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Abstract

During multicellular organism development, complex structures are sculpted to form
organs and tissues, which are maintained throughout adulthood. Many of these pro-
cesses require cells to fuse with one another, or with themselves. These plasma

Current Topics in Developmental Biology # 2021 Elsevier Inc.
ISSN 0070-2153 All rights reserved.
https://doi.org/10.1016/bs.ctdb.2020.12.013

1

ARTICLE IN PRESS

https://doi.org/10.1016/bs.ctdb.2020.12.013


membrane fusions merge endoplasmic cellular content across external, exoplasmic,
space. In the nematode Caenorhabditis elegans, such cell fusions serve as a unique
sculpting force, involved in the embryonic morphogenesis of the skin-like multinuclear
hypodermal cells, but also in refining delicate structures, such as valve openings and the
tip of the tail. During post-embryonic development, plasma membrane fusions con-
tinue to shape complex neuron structures and organs such as the vulva, while during
adulthood fusion participates in cell and tissue repair. These processes rely on two
fusion proteins (fusogens): EFF-1 and AFF-1, which are part of a broader family of struc-
turally related membrane fusion proteins, encompassing sexual reproduction, viral
infection, and tissue remodeling. The established capabilities of these exoplasmic
fusogens are further expanded by new findings involving EFF-1 and AFF-1 in endocytic
vesicle fission and phagosome sealing. Tight regulation by cell-autonomous and
non-cell autonomous mechanisms orchestrates these diverse cell fusions at the correct
place and time—these processes and their significance are discussed in this review.

1. Introduction

Membrane fusion is essential for many functions in eukaryotes, from

intracellular trafficking, to organ formation, to fertilization itself (Brukman,

Uygur, Podbilewicz, & Chernomordik, 2019; Hernández & Podbilewicz,

2017; Petrany & Millay, 2019; Segev, Avinoam, & Podbilewicz, 2018).

Such fusion requires special effort: a cell (or any membrane-covered com-

partment) is a stable structure, and has no “energetic incentive” to join its

lipid membrane into a neighboring cell’s membrane, nor to form an opening

between them (Chernomordik &Kozlov, 2008;Markvoort &Marrink, 2011).

A unique type of proteins, called fusogens, mediate this process by bringing the

apposing membranes into close proximity, reducing the “effort” required to

elicit membrane fusion (Chernomordik & Kozlov, 2008; Markvoort &

Marrink, 2011). Cell-to-cell fusion also calls for dedication, and some degree

of compatibility: Since a cell may or may not express a fusogen on its surface,

cells differ in their relative “dedication” to fusion, and such fusogen expres-

sion may be regulated by numerous signaling pathways (del Campo et al.,

2005; Shemer et al., 2004; Shemer & Podbilewicz, 2003). Moreover,

some fusogens utilize a bilateral mechanism, and are required on both fusing

membranes—this represents a measure of “compatibility” in the merger of

adjacent cells. This unique property is absent in unilateral fusogens, such as

those facilitating viral infection (Aguilar et al., 2013; Brukman et al., 2019;

Podbilewicz, 2014; Segev et al., 2018; Shinn-Thomas & Mohler, 2011).

Developmental cell fusions are a driving force in the sculpting of organs

and tissues, such as muscle and bone (Petrany&Millay, 2019; Shin et al., 2014;

Verma, Leikina, Melikov, & Chernomordik, 2014; Yagi et al., 2005).
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Such processes represent a unique angle into understanding membrane

fusion on a more global level and are often tightly regulated in space and

time. While the process of membrane fusion has been the focus of research

in cell biology for over half a century (Palade, 1975; Rothman, 2014;White,

1992; Wickner & Schekman, 2008), we still do not fully understand the

structural properties, temporal and spatial control, and diversity of roles that

fusogens play in all aspects of life.

The nematode Caenorhabditis elegans (C. elegans) provides an excellent

model for studying developmental fusion events: an invariant and fully char-

acterized cellular lineage allows for the unique identification of every cell’s

fate during development (Sulston & Horvitz, 1977; Sulston, Schierenberg,

White, & Thomson, 1983). Moreover, many of the cells are destined to fuse

with others: the worm is covered by a skin-like tissue called hypodermis,

which is formed by an intricate fusion of multiple epithelial cells to create

a multinucleate layer (syncytium) (Podbilewicz & White, 1994; Sulston

et al., 1983). In the young adult, approximately one-third of all somatic nuclei

reside in multinucleate cells that originate by fusion (Podbilewicz & White,

1994). While such extensive developmental syncytiogenesis is to be found

in other organisms, such as glass sponges (hexactinellids) (Leys, 2003), and

during tissue formation of mammalian muscle (Petrany & Millay, 2019)

and bone (Shin et al., 2014; Verma et al., 2014), C. elegans epithelia under-

goes a reproducible and finite number of fusion events, which facilitates

precise study.

A screen for epithelial fusion defects led to the discovery of the gene eff-1

(epithelial fusion failure-1) (Mohler et al., 2002) and further studies indicated

that EFF-1 is a bona fide fusogen (Podbilewicz et al., 2006; Shemer et al.,

2004). A second C. elegans fusogen, AFF-1, was found to mediate anchor

cell fusion (aff-1, anchor cell fusion failure-1) which forms part of the reproduc-

tive system (Sapir et al., 2007). Fusions mediated by EFF-1 or AFF-1 would

not occur in their absence, making them entirely necessary for membrane

merger (Mohler et al., 2002; Sapir et al., 2007). As bona fide fusogens,

EFF-1 and AFF-1 are also sufficient in themselves to induce a fusion event

which would otherwise not occur (Sapir et al., 2007; Shemer et al., 2004).

