagittal confocal sections of 3MuscleGlow transgenic fish at 5 dpf (A, C, E) and 2 

wpf (B, D, F). myog:H2B-mRFP (white) labels myonuclei, mylfpa:lyn-cyan (green) marks 

fast muscle cell membranes, and smyhc1:EGFP (aqua) marks slow muscle cells; myotomal 

boundaries are indicated by dotted lines (magenta). (G) Quantitative analysis reveals that 

mymk mutant myofibers are typically mononucleate at both stages. jam2a mutant myofibers, 

which are typically mononucleate at 5 dpf, are consistently multinucleate at 2 wpf. (H) An 

example of a rare mymk mutant fast myofiber with two nuclei (red arrows). Scale bars in A 
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(for A, C, E) and B (for B, D, E) are 100 μm. Significance determined by ANOVA with 

Tukey-Kramer post-hoc analysis (p*** < 0.001 compared to WT; n.s. indicates not 

significant).
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Figure 4: mymk is required for normal myofiber growth.
Transverse sections through the mid-trunk region of wild-type (WT) (A-D) and mymkoz17 

(E-H) 3MuscleGlow transgenic fish at 5 days, 2 weeks, 1 month, and 3 months post-

fertilization. myog:H2B-mRFP (white) labels myonuclei, mylfpa:lyn-cyan (green) marks 

fast muscle cell membranes, and smyhc1:EGFP (aqua) marks slow muscle cells. Insets show 

magnified images of regions indicated by the dotted box. (I) Diameter of mylpfa-expressing 

fast muscle cells in WT and mymkoz17 individuals at the same stages, with trends over time 

determined by linear regression (model R2 is 0.97). (J) Fast muscle cell density is shown for 
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the same WT (green) and mymkoz17 (purple) individuals as in (I) and regression lines show 

trends through time (model R2 is 0.63). Linear regression was performed in JMP using 

standard least squares modeling. (K) Adult myofiber cross-sectional area is higher in WT 

than mymkoz17 in both slow and fast myofiber types. (L) Total myofiber counts per section 

are lower in WT than in mymkoz17 at 5 dpf and 2 wpf. Scale bars in E (for A, E), in F (for B, 

F, C, G), and in H (for D, H) are 100 μm. Student’s t-test, p**<0.01, p***< 0.001.
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Figure 5: Muscle performance is severely compromised in adult mymk mutants.
(A,B) Dorsal view of wild-type (WT) (A) and mymk mutant (B) adult fish showing the 

difference in muscle size. jam2a individuals are indistinguishable from wild-type (Si et al., 

2018; Zhang and Roy, 2017; and data not shown). (C) Swim tunnel performance of adult 

fish (3–6 months) reveals a dramatic difference in endurance and sprint capacity of mymk 
mutant and wild-type siblings (n=5 each) but no difference between jam2a mutant and wild-

type siblings (n=6 each). (D,E) Assays of raw contractile force in stimulated 3 dpf mymk 
mutant and sibling control larvae (D) (n=3–10 tested per frequency) and jam2a mutant and 

sibling control larvae (E) (n=4 WT and n=6 jam2a mutant embryos tested per frequency) 

indicate no significant force difference among comparable genotypes. At higher frequencies, 

muscle-specific force trends lower in both mutants but the difference is not statistically 

significant. (F-G”) Transverse sections of adult WT (F-F”) and mymk mutants (G-G”), near 

the horizontal myoseptum, immunolabeled to detect Laminin (green). Magnified views of 

boxed regions in F and G show fast muscle (FM; white box) (F’ and G’) and slow muscle 

(SM; yellow box) (F” and G”) regions of WT and mymk mutant individuals respectively. 

Scale bar in G (for F and G) is 100 μm and scale bar in G” (for F’-G”) is 25 μm. Student’s t-

test, p*** < 0.001.
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Figure 6: Cell proliferation and Pax7-positive satellite-like cell number are dramatically 
increased in adult mymk mutants.
(A, B) Transverse sections near the horizontal myoseptum (HM) of wild-type (WT) (A) and 

mymk mutant (B) adult skeletal muscle showing Pcna expression (grey) which marks 

proliferating nuclei. (A’ and B’) Magnified images of boxed regions in A and B. (C) Graph 

showing the average number of Pcna-positive cells per mm2 near the HM in WT and mymk 
mutant adults. (D, E) Transverse sections of pax7:GFP (green); myog:H2B-mRFP 
(magenta) transgenic WT (D) and mymk mutant (E) adult skeletal muscle colabeled for 
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Pax7 (red), Rbfoxll (blue), and pax7a:GFP (green). pax7a:GFP marks satellite-like cells 

(SLCs) as well as cells that have begun to differentiate; SLCs can be unambiguously 

identified by their intensely Pax7-positive nuclei. myog:H2B-mRFP (magenta) marks 

myonuclei; expression of myog:H2B-mRFP and pax7:GFP transgenes rarely overlap in 

adult WT muscle (Berberoglu et al., 2017). (F) The average number of Pax7-positive cells 

per mm2 near the HM and in dorsal fast muscle of WT and mymk mutant adults. (G-K’) 
Magnified views of boxed regions in D and E show the merged (G, G’) and individual 

confocal channels for Pax7 (H, H’), pax7a:GFP (I, I’), myog:H2B-mRFP (J, J’) and Rbfoxll 

