
Mechanisms of myoblast fusion during muscle development

Ji Hoon Kim1, Peng Jin1, Rui Duan1, and Elizabeth H. Chen1,2

1Department of Molecular Biology and Genetics, Johns Hopkins University School of Medicine, 
Baltimore, MD 21205

Abstract

The development and regeneration of skeletal muscles require the fusion of mononulceated 

muscle cells to form multinucleated, contractile muscle fibers. Studies using a simple genetic 

model, Drosophila melanogaster, have discovered many evolutionarily conserved fusion-

promoting factors in vivo. Recent work in zebrafish and mouse also identified several vertebrate-

specific factors required for myoblast fusion. Here, we integrate progress in multiple in vivo 

systems and highlight conceptual advance in understanding how muscle cell membranes are 

brought together for fusion. We focus on the molecular machinery at the fusogenic synapse and 

present a three-step model to describe the molecular and cellular events leading to fusion pore 

formation.

Introduction

Skeletal muscle is a unique tissue composed of bundles of multinucleated muscle fibers. 

Each myofiber is the product of fusion of hundreds or thousands of mononucleated muscle 

cells known as myoblasts. Myoblast fusion is critical not only for skeletal muscle 

development during embryogenesis, but also for satellite cell-mediated muscle regeneration 

in adults [1,2]. For myoblast fusion to occur, two fusion partners must recognize each other, 

adhere their plasma membranes, open up fusion pores to allow cytoplasmic material 

exchange and, ultimately, merge into one cell. As with any membrane fusion event, the rate-

limiting step for successful myoblast fusion is bringing two cell membranes into close 

proximity to facilitate fusion pore formation. Recent studies in multiple model organisms, 

including Drosophila, zebrafish and mouse, have uncovered many molecular components 

required for myoblast fusion in vivo [3]. Mechanistic studies of these components suggest 

that muscle cells take at least three consecutive steps toward fusion pore formation (Figure 

1) – first, muscle cell adhesion mediated by cell adhesion molecules (CAMs); second, closer 

cell membrane apposition mediated by a pair of pushing and resisting forces from the two 

fusion partners; and third, destabilization of the lipid bilayers, which makes them prone to 

fusion. Here, we review the in vivo evidence from Drosophila, zebrafish, and mouse that 

supports the three-step model of myoblast fusion. Insights from myoblast fusion are likely to 
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apply to other cell-cell fusion events, such as fusion between macrophages, osteoclasts, as 

well as sperm and egg.

The first step toward myoblast fusion – recognition and adhesion between 

muscle cells

Drosophila

In Drosophila embryos, myoblast fusion occurs between two types of muscle cells, muscle 

founder cell and fusion competent myoblasts (FCMs), the fates of which are specified by the 

action of transcription factors [4,5]. Muscle founder cells act as “seeds” that attract the 

FCMs and ultimately determine the position, orientation, size, epidermal attachment and 

nerve innervation pattern of the future multinucleated muscle fibers. Recognition and 

adhesion between founder cells and FCMs are mediated by immunoglobulin (Ig) domain-

containing CAMs (type I transmembrane protein) (Figure 2). In founder cells, two paralogs - 

Dumbfounded (Duf), also known as Kin-of-IrreC (Kirre), and Roughest (Rst), also known as 

IrreC - have redundant functions in myoblast fusion [6,7]. In FCMs, Sticks and stones (Sns) 

acts as the major CAM, whose function is partially compensated by its paralog Hibris (Hbs) 

[8-11]. Similar to muscle development in embryos, multinucleated Drosophila adult muscles 

are seeded by Duf-Rst-expressing founder cells, which attract the surrounding Sns-Hbs-

expressing FCMs to fuse during the pupal stage [12,13].

Ectopic expression of either Duf or Rst in embryonic epithelial cells can redirect FCMs to 

these ectopic locations, demonstrating the ability of these Ig domain-containing CAMs to 

attract FCMs [6,7]. However, these CAMs are not sufficient to induce fusion, since 

overexpressing these proteins in heterologous cells causes cell adhesion but not cell fusion 

[14]. Consistent with this observation, recent X-ray crystallographic studies of the C. 

elegans homologs of Duf and Sns, SYG-1 and SYG-2, have shown that their trans-

interaction is mediated by the most N-terminal Ig domains, and that their ectodomains form 

an L-shaped rigid structure propping the two apposing membranes ~45 nm apart [15], a 

distance too large for cell membrane fusion.