The fusogenic activity of EFF-1 and AFF-1 requires their presence on both

opposing membranes (Podbilewicz et al., 2006; Sapir et al., 2007), indicating

their bilateral mechanism of activity. Subsequent characterization of both

fusogens established that AFF-1 is similar enough to EFF-1 to enable their

functional interaction in heterologous systems (Avinoam et al., 2011) and pos-

sibly in vivo (Meledin et al., 2020; Oren-Suissa, Gattegno, Kravtsov, &

Podbilewicz, 2017), as will be discussed below.
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The determination of EFF-1 atomic structure by X-ray crystallography

(P�erez-Vargas et al., 2014) uncovered high structural similarity to viral class

II fusogens, and more recently this homology was extended to include

GCS1(HAP2) proteins which mediate sperm-egg fusion in plants and mat-

ing in protists (F�edry et al., 2017; Feng et al., 2018; Hirai et al., 2008; Liu

et al., 2008; Mori, Kuroiwa, Higashiyama, & Kuroiwa, 2006; P�erez-Vargas
et al., 2014; Valansi et al., 2017; von Besser, Frank, Johnson, & Preuss,

2006). These fusogens represent a protein family, evolutionarily conserved

enough as to allow the nematode EFF-1 to functionally interact with plant

GCS1(HAP2) (Valansi et al., 2017). Such a tight mechanistic resemblance,

which is not directly mirrored in the proteins’ constituent amino acids

(Valansi et al., 2017), presents a challenge but also great promise in the quest

to map ancestrally-distant orthologs and their phylogenetic relations (see

Hernández & Podbilewicz, 2017; Vance & Lee, 2020). By piecing the mor-

phological contexts involving eff-1 and aff-1 in C. elegans we hope to gain a

better understanding of fusogens and their importance in nematodes and

other organisms. This review covers the functions EFF-1 and AFF-1 play

during development and in adult-stage homeostatic processes in C. elegans,

and what is known about their regulation. Some topics were previously

covered by Soulavie and Sundaram (2016), Giordano-Santini, Linton, and

Hilliard (2016) and Alper and Podbilewicz (2008) and are updated here to

present a more complete view of our current knowledge.

2. Cell fusion in embryogenesis

2.1 Sperm-egg fusion in C. elegans
Before discussing the roles cell fusion plays in the developing embryo, we

must start at the beginning. All sexually reproducing animals begin life by

the fusion of gametes (Brukman et al., 2019). This single ubiquitous event

remains poorly understood in many organisms; the fusogens mediating

sperm-egg fusion in vertebrates, fungi, and inC. elegans, remain unknown.

Multiple genes in C. elegans were shown to result in sterility when muta-

ted, on both sperm and oocyte (Marcello, Singaravelu, & Singson, 2013;

Nishimura & L’Hernault, 2010); however, no protein to date was demon-

strated to be directly sufficient to induce C. elegans gamete fusion. As

mentioned, EFF-1 and AFF-1 are structurally similar to the established

gamete fusogen GCS1(HAP2) (Hirai et al., 2008; Mori et al., 2006;

Valansi et al., 2017); however, they do not assume this role in C. elegans

(Sapir et al., 2007). Numerous promising candidates exist (to name but
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a few): SPE-45, homologous (Nishimura, Tajima, Comstra, Gleason, &

L’Hernault, 2015) to the vertebrate crucial gamete adhesion protein

IZUMO1 (Inoue et al., 2013), and SPE-42 and its homolog SPE-49, which

are similar (Wilson et al., 2018) to both theDrosophila sperm acrosomal protein

Sneaky (snky) (Wilson, Fitch, Bafus, &Wakimoto, 2006), and to the vertebrate

proteinDC-STAMPwhich is important in osteoclast fusion (Yagi et al., 2005).

While these proteins are all important in later stages of fertilization, their role as

fusogens was never shown. The first and foremost fusion event, therefore, still

remains a mystery, as we move onto embryonic development.

Around 800minutes after fertilization, theC. elegans embryo forms, with

671 nuclei each assuming its correct location and fate (Sulston et al., 1983).

These fates may involve programmed cell death, or, indeed, fusion (Sulston

et al., 1983). Cell-to-cell fusions were shown to sculpt tubular elements in

the excretory and the digestive system, as well as shape fine structures such as

the tip of the tail. Conversely, fusions also mediate large-scale hypodermal

syncytia formation, joining 23 epidermal cells in the embryo to form hyp7

syncytium (Fig. 1A and B). The following sections describe these processes

and their regulation (Fig. 1); hypodermal morphogenesis continues through

larval development (see Fig. 2), as will be discussed in the following parts.

2.2 AFF-1-mediated self-cell fusion and endocytic fission shape
the excretory duct cell

The excretory system in C. elegans assumes a kidney-like role. It consists of

three interconnected hollow cells: the canal (or excretory) cell, which draws

fluids and possibly waste products from the worm’s body, connects with the

duct cell, which bonds with the pore cell. The pore cell is attached to the

outer cuticle on the ventral side and opens the system to the external envi-

ronment (Buechner, 2002; Nelson, Albert, &Riddle, 1983) (Fig. 1B andC).

Interestingly, each cell becomes hollow by a different mechanism: The

pore cell wraps around itself in a C-shape to form a hollow center yet does

not auto-fuse (Nelson et al., 1983), the canal cell merges multiple intracel-

lular vacuoles forming an internal cavity which later opens to the cell exte-

rior (Berry, B€ulow, Hall, & Hobert, 2003; Buechner, 2002), and the duct

cell wraps around itself and auto-fuses to form a toroid (Stone, Hall, &

Sundaram, 2009) (Fig. 1C). Elegant work by Sundaram and colleagues has

shown that duct cell auto-fusion depends on AFF-1 (Stone et al., 2009).