(K, K’) in adult WT (G-K) and mymk mutant (G’-K’) muscle. Arrowheads indicate SLCs 

(yellow), myoblasts (teal), and myofibers (magenta). (L) Summary of cell types based on 

expression overlap. (M) Number of SLCs (strongly Pax7-positive and GFP-positive), 

myoblasts (GFP-and Rbfoxll-positive), and myofibers (Rbfoxll-and RFP-positive) in WT 

and mymk mutant adult slow and fast muscle domains. Student’s f-test (p*** < 0.001, p** < 

0.01). Scale bar in B (for A and B) and E (for D, E) is 100 μm, in B’ (for A’ and B’) is 15 

μm, and in K’ (for G-K’) is 20 μm.
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Figure 7: Fast and slow myofiber size is tightly correlated to myonuclei number in both wild-type 
and fusion-impaired mutant fish.
(A-F) Individual myofibers were isolated from wild-type (WT) (A, D), jam2ahu3319 mutant 

(B, E) and mymkoz17 mutant (C, F) adults. Myonuclei are marked by expression of the 

myog:H2B-mRFP transgene (white), fast myofibers by the mylfpa:lyn-cyan transgene (A-C, 

green), and slow myofibers by the smyhc1:EGFP transgene (D-F, blue). Yellow arrowheads 

indicate two of the nuclei in a mymkoz17 mutant slow fiber (F). (G) Graph showing the 

average nuclei per fast (green) and slow (blue) myofiber isolated from WT, jam2a mutant, 

and mymk mutant adults. (H) Myofiber volume was calculated for the same isolated 

myofibers by measuring length, area, and then applying the formula for volume of a 

cylinder. (I) The average myofiber volume per nucleus, an approximation of myonuclear 

domain size, is similar for all fast myofibers and for all slow myofibers, regardless of 

genotype. (J) At earlier times, we also found no difference in fast muscle myonuclear 

domain size among WT (black), jam2ahu3319 mutant (brown), and mymkoz17 mutant 

(purple) larvae (myofiber volume per nucleus was calculated using 5 dpf and 2 wpf datasets 

from Figure 3). (K-L’) Individual fast (K) and slow (L) myofibers were isolated from 3 wpf 

WT fish, and shown as merged images, color-coded as above (K, L), and as myog:H2B-
mRFP single channel images (K’, L’). Scale bars in A (for A-F) and K (for K-L’) are 100 

μm. Significance determined by ANOVA and Tukey-Kramer post-hoc analysis (p*** < 

0.001 compared to WT; n.s. indicates not significantly different from WT at P of 0.05).
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Figure 8: As slow muscle fusion ensues, mymk is expressed in cells near myofibers, but not in 
myofibers themselves.
(A-B) Transverse sections of wild-type larvae at 2 weeks post fertilization (wpf) (A) and 4 

wpf (B), processed by fluorescent in situ hybridization (FISH) to detect smyhc1 (magenta) 

and mymk (green) transcripts; arrowheads (yellow) indicate a subset of the mymk-positive 

cells. Magnified images (A’ and B’) of boxed regions in A and B show that smyhc1 (A” and 

B”) and mymk (A”’ and B”’) are expressed in distinct cell types at both time points. Scale 

bar in B (for A, B) is 100 μm and in B”’ (for A’-B”’) is 25 μm.
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Figure 9: Muscle fusion mechanisms are developmentally regulated.
Model describing developmentally-regulated muscle fusion in zebrafish. (A) Diagram of cell 

positions in a newly formed somite, viewed from dorsal, showing anterior border cells 

(ABCs; purple), fast myoblasts (green), and an elongated slow muscle cell (blue). (B) Cell 

dynamics during embryonic cell fusion. (B1, B2) As a slow muscle cell moves laterally, 

ABCs also shift position and are replaced at the anterior border by fast myoblasts. (B3-B5) 

Fast myoblasts then sequentially fuse toward the posterior somite border. (C) Diagram of a 

somite after slow muscle cell migration. At this stage, slow muscle cells are mononucleate 
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and fast muscle cells are multinucleate. After shifting position, ABCs are called the external 

cell layer (ECL) in some studies and dermomyotome (DMM) in others. See reviews for 

further details on embryonic muscle development in zebrafish (Goody et al., 2017; Jackson 

and Ingham, 2013; Li et al., 2017; Sampath et al., 2018; Stellabotte and Devoto, 2007). (D) 
Muscle arrangement in late larval stages, prior to slow muscle fusion. By this stage there are 

three fiber types: fast (green), intermediate (int., gray), and slow (blue), and the slow muscle 

region is enriched for satellite-like cells (SLCs, purple) (Berberoglu et al., 2017). (E) In late-

larval stages, we hypothesize that SLCs produce mymk-positive muscle progenitors 

(orange). These progenitors could potentially fuse into both fast and slow muscle fibers 

(orange arrowheads), resulting in the addition of new myonuclei (black arrowheads). (F) By 

late-larval stages, all muscle fiber types are multinucleate.
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