Vertebrates

Although it remains unclear whether two types of muscle cells are involved in myoblast 

fusion in vertebrates, studies in zebrafish have implicated a function of a Duf homolog, 

Kirrel (also known as Kirrel3l), in the fusion of muscle cells to form the multinucleated fast 

twitch muscle fibers [16] (Figure 3). Kirrel is expressed in the fast muscle myotome, and 

morpholino treatment of kirrel resulted in mononucleated muscle cells. Notably, these 

mononucleated cells do not seem to properly attach to the myoseptal boundary as do 

multinucleated myofibers in wild-type embryos [16], suggesting that Kirrel may have an 

additional function in muscle cell attachment. Besides Kirrel, the potential function of the 

Sns homolog, Nephrin, in zebrafish muscle development has been explored [17]. However, 

the knockdown level of nephrin by morpholino was less than 50%, preventing a proper 

assessment of its loss-of-function phenotype [17]. On the other hand, cultured primary 

myoblasts from nephrin knockout mice have a decreased ability to fuse, suggesting that 

Nephrin may be involved in mouse myoblast fusion [17].
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In addition to Kirrel and Nephrin, a pair of vertebrate-specific Ig domain-containing 

transmembrane proteins, Jamb and Jamc (also known as Jam2a and Jam3b), have been 

shown to play a role in zebrafish myoblast fusion (Figure 3). Jamb and Jamc are highly 

expressed in the developing zebrafish myotome, and myoblast fusion fails to occur in 

mutant embryos lacking either Jamb or Jamc, as evidenced by the presence of 

mononucleated fast muscle fibers [18]. Transplantation experiments between jamb and jamc 

mutants demonstrate that trans-heterophilic interaction between the two CAMs is essential 

for myoblast fusion [18]. Similar to Duf and Sns, Jamb and Jamc induce strong cell adhesion 

but not cell-cell fusion when expressed in heterologous cells (Chen lab, unpublished). It 

remains to be determined whether Jamb and Jamc are localized and function at sites of 

fusion, how Jamb and Jamc relate to Kirrel, and what signaling components function 

downstream of Jamb and Jamc to regulate myoblast fusion.

Besides these Ig domain-containing CAMs, a cell-matrix adhesion molecule, beta1 integrin, 

is required for myoblast fusion in mouse embryos [19]. However, its localization relative to 

the fusion sites and its precise function during the fusion process remain unknown.

The second step toward myoblast fusion – enhancing cell membrane 

proximity

It is apparent that cell adhesion molecules are not sufficient to bring the membranes of 

fusing partners into close enough proximity required for fusion. Recent studies have 

revealed that the two fusion partners rearrange their actin cytoskeleton and the actomyosin 

network to achieve greater membrane proximity.

FCM: Generating an F-actin-enriched invasive podosome-like structure

Drosophila—Genetic studies in Drosophila led to the identification of many actin 

cytoskeletal regulators in myoblast fusion. Interestingly, most of these regulators affect actin 

polymerization mediated by the Arp2/3 complex, a seven-subunit protein complex that 

nucleates branched actin filaments [20-22] (Figure 2). These include WASP and Scar, two 

actin nucleation-promoting factors (NPFs) of the Arp2/3 complex [20,21,23–25], the 

WASP-interacting protein, WIP/Solitary (Sltr) [20,24], and Kette/Nap1, a subunit of the 

pentameric Scar complex [26]. Upstream of the Scar complex are the small GTPase Rac 

[27,28], an activator of Scar, and Rac’s bipartite guanine nucleotide exchange factor (GEF) 

Mbc-Elmo [29–31]. The localization of Rac is controlled by the small GTPase Arf6 and its 

GEF Loner [32]. The Scar and WASP-WIP complexes are linked to the CAMs by SH2–SH3 

domain-containing adaptor proteins, Crk and Dock [24,33,34], thus responding to the fusion 

signal in a temporally and spatially controlled manner. Strikingly, some of these molecular 

components function in a cell type-specific manner. For example, WASP-WIP and Mbc are 

only required in FCMs, whereas the Scar complex functions in both founder cells and FCMs 

[35,36].