AFF-1 is transduced by fate-determining pathways involving EGF/Ras/

MAPK, and also participates in duct cell elongation independently of auto-

fusion (Soulavie et al., 2018). Unusually for an exoplasmic fusogen, which acts
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Fig. 1 Cell fusions in embryonic development. (A) Comma-stage embryo before dorsal
fusions. Dashed blue: EFF-1-mediated fusions disassembling apical junctions. White
encased and striped in red: AFF-1-mediated fusions disassembling apical junctions.
Right dorso-lateral view (see Podbilewicz & White, 1994). Regulatory factors are col-
ored according to the legend categories where applicable. d.s. deirid sensillum (see
Brunschwig et al., 1999) (B) Left view of 1.5-fold embryo, after most dorsal fusions.
Junctions 1/2 and 2/3 (black arrows; B) are largely maintained during the comma stage
(Gattegno et al., 2007) and will fuse later (Podbilewicz & White, 1994). Light blue: seam
cells (lateral). Dark orange: P cells (ventral). Black lines: apical junctions. Nuclei are rep-
resented as black empty circles. Insets C–E refer to specific fusions: (C) AFF-1 mediates
auto-fusion of the excretory duct cell, as well as basolateral endocytic fission (white
vesicles). let-60/Ras plays a key role in determining the fates of the duct cell: in
gain-of-function (gf) let-60 mutants, the future excretory pore cell instead assumes
a duct fate, and the two ducts fuse together in an AFF-1-dependent fashion
(Abdus-Saboor et al., 2011). let-60/Ras acts within the EGF/Ras/ERK pathway, promot-
ing duct-cell fate through lin-1 (an Ets transcription factor) and eor-1 (zinc finger
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in bridging twomembranes across extracellular space, AFF-1was also shown

to facilitate duct cell basolateral-membrane endocytic fission of vesicles

(Soulavie et al., 2018) (Fig. 1C).

2.3 Auto-fusion at the pharynx-intestine valve
Another example of auto-fusion forming hollow connections in the devel-

oping embryo is found in the interface between the pharynx (feeding organ)

and the intestine. Connecting between the terminal bulb of the pharynx and

the intestine is a valve, situated such that the posterior-most muscle cell of

the pharynx, called pm8, and the anterior-most cell of the valve, called vpi1,

are tightly bound (Albertson & Thomson, 1976; Rasmussen et al., 2008).

pm8 and vpi1 each form a single mononucleated toroidal ring. This spatial

configuration seems to stem from differential expression of the two different

fusogens: auto-fusion of pm8 depends on AFF-1, while vpi1 auto-fusion

depends on EFF-1, and the two adjacent cells do not merge (Rasmussen

et al., 2008) (Fig. 1D).

Linking another crucial developmental signaling pathway (Greenwald,

2005) with fusogen regulation, Notch is highly expressed in pm8, but not

in vpi1, and activates aff-1 expression, possibly simultaneously repressing eff-1

(Rasmussen et al., 2008). Mutants in lag-1 (a downstream effector of the

Notch pathway) unusually express eff-1 in pm8, eliciting EFF-1-mediated aber-

rant fusion of pm8 with vpi1 (Rasmussen et al., 2008). Thus, the Notch path-

way regulates EFF-1- and AFF-1-induced auto-fusions in the formation of

the pharyngeal valve, preventing their cross-fusion (Rasmussen et al., 2008).

2.4 Tail morphogenesis by fusion
In the formation of the hermaphrodite C. elegans tail, two tail spike cells fuse

and subsequently undergo ced-3-mediated programmed cell death (Chiorazzi

et al., 2013; Sulston et al., 1983). This fusion requires aff-1, as aff-1 mutants

transcription factor), conferring aff-1 expression (Soulavie, Hall, & Sundaram, 2018).
(exc.) excretory. Note the “H”-shaped canal cell is depicted for emphasis yet assumes
this shape later (see Abdus-Saboor et al., 2011). (D) Auto-fusions of the pharynx-
intestinal valve depend on AFF-1 in pm8 and EFF-1 in vpi1, with pm8 fusogen expres-
sion specified by Notch signaling. Two Notch proteins, LIN-12 and GLP-1, act through
the DNA-binding CSL protein LAG-1. lin-12;glp-1 or lag-1 mutants show defects in
valve morphogenesis (Rasmussen, English, Tenlen, & Priess, 2008). (E) Fusions which
shape the tail. Note hyp8, hyp9 and hyp11 are mononucleate (Chiorazzi et al., 2013;
Ghose et al., 2018; Nguyen, Hall, Yang, & Fitch, 1999; Sulston et al., 1983).
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Fig. 2 Some cell fusions in larval development. Dashed blue—EFF-1 mediated-fusion.
White encased and striped in red: AFF-1-mediated-fusion. Light blue: seam cells (lateral).
Dark orange: P cells (ventral). Black lines: apical junctions. (A–E) Hyp7 depicted as gray
background. (A) During mid L1 larval development, seam cells daughters displace
P cells (see Podbilewicz & White, 1994). (B) Seam cell anterior daughters fuse into
hyp7 via EFF-1, while two ventral rows of 6 P cells rotate forming a single row of 12 cells.
These later divide anteriorly-posteriorly, and of the 12 posterior daughters (marked P
[1�12].p), P[3–8].p form the vulval precursor cells (VPCs) (Schindler & Sherwood,
2013). Non-VPC posterior daughters fuse into hyp7. (C) Of the six VPCs, three typically
end their fate early by EFF-1-mediated fusion. The homeotic gene lin-39/HoxD4 and its
cofactor ceh-20/Exd homeobox-containing protein act cell-autonomously as negative
regulators of EFF-1-mediated cell fusion, ensuring P[3–8].p do not fuse into hyp7
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show morphologically abnormal and bifurcated tail tips (Chiorazzi et al.,

2013). The distal ending of the fused tail spike is engulfed by the adjacent

hyp10 syncytium (Ghose et al., 2018; Nguyen et al., 1999), which itself forms

by EFF-1-mediated fusion (Ghose et al., 2018; Mohler et al., 2002). The

phagosome formed by this engulfment must seal around itself, similarly to a

cell auto-fusing into a toroid. Such phagosome sealing around apoptotic cell

bodies was previously shown to involve specific phosphoinositides (Cheng

et al., 2015), and more recently EFF-1 was demonstrated to be the mediator

of hyp10 phagosome sealing around the engulfed fragment of the distal

tail spike (Ghose et al., 2018) (Fig. 1E). Regulation of this novel function

remains unclear. Future studies will have to confirm whether other cases of

fusogen-mediated phagosome sealing exist, perhaps, for example, in the

less-understood process of CEMVL (sex-specific neuron) dendrite clear-

ance (Ghose et al., 2018).

2.5 Hypodermis formation and sculpting
The epidermal (hypodermal) tissue of C. elegans forms to create several dis-

tinct layers of multinucleated syncytia (reviewed in Altun & Hall, 2009a).

During embryonic development, the largest syncytium that is formed is

hyp7, mostly covering the mid-dorsal plane. Additional cells fuse into hyp7

(Alper & Kenyon, 2002; Shemer & Podbilewicz, 2002). Two GATA factors, egl-18 (elt-5)
and its paralog elt-6 act downstream to lin-39 in this process (Koh et al., 2002; Koh,
Bernstein, & Sundaram, 2004). (D–E) Seam cells fuse together during L4 to young adult
transition via AFF-1; the GATA transcription factor elt-1 represses eff-1 expression in
seam cells to prevent their cross-fusion with hyp7 (Brabin, Appleford, & Woollard,
2011). nhr-25, expressed in the seam cells (Šilhánková, Jindra, & Asahina, 2005),
facilitates their syncytiogenesis downstream to lin-29 (Hada et al., 2010) possibly by
promoting their adhesion (Šilhánková et al., 2005). hyp6 fuses with hyp7 (Yochem,
Gu, & Han, 1998), possibly in an EFF-1-mediated fashion. Nuclei are represented as black
empty circles, which disappear following cell fusion into a syncytium. Larva size is roughly
sketched as a tilde. (F) Fusions of the vulva rings. Each ring in the stack (VulA to VulF) is
created by two or four C-shaped cells which fuse together, except vulB1 and vulB2 which
adhere but do not fuse; pairwise fusions of precursors of VulC and VulA occur earlier
before the toroids are formed (Sharma-Kishore, White, Southgate, & Podbilewicz,
1999). The anchor cell (AC, purple) blocks the formed ring stack dorsally, and will fuse into
the utse in an AFF-1-mediated fashion. aff-1 expression in the anchor cell, but not in vulD
or the seam cells, is mediated by fos-1, a Fos orthologue transcription factor (Sapir et al.,
2007). The zinc finger transcription factor vab-23 inhibits eff-1 expression specifically in
vulE and vulF (Pellegrino et al., 2011). Nuclei are represented as gray circles. Rings tran-
sition from dark to light gray. Only a small segment of the utse is shown. Diagonal
top-down view (from the utse ventrally toward the exterior of the animal).
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during larval development, totaling in 139-nuclei in the adult. Other hypo-

dermal fusions create different, smaller syncytia (Podbilewicz & White,

1994; Yochem et al., 1998). Embryonic cell fusions into hyp7 and hyp6

are dependent upon EFF-1 (Mohler et al., 2002), whereas the binucleate

hyp5 fusion requires AFF-1 (Sapir et al., 2007). The control over epithelial

morphogenesis takes place at both a spatial and a temporal level (see reviews

by Alper & Podbilewicz, 2008; Chisholm & Hardin, 2005; Podbilewicz,

2006). Regulatory factors divide roughly into four groups: signaling pathways

(Fig. 1, orange), endocytic machinery (Fig. 1, green), cytoskeletal effectors

(Fig. 1, pink), and transcription factors (Fig. 1, violet).

2.6 The endocytic machinery as regulators
of surface-exposed EFF-1

For two cells to fuse together a fusogen must be present on the cell membrane

in sufficient amounts, and possibly in a proper conformation (del Campo et al.,

2005; Podbilewicz et al., 2006; Podbilewicz & Chernomordik, 2006; Sapir,

Avinoam, Podbilewicz, & Chernomordik, 2008). The endocytic machinery

participates in the removal of cell-surface elements from the membrane into

the cytoplasm; this form of regulation has been well characterized in the con-

text of signaling by cell-surface receptor recycling (e.g., Anggono & Huganir,

2012; Blitzer & Nusse, 2006; Pitulescu & Adams, 2014; Scholpp & Brand,

2004). However, it was not clear whether the endocytic removal of fusion

machinery away from the cell membrane could regulate a cell’s ability to fuse.

The conserved GTPases RAB-5 and dynamin-1, crucial in endocytosis reg-

ulation (Grant &Hirsh, 1999) and endocytic vesicle fission (Bucci et al., 1992;

Clark, Shurland, Meyerowitz, Bargmann, & Van Der Bliek, 1997), respec-

tively, were indeed demonstrated to be important for the downregulation

of fusion (Smurova & Podbilewicz, 2016, 2017). Mutants and knockdown

of rab-5 or dyn-1 cause an epithelial hyper-fusion phenotype and EFF-1 accu-

mulation in the hypodermal cells’ surface (Smurova & Podbilewicz, 2016,

2017). EFF-1 is dynamically localized both in intracellular compartments

and transiently on the cell surface (Smurova & Podbilewicz, 2016, 2017)

and becomes enriched on the membrane site destined to fuse (del Campo

et al., 2005; Yang, Zhang, et al., 2017). The endocytic machinery thus plays

an important and novel regulatory role by removing surface-residing EFF-1

into intracellular vesicles, reducing a cell’s fusion potential (Smurova &

Podbilewicz, 2016, 2017). In contrast to this negative function on cell-to-cell

fusion in C. elegans, dynamin has a positive role in the cell fusions which

form osteoclasts and muscle fibers (Leikina et al., 2013; Shin et al., 2014;
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Verma et al., 2014). TheDrosophila dynamin (shibire) was also recently shown

to stimulatemyoblast fusion possibly by the bundling of actin filaments (Zhang

et al., 2020).