Since genetic studies clearly demonstrated a role for Arp2/3-mediated actin polymerization 

in myoblast fusion, major efforts have been directed to understanding the precise function of 

actin cytoskeletal rearrangement in the fusion process. Immunohistochemical studies have 
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revealed a dense, roundish F-actin-enriched focus at the site of fusion [21,24,37], and live 

imaging studies have demonstrated that each fusion event is mediated by an F-actin focus, a 

transient structure with an average life span of ~ 11 min [21,35]. Initially, it was suggested 

that the F-actin focus was symmetrically partitioned into the adherent founder cell and FCM 

at the site of fusion [21]. However, subsequent genetic, cell biological and electron 

microscopy studies unambiguously localized the actin focus in the FCM, thus revealing the 

striking asymmetry of F-actin accumulation at the site of fusion [35] (Figure 1). Similar F-

actin asymmetry is observed in cultured Drosophila myoblasts [36] and in pupal muscle 

cells undergoing fusion [38]. Such cellular asymmetry results from the asymmetric 

requirement of the Arp2/3 NPFs. While Scar and WASP function in the FCM to generate 

the dense F-actin focus, Scar is required in the founder cell to generate a thin sheath of actin 

at the site of fusion [35]. Strikingly, the roundish actin focus observed using confocal 

microscopy causes an inward curvature on the founder cell membrane, and is actually 

composed of a cluster of invasive finger-like protrusions as revealed by electron microscopy 

[35]. When the confocal section is perpendicular to the axis of the invasive protrusions, the 

actin focus appears to be encircled by the cell adhesion molecules, Duf and Sns [35,37]. 

Such a bipartite configuration with an actin core encircled by adhesion molecules resembles 

that of a podosome, a dynamic cell–matrix adhesion structure mostly studied in cultured 

cells. Thus, this actin-enriched structure at the tip of the FCM is named a podosome-like 

structure (PLS), and the interface between two fusion partners, which comprises trans-

interacting cell adhesion molecules and an invasive PLS from the FCM, is called a fusogenic 

synapse [35,39].

Genetic analyses have shown that proper PLS invasion is essential for fusion pore 

formation. In different fusion mutants where PLS invasion is compromised, fusion pores fail 

to form [33,35,40]. It has been proposed that PLS invasion increases the surface contact 

areas of the apposing fusion partners and pushes the two membranes into closer proximity to 

facilitate cell membranefusion [35, 39]. In support of this, actin-propelled invasive 

membrane protrusions have been shown to promote fusogenic protein engagement in a 

reconstituted cell fusion culture system [14]. Several proteins have been shown to regulate 

PLS invasion through distinct mechanisms. First, in wip/sltr mutant embryos, actin-enriched 

fingers form but fail to protrude into founder cells, suggesting that the WASP–WIP complex 

is required for PLS invasion [35]. Second, mutations in the PH domain containing FCM-

specific protein Blown fuse (Blow) lead to the formation of shorter and smaller PLS 

protrusions [33]. Blow regulates the stability of the WASP–WIP complex by competing 

with WASP for WIP binding (Figure 2). The dissociation of the WASP–WIP complex, in 

turn, increases the dynamics of actin polymerization within the PLS to promote fusion [33]. 

Thus, it is the dynamics, rather than the amount, of actin polymerization that drives fusion 

pore formation. Third, mutations in the Drosophila group I p21-activated kinases (DPaks) 

also compromise PLS invasion [40]. DPak1 and DPak3 are redundantly required in FCMs 

for myoblast fusion with DPak3 playing a major role (Figure 2). The DPaks function 

downstream of the small GTPase Rac, and likely regulate the crosslinking and/or bundling 

of branched actin filaments within the PLS, although the substrate(s) of the DPaks in 

myoblast fusion remain unknown.
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An additional way to regulate actin polymerization at the fusogenic synapse is by increasing 

the concentration of phospholipids. Phosphatidylinositol-(4,5)-bisphosphate, PI(4,5)P2, is 

enriched at both sides of the fusogenic synapse [41] (Figure 2). It has been reported that 

overexpression of the PH domain of PLCγ, which binds PI(4,5)P2, or a kinase-dead form of 