The vacuolar H+-ATPase (vATPase) complex acts as a proton pump

which facilitates the acidification of intracellular compartments such as

endosomes and lysosomes (Forgac, 1999). Impairment of various subunits

of this complex in C. elegans elicits a hyper-fusion phenotype of the dorsal

hypodermis; these include vha-5 (Smurova & Podbilewicz, 2017), vha-1

(B subunit), vha-12 (c subunit) and vha-17(fus-1) (e subunit) (Kontani,

Moskowitz, & Rothman, 2005). Severe fus-1mutants show EFF-1-mediated

excessive fusions of all epidermal cells apart from the seam cells (Kontani et al.,

2005). While the vATPase complex does not seem to mediate endocytosis

itself, it does influence the endocytic degradative pathway in the transition

between early and late endosomes (Hurtado-Lorenzo et al., 2006). This role

and the similarity of phenotype to impairment in the endocytic machinery

may suggest a model whereby the vATPase complex is involved in EFF-1

lysosomal degradation, upon endocytosis mediated by RAB-5 and DYN-1

(Smurova & Podbilewicz, 2017) (Fig. 1A, green). The vATPase complex

is clearly an important negative regulator of EFF-1 during dorsal embryonic

fusion, although the precise mechanism remains to be studied.

2.7 Role of the cytoskeleton in cell-cell fusion
The functions of the cytoskeleton in cell-to-cell fusion have been character-

ized in multiple systems, including Drosophila and mice myoblasts as well as

in mating yeast (Dhanyasi et al., 2015; Gruenbaum-Cohen et al., 2012; Kim

et al., 2007; Martin, 2016; Massarwa, Carmon, Shilo, & Schejter, 2007;

Shinn-Thomas & Mohler, 2011). In Drosophila, actin protrusions from a

fusion competent cell can bring a fusogen into close proximity with an adja-

cent founder cell, thereby initiating their merger (Kim et al., 2007; €Onel,

Dottermusch, Sickmann, Buttgereit, & Renkawitz-Pohl, 2011; Paululat,

Holz, & Renkawitz-Pohl, 1999; Shilagardi et al., 2013). This process

depends on the actin nucleation factor WASP as well as Ig-superfamily adhe-

sion factors, SCAR,Arp2/3, and others (€Onel et al., 2011; €Onel &Renkawitz-

Pohl, 2009; Richardson, Beckett, Nowak, & Baylies, 2007; Sch€afer et al.,
2007). Since the endogenous Drosophila fusogen remains unknown (Martin,

2016; Shilagardi et al., 2013), reconstructing the process in tissue culture

requires the expression of C. elegans’ EFF-1 (Shilagardi et al., 2013). In such
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a system, fusion is enhanced by having an active actin cytoskeleton

(Shilagardi et al., 2013). Mouse myoblast fusion also requires cytoskeletal

elements (Gruenbaum-Cohen et al., 2012) and fusion itself involves two

essential membrane proteins, Myomaker and Myomerger, neither of which

is sufficient to induce fusion on its own (Leikina et al., 2018; Petrany &

Millay, 2019).

In contrast to the work onmyoblasts, inC. elegans, RNAi knockdown of

theWASP (wsp-1) and Arp2/3 (arx-2 and arx-3) actin nucleation factors del-

ayed, but did not abrogate, dorsal fusions (Zhang, Yang, Zhu, & Ou, 2017)

(Fig. 1A, pink).While the cytoplasmic region of the EFF-1 protein is impor-

tant for its function (Shinn-Thomas, Del Campo,Wang, &Mohler, 2016), a

connection with cytoskeletal elements does not appear to be crucial for

its activity; knockdown and mutant analysis of other cytoskeletal elements

such as WAVE/SCAR components wve-1, arp-2, gex-2 and gex-3, revealed

polarity defects but no effect on cell fusions (Patel et al., 2008; Xiong,

Mohler, & Soto, 2011).

It remains unclear whether, similarly to mice (Petrany & Millay, 2019),

more than one protein is required for Drosophila myoblast fusion.

2.8 Transcriptional regulation of embryonic cell-cell fusion
Several transcription factors were shown to directly influence epidermal

fusions which occur during embryogenesis (Fig. 1A, violet). The homeobox

domain gene ceh-16/engrailed negatively regulates eff-1 in seam cells (Fig. 1,

light blue), preventing their aberrant fusion into the adjacent hyp7 (Fig. 1,

gray) (Cassata et al., 2005), while idf-1 (irregular dorsal fusion -1) may positively

regulate the correct EFF-1-mediated fusion events (Gattegno et al., 2007).

There may be distinct regulation in some dorsal epithelial cells, but not in

others: a Hox gene, ceh-13/labial, which also directs seam cell placements,

specifically promotes the dorsal fusion of epithelial cells 3 and 4, although

its effect on eff-1 has not been examined (Brunschwig et al., 1999). Future

studies may reveal novel regulatory mechanisms controlling the formation

of smaller syncytia in the anterior, such as hyp6 and hyp5.

3. Cell fusion during larval development

The hypodermis continues to grow during the four larval stages of

the worm until it has molted into a young adult, in parallel with the forma-

tion of complex organs such as the vulva (Fig. 2).

12 Yael Iosilevskii and Benjamin Podbilewicz

ARTICLE IN PRESS



3.1 Hypodermal fusions during larval development
The epithelial seam cells that are born in the embryo form a stem-cell like

repository, and divide during larval development (except H0) into one epi-

thelial cell (anterior) and one seam cell (posterior) (Sulston &Horvitz, 1977).

In the first larval stage (L1), anterior daughters of these divisions migrate ven-

trally and fuse into hyp7 in an EFF-1-mediated process (Mohler et al., 2002)

(Fig. 2A, light blue), concurrent with the separation of the 12 ventral P cells

from each other (Podbilewicz &White, 1994) (Fig. 2A, dark orange). Later,

each P cell divides anteriorly-posteriorly, and the posterior daughters of P[3–8]
(termed P[3–8].p) form the vulval precursor cells (VPCs) (Schindler &

Sherwood, 2013; Sulston & Horvitz, 1977) discussed below (Fig. 2C) while

the rest fuse into hyp7 (Fig. 2B). These fusions, however, are not essential for

VPCs’ ventral migration, as evident by the correct placement of the vulva

in eff-1 mutants (Mohler et al., 2002).

In the late fourth larval stage (L4), the remaining 15 seam cells on each side

of the worm fuse among themselves to form a lateral syncytium (Podbilewicz

& White, 1994; Sulston & Horvitz, 1977), in an AFF-1-mediated fashion

(Sapir et al., 2007) (Fig. 2D and E). As in the embryo, epithelial fusions into

hyp7 are eff-1-dependent (Mohler et al., 2002), although the fusion of hyp6

with hyp7 during late L3 (Yochem et al., 1998) (Fig. 2D), has not been studied

with regard to eff-1.

Fusion also assists in creating sexually dimorphic features: in males

during L4, EFF-1 is activated by the DM family genes dmd-3 and mab-3

(Mason, Rabinowitz, & Portman, 2008) to facilitate a male-specific fusion

of hyp8–11, which later forms its specialized tail structure (Mason et al.,

2008; Nguyen et al., 1999).

3.2 Regulation of hypodermal fusions during
larval development

During larval epidermal modifications the seam cells are kept distinct from

hyp7 by the GATA factor elt-1 (Brabin et al., 2011) (Fig. 2D and E). The

heterochronic genes nhr-25 and lin-29, involved, among others, in L4molting

and vulva development, possibly regulate seam-to-seam cell fusions; transcrip-

tional reporters indicate lin-29mediates aff-1 expression (Friedlander-Shani &

Podbilewicz, 2011; Hada et al., 2010; Harris & Horvitz, 2011) (Fig. 2D

and E).

Fusion of seam cell descendants of the V lineages into hyp7 depends

on the cytoskeletal scaffold protein spectraplakin VAB-10A, as mutation
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in vab-10a reduced the accumulation of endogenous EFF-1 to the mem-

brane of V.a cells and also delayed their fusion (Yang, Zhang, et al.,

2017) (Fig. 2A, pink). This effect, of delayed, but not abrogated, fusion is

in accordance with the role of other cytoskeletal elements during embryonic

fusions (see above). Migration of V-cell descendants ventrally during early

L1 was recently shown to involve the homeobox gene pal-1/caudal, regu-

lating adherens junction segregation; this phenomenon, however, was not

linked with fusion (Gilbert, Mullan, Poole, & Woollard, 2020).

3.3 Cell-cell fusions sculpt the reproductive system
The reproductive system in the hermaphrodite C. elegans consists of two

gonad arms where germ cells gradually mature into oocytes, which are fer-

tilized as they pass through a spermatheca and into the uterus (Hubbard &

Greenstein, 2005). The embryos partly develop in the uterus before they are

laid through the vulva and continue their development outside the mother

(Hall, Herndon, & Altun, 2017; Wood, 1988). The vulva itself is a hollow

stack of seven concentric rings which connect to the ventral exterior

(Newman, White, & Sternberg, 1996) (see Fig. 2E and F). The first embryo

laid would break a thin hymen-like syncytial membrane called the utse (the

name derived from “uterine-seam cell”), which blocks the interface

between the uterus and the vulva (Newman et al., 1996).

The vulva, one of the most studied organs in C. elegans, is formed by the

interplay of several signaling pathways governing cellular shaping, division,

migration, and fusion (Newman et al., 1996; P�enigault & F�elix, 2011;

Podbilewicz & White, 1994; Roiz, Escobar-Restrepo, Leu, & Hajnal, 2016;

Schindler & Sherwood, 2013; Schmid & Hajnal, 2015; Sharma-Kishore

et al., 1999; Sternberg, 2005; Weinstein & Mendoza, 2013; Weinstein &

Podbilewicz, 2016). Cell-to-cell fusions help determine the correct fate of vul-

val precursor cells (VPCs) (Weinstein & Mendoza, 2013), as well as form the

utse (Newman et al., 1996) and the vulva rings themselves (Sharma-Kishore

et al., 1999). Regulation of vulva development has been extensively reviewed

elsewhere (see Schindler & Sherwood, 2013; Weinstein & Mendoza, 2013;

Weinstein & Podbilewicz, 2016); the process and some key regulatory

players are presented in (Fig. 2C–F).
Of the six VPCs, only three (P[5–7].p) will form the vulva itself; the

remaining three fuse into hyp7, thereby ending their developmental fate

early (Sharma-Kishore et al., 1999). P3.p is uniquely stochastic in its fusion

timing, and fuses into hyp7 either directly or following a subsequent division
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(see Kroll, Tsiaxiras, & van Zon, 2020; P�enigault & F�elix, 2011). A recent

paper indicates that the stochastic nature of this fusion may result from

variability in LIN-39, and interestingly, in BAR-1/β catenin peak levels:

both factors inhibit EFF-1-mediated fusion, and temporal changes in their

accumulation modulate the fusion decision (Kroll et al., 2020) (Fig. 2C).