PI(4)-5-kinase in Drosophila embryos inhibited myoblast fusion, presumably by blocking 

the interaction between PI(4,5)P2 and its endogenous downstream targets or sequestering 

the wild-type PI(4)-5-kinase. In these abnormal embryos, actin regulators, such as Rac, 

WASP and Scar, show altered localization and the F-actin foci size is reduced, suggesting 

that PI(4,5)P2 promotes actin polymerization by recruiting actin regulators to the fusion sites 

[41]. However, it is unclear whether PI(4,5)P2 affects PLS invasion and loss-of-function 

studies of the PI(4)-5-kinases are required to validate the endogenous function of PI(4,5)P2 

in myoblast fusion.

Vertebrates—Many of the actin polymerization regulators identified in Drosophila have 

been shown to play a conserved role in vertebrate myoblast fusion in vivo (Figure 3). These 

include the Mbc homolog DOCK1 and DOCK5 in zebrafish and mouse [42,43], the small 

GTPase Rac1 in zebrafish and mouse [42,44], and N-WASP in mouse [45], suggesting that 

vertebrate myoblast fusion may involve similar actin cytoskeletal rearrangements as in 

Drosophila, although the subcellular localization and the potential sidedness of these 

proteins have not been investigated. In addition, Baas et al. have identified a role for Casein 

kinase 2 interacting protein-1 (CKIP-1), a phospholipids binding protein, in fast muscle 

development in zebrafish embryos [46]. Morpholino knockdown of ckip-1 impairs fast 

muscle myoblast fusion and elongation without affecting muscle differentiation. Ckip-1 

binds to actin capping protein and ArpC1A subunit of the Arp2/3 complex, which, in turn, 

regulates actin cytoskeletal dynamics. It remains unclear whether Ckip-1 regulates actin 

polymerization at the fusion sites and how it may coordinate the dynamics of phospholipids 

and the actin cytoskeleton in the fusion process.

Founder cell: increasing cortical tension via Myosin IImediated mechanosensory response

Studies of actin polymerization in FCMs have firmly established the concept of an 

“asymmetric fusogenic synapse” in myoblast fusion. However, it was not clear how founder 

cells respond to the PLS invasion from FCMs. Kim et al. have shown that the founder cell 

mounts a Myosin II (MyoII)-mediated mechanosensory response to its invasive fusion 

partner in Drosophila embryos and a reconstituted cell-fusion culture system [47] (Figure 1 

and 2). MyoII acts as a mechanosensor, which directs its force-induced recruitment to the 

fusogenic synapse, and the mechanosensory response of MyoII is amplified by Duf-initiated 

chemical signaling through Rho1 and Rok. The accumulated MyoII, in turn, increases 

cortical tension and promotes fusion pore formation [47]. Thus, the protrusive and resisting 

forces from the FCM and the apposing founder cell, respectively, put the fusogenic synapse 

under high mechanical tension, which helps to overcome energy barriers for membrane 

apposition and drives cell membrane fusion. Interestingly, another myosin molecule, myosin 

18, also accumulates at the fusogenic synapse in the founder cell [48], raising the possibility 

that the two myosins may function together to modulate cortical tension in founder cells. 

Future studies are required to investigate the potential functions of Rho, Rok and MyoII in 

vertebrate myoblast fusion in vivo.
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The third step toward myoblast fusion – destabilizing the lipid bilayer

Once the two muscle cell membranes are brought into close proximity by the interplay 

between the protrusive and resisting forces from the two fusion partners, the lipid bilayer 

needs to be destabilized to facilitate fusion pore formation. Studies in Drosophila have yet to 

reveal any molecular components that directly facilitate this step of myoblast fusion. 

However, studies in cultured mouse C2C12 myoblasts in vitro suggested that transient 

exposure of phosphatidylserine (PS) on the cell surface may play a role in myoblast fusion 

[49,50]. Consistent with this hypothesis, Hochreiter-Hufford et al. identified a function for 

Brain-specific angiogenesis inhibitor 1 (BAI1), a cell surface receptor for PS, in myoblast 

fusion in vivo [51] (Figure 3). The BAI1 knockout mice exhibit a reduction in their ability to 

repair muscle without displaying major defects in muscle development. BAI1 is a member 

of the adhesion G-protein-coupled receptor family that recognizes PS exposure on apoptotic 

cells and initiates signaling cascade through the ELMO/Dock180/Rac1 pathway [52]. 

Recent studies of another BAI family member, BAI3, revealed a role for this protein in 

myoblast fusion during skeletal muscle development in chick embryos [53]. Similar to 

BAI1, BAI3 promotes myoblast fusion through its binding to ELMO. The functional 

requirement of BAI family members in skeletal muscle development and regeneration, 

therefore, indirectly supports a role for PS exposure in myoblast fusion in vivo. Given that 

myoblast fusion is a tightly regulated process, PS exposure is likely one of the many 

changes within the lipid bilayer leading to fusion pore formation. Future investigations are 

required to identify additional mechanisms underlying lipid destabilization and fusion pore 

formation.

Other cellular processes during myoblast fusion

Exocytosis

Electron microscopy (EM) and genetic analyses in Drosophila have indicated a role of 

exocytosis in myoblast fusion. EM analyses of Drosophila embryos revealed vesicles with 

electron-dense rims at muscle cell contact sites [20,22,24-26,54-56]. These vesicles appear 

to bud from the Golgi and traffic on microtubules [24]. Although similar vesicles have not 

been observed in the vicinity of actin-propelled membrane protrusions at the asymmetric 

fusogenic synapse, they may be involved in earlier exocytic events that transport cell 

adhesion molecules and/or fusogenic proteins to the plasma membrane. The molecular 

composition of these vesicles requires future investigation. Another piece of evidence to 

support the involvement of vesicle trafficking in myoblast fusion is the finding that a 

founder cell-specific adaptor protein, Antisocial/Rolling pebbles (Ants/Rols) [55,57,58], 

functions to replenish the cell adhesion molecule Duf by translocating Duf in exocytic 

vesicles [59]. Moreover, genetics studies have implicated Singles bar (Sing), a MARVEL 

domain-containing four-pass transmembrane protein, in myoblast fusion [56] (Figure 2). In 

sing mutant embryos, myoblast fusion is severely blocked, whereas muscle cell 

differentiation, migration and attachment appear normal. Since MARVEL domains are often 

found in lipid-associating proteins that are part of transport vesicles, Sing may be involved 

in vesicle trafficking during myoblast fusion. However, the precise localization and function 

of Sing in the fusion process remains to be explored.
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Endocytosis

A role for endocytosis has been recently shown in myoblast fusion. Shin et al. depleted 

dynamin, a large GTPase responsible for endocytosis, in primary myoblasts isolated from 

dynamin 1 and 2 double conditional knockout mice and observed a significant decrease in 

myotube formation [60]. This result is consistent with those of RNAi knockdown of 

dynamin in cultured C2C12 cells and primary myoblasts [61]. Blocking endocytosis by 

other means also decreased C2C12 myoblast fusion [60]. Despite these findings, the specific 

function of endocytosis in myoblast fusion in vivo is yet to be established.

Membrane curvature modulation

Given the presence of finger-like protrusions at the fusogenic synapse, it is conceivable that 

curvature-binding proteins may be required to stabilize these protrusions and promote 

myoblast fusion. Although a function of such proteins has not been revealed in Drosophila, 

a Rho- GTPase activating protein (GAP), GRAF1, which contains a lipid-binding BAR 

domain, a PH domain, a Rho-GAP domain and an SH3 domain, has been shown to play a 

role in mouse myoblast fusion in vivo [62] (Figure 3). GRAF1-depleted mice exhibit a 

significant and persistent reduction in cross-sectional area of post-natal muscles, indicative 

of a myoblast fusion defect. In contrast, overexpression of GRAF1 in cultured myoblasts 

induced robust fusion, which is dependent on both GAP and BAR domains. Whether the 

BAR domain in GRAF1 affects plasma membrane curvature in myoblast fusion is currently 

unknown.