In forming the vulva ring structures, EFF-1 and AFF-1 act in separate

places. The fusion of the anchor cell to the utse, as well as the intra-toroidal

cell fusions which seal the rings of vulA and vulD are mediated by AFF-1

(Sapir et al., 2007), while EFF-1 mediates the other vulval intra-toroidal

fusions (Mohler et al., 2002) (Fig. 2F). A third player is missing: the creation

of the utse syncytium by the fusion of eight π-cell daughters is mediated by

a fusogen whose identity remains unknown (Choi, Richards, Cinar, &

Newman, 2006; Sapir et al., 2007). A recent study also identified binucleate

germ cells in the otherwise syncytial gonad, whose presence depends neither

on eff-1 nor aff-1. This particular case, however, may be the result of changes

to membrane structure without cell-cell fusion (Raiders, Eastwood,

Bacher, & Priess, 2018). This result also implies that the syncytial nature

of the gonad does not seem to depend on EFF-1 or AFF-1 (Raiders

et al., 2018).

The vulva remains a robust model for organogenesis in C. elegans and

other nematodes (Kiontke et al., 2007; Kolotuev & Podbilewicz, 2004,

2008; Louvet-Vall�ee, Kolotuev, Podbilewicz, & F�elix, 2003; Mereu et al.,

2020; Yang, Roiz, Mereu, Daube, & Hajnal, 2017). Cell fusion failures in

the reproductive system result in egg-laying defects due to morphogenetic

deformities in the uterus, vulva and anchor cell, which are severe in aff-1

mutant animals (Sapir et al., 2007). These roles of cell-cell fusion are impor-

tant for understanding organogenesis as a global process, and the fine details

of tube formation and cell-cell interactions. A similar dependence on fusion

for organogenesis may be conserved in other nematode species, possibly

mediated by fusogens related to EFF-1 and AFF-1 (Avinoam et al., 2011).

3.4 Exoplasmic fusion in neuronal morphogenesis
and homeostasis

The C. elegans nervous system is composed of 302 neurons in the adult

hermaphrodite (White, Southgate, Thomson, & Brenner, 1986). While

multiple factors govern neuron migration, co-fasciculation and patterning

(Ackley, 2014; Chisholm, Hutter, Jin, & Wadsworth, 2016; Inberg et al.,

2019), fusogens also play surprising roles in the development and homeosta-

sis of some neurons (Fig. 3) and glia.
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The inherent wiring of neuronal circuits requires specific connections

between neurons (Chalfie et al., 1985;White et al., 1986). This implies neu-

ronal fusion during development is often detrimental—when neurons are

artificially linked by expression of vertebrate connexins to form novel gap

Fig. 3 Axonal repair by fusion in the PLM neuron. Dotted blue: EFF-1-mediated. (A–C)
Upon axon severing by femtosecond laser pulses (Yanik et al., 2004, 2006), an outgrowth
of ectopic branches is observed from the proximal site (Ghosh-Roy & Chisholm, 2010;
Wu et al., 2007; Yanik et al., 2006). If a repair is accomplished by reconnection (Neumann,
Nguyen, Hall, Ben-Yakar, & Hilliard, 2011) (as opposed to the distal fragment degene-
rating and the regrowth instead assuming its full functionality), EFF-1 facilitates the
fusion of the regrown distal fragment with the proximal segment, leading to functional
restoration (Abay et al., 2017; Basu et al., 2017). This process involves ced-7, inhibited by
let-7 miRNA (Basu et al., 2017), and is triggered by exposure of phosphatidylserine
from the injured membrane (Abay et al., 2017) which is recognized by phospha-
tidylserine receptor psr-1 (Basu et al., 2017). The reconnection is inhibited by rab-5
(Linton et al., 2019). (D–F) Under an unc-70 mutant background, which shows fragile
axons (Hammarlund, Jorgensen, & Bastiani, 2007), neighboring PLM and PLN neurons
may break and aberrantly fuse together, in an EFF-1-mediated fashion (Neumann et al.,
2015). Left lateral view (showing PLML), in the area shown by top inset.
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junctions, normal behavior is altered, and even reversed (Rabinowitch,

Chatzigeorgiou, Zhao, Treinin, & Schafer, 2014). Such fusions were

described for axons and for glia cells, but their extent and significance remain

largely unknown. Upon entry to dauer state, a particularly resilient optional

arrested state between L2 and L3 (Altun & Hall, 2009b; Riddle, 1988), the

two amphid sheath (AMsh) glia cells fuse together (Albert & Riddle, 1983)

in an aff-1-dependent fashion (Procko, Lu, & Shaham, 2011). Upon return

to favorable conditions animals will exit dauer state (Altun & Hall, 2009b;

Riddle, 1988), yet this fusion remains irreversible (Procko et al., 2011).

Another unusual synthetic background for eliciting ectopic neuronal fusions

during development is found in unc-70/β-spectrin mutants: it has been

shown that unc-70mutants display fragile axons, which may break by muscle

contractions alone (Hammarlund et al., 2007). The repair of some, but

not all, of these severed axons is probably mediated by EFF-1. In around

15% of unc-70 animals, fusion occurs between the tail neurons PLM and

PLN, which is dependent upon eff-1 (Neumann et al., 2015) (Fig. 3D–F).
These rare cases stand in contrast to the role of fusogens in dendriticmorpho-

genesis and neuronal repair, as described below.

Fusion was shown to play a crucial and positive role in the shaping of

some dendrites. The PVD mechanosensory neuron pair develops post-

embryonically to span nearly the entire worm’s body in an intricate yet

highly ordered dendritic structure (Oren-Suissa, Hall, Treinin, Shemer, &

Podbilewicz, 2010). Contrary to the wild-type, in eff-1 mutants the young

adult PVD dendritic tree is extremely hyperbranched and disordered (Oren-

Suissa et al., 2010) (Fig. 4). This phenotype stems from a cell-autonomous

role for eff-1 in excessive branch pruning (Oren-Suissa et al., 2010) and/or

from a non-cell-autonomous role in the localization of the neuronal guid-

ance adhesion factor SAX-7/L1CAM in the epithelia, that is disrupted in

eff-1 mutants (Zhu, Liang, Wang, & Shen, 2017). In summary, despite our

knowledge of neuron patterning mechanisms (see reviews by (Inberg

et al., 2019; Soulavie & Sundaram, 2016), the regulation of neuron and glia

structure by fusion and the importance of eff-1 and aff-1 in this process remain

largely unknown.