Additional membrane-associated factor

Recent loss-of-function studies in mouse have identified an essential function for Myomaker 

(Tmem8c), a multi-pass transmembrane protein, in myoblast fusion [63] (Figure 3). 

Myomaker is exclusively expressed in the developing skeletal muscle. Embryonic skeletal 

muscle tissue in myomaker knockout mice contains only mononucleated myoblasts that are 

properly differentiated, demonstrating an indispensible function for Myomaker in myoblast 

fusion in vivo. Although Myomaker is undetectable in adult skeletal muscle, it is transiently 

induced to express in satellite cells after muscle injury [64]. Conditional knockout of 

Myomaker in satellite cells results in a complete block of muscle regeneration [64]. Thus, 

Myomaker is essential for both skeletal muscle development and regeneration. In addition, 

the Myomaker homolog in zebrafish has also been implicated in myoblast fusion, revealing 

a functional conservation of this protein in vertebrates [65]. Interestingly, although 

Myomaker is not sufficient to induce fusion in fibroblasts by itself, overexpressing 

Myomaker in fibroblasts makes these fibroblasts prone to fusion with myoblasts [63]. Future 

investigations are required to pinpoint Myomaker’s precise function in myoblast fusion.

Concluding remarks

The past decade has witnessed unprecedented progress in our understanding of myoblast 

fusion, owing to the application of multifaceted experimental approaches and studies in 

multiple genetically amenable model systems. The discovery of the asymmetric fusogenic 

synapse has overturned the conventional view that myoblast fusion is a symmetrical process 

with equal contributions from both fusion partners. A biophysical framework has emerged in 
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that protrusive and resisting forces from the two fusion partners put the fusogenic synapse 

under high mechanical tension to drive cell membrane fusion. Many outstanding questions 

concerning the mechanisms of myoblast fusion still remain, For example, how exactly are 

the lipid bilayers destabilized at the fusogenic synapse? How are proteins and lipids 

organized into specific microdomains on the plasma membrane along the invasive 

protrusions? What is the identity of the elusive myoblast fusogen? Answers to these 

questions and many others posed throughout this review will continue to bring excitement to 

this research field in the next decade.
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Figure 1. The three-step model describing the cellular events leading to fusion pore formation in 
myoblast fusion
Step 1 – The initial cell adhesion between a founder cell and an FCM is mediated by Ig 

domain-containing CAMs. Step 2 – Following cell adhesion, the FCM generates actin-

propelled membrane protrusions to invade the apposing founder cell, the latter of which 

mounts a myosin II-mediated mechanosensory response to increase the cortical tension and 

therefore cortical resistance to the FCM invasion. Step 3 – once the two plasma membranes 

are brought into close proximity by the invasive and resistance forces, the lipid bilayers are 

destabilized, leading to the formation of a fusion pore. A hypothetical scenario depicted here 

is that PS could be flipped from the inner to the outer leaflet, resulting in a more 

disorganized outer leaflet prone to fusion.
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Figure 2. Signaling pathways leading to asymmetric F-actin and myosin accumulation in 
Drosophila myoblast fusion
Trans-interaction between cell type-specific CAMs, such as Duf (founder cell; with 5 Ig 

domains) and Sns (FCM; with 8 Ig domains), triggers distinct signaling events in founder 

cells and FCMs. Briefly, in the founder cell, activation of Scar results in the formation of a 

thin sheath of F-actin at the fusogenic synapse. In addition, the Rho1-Rok-MyoII pathway 

amplifies the mechanosensitive accumulation of MyoII at the fusogenic synapse. In the 

FCM, activation of both Scar and WASP leads to the formation of an F-actin-enriched 

focus, which is part of an invasive podosome-like structure. For the functions of other 

components shown here, see the text.
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Figure 3. Signaling components required for vertebrate myoblast fusion in vivo
Due to the lack of molecular and cellular markers for the fusogenic synapse in vertebrates, 

the localization and potential sidedness of these proteins are hypothetical.
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