4. Fusion in homeostasis

In standard laboratory growth conditions, C. elegans reaches adult-

hood within 4 days (Sulston & Horvitz, 1977), yet may live another 2weeks

longer (and twice as long under certain conditions) (Lin, Hsin, Libina,

17Morphogenesis and repair by cell fusions

ARTICLE IN PRESS



& Kenyon, 2001). Damaged cellular membranes must be repaired during this

period; structures such as the PVD dendritic tree are maintained, to a certain

extent, alongside neuron function, for several days (Kravtsov et al., 2017).

Experimental approaches using needle wounding of the hypodermis

(Chuang, Hsiao, Tong, Xu, & Chisholm, 2016; Xu & Chisholm, 2011) and

Fig. 4 Dendritic pruning and repair by fusion in the PVD neuron. Dotted blue: EFF-1-
mediated. White encased and striped in red: AFF-1-mediated. (A and B) Upon dendritic
severing by femtosecond laser pulses (Yanik et al., 2004, 2006), an outgrowth of ectopic
branches is observed throughout the neuron; AFF-1 facilitates the repair by fusion,
either by rejoining of the primary branch, and/or by bypassing the lesion through fusion
of neighboring menorahs, in a non-cell-autonomous fashion (Oren-Suissa et al., 2017).
(C) EFF-1 participates in the pruning of ectopic outgrowth, completing the regeneration
(roughly similar to E) (Oren-Suissa et al., 2017). (D and E) TheWT PVD neuron develops all
four non-ectopic branching orders by the late L4 stage, as illustrated for one posterior
menorah unit (see Oren-Suissa et al., 2010; Smith et al., 2010); ectopic branches are
pruned by EFF-1. (F) During aging, a hyperbranching occurs, which may be partially
rescued by cell-autonomous expression of EFF-1 (dashed arrow to C). Note the regen-
erative capability of an aged dendrite is too dependent on AFF-1, but, unlike young
adults, may be rescued cell-autonomously (Kravtsov, Oren-Suissa, & Podbilewicz,
2017). Left lateral view (showing PVDL), in the area shown by top inset.
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severing of axons and dendrites by femtosecond laser pulses (Abay et al., 2017;

Basu et al., 2017; Oren-Suissa et al., 2017) have revealed that such homeostatic

repair processes often involve cell fusions.

4.1 Repair of wounded epithelia
Studies have shown that during the repair of wounded hypodermis in the

adult, an actin ring is assembled to facilitate membrane closure (Chuang

et al., 2016; Xu & Chisholm, 2011). This sealing process has recently been

shown to involve EFF-1, in a fashion dependent on a syntaxin (SYX-2),

as well as on components of the ESCRT machinery which is involved in

intracellular fusion and trafficking (Meng et al., 2020).

4.2 Neuronal sculpting and repair
The repair of axons following injury in C. elegans has been extensively

reviewed and is briefly recounted here for convenience; readers are encour-

aged to turn to these reviews: (Chisholm et al., 2016; Giordano-Santini

et al., 2016; Soulavie & Sundaram, 2016). Briefly, axonal auto-fusion is

one of the mechanisms of repair in response to injury, providing functional

restoration (Abay et al., 2017; Basu et al., 2017), and is cell-autonomously

mediated by EFF-1 (Ghosh-Roy & Chisholm, 2010; Ghosh-Roy, Wu,

Goncharov, Jin, & Chisholm, 2010; Neumann et al., 2015) (Fig. 3A–C).
The final stage of neuronal reconnection by fusion has been recently shown

to involve RAB-5 (Linton et al., 2019) (Fig. 3B), with decreased RAB-5

activity causing an accumulation of EFF-1 to neuron membranes, even for-

ming extracellular vesicles (Linton et al., 2019). This regulatory effect is

similar to that described for the endocytic machinery in embryonic epider-

mal cells (Smurova & Podbilewicz, 2016, 2017) (see above).

In contrast to the role of eff-1 in axonal repair, in the PVD dendrite eff-1

and aff-1 seemingly have different roles; auto-fusion and repair rely on AFF-1,

while EFF-1 prunes excessive outgrowth yet does not influence regenerative

capability (Kravtsov et al., 2017;Oren-Suissa et al., 2017) (Fig. 4A–C). In aged
animals, the PVD dendritic structure becomes hyperbranched (Fig. 4F),

owing to a decrease in cellular EFF-1 levels (Kravtsov et al., 2017). aff-1 con-

tributes to young animals’ regeneration non-cell-autonomously (Oren-Suissa

et al., 2017). However, intriguingly, AFF-1 restores regenerative capabilities

in aged animals from within the PVD (Kravtsov et al., 2017). The daf-2/

IGF1R-daf-16/FOXO pathway, which promotes longevity (Lin et al.,

2001), is important in the regenerative capabilities of the dendrite, yet does
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not affect its aged dendritic structure (Kravtsov et al., 2017). This phenom-

enon, however, may be neuron-specific: studies of other neurons suggest

modifying the daf-2/IGF1Rpathway doesmitigatemorphological alterations

associated with aging (Tank, Rodgers, & Kenyon, 2011; Toth et al., 2012).

Moreover, while aging decreases the regenerative potential of the PVD den-

drite (Kravtsov et al., 2017), it conversely improves the reconnection of the

PLM axon (Abay et al., 2017). It is possible that aging pathways regulate aff-1

and eff-1 to different degrees in different contexts—perhaps similarly to reg-

ulation by heterochronic genes during larval development. In summary,

fusogens play important functions in neuronal regeneration which are

influenced by aging. These activities seem to differ between axons and den-

drites and between neuron types. Understanding these processes may pro-

vide insights into neuronal functional and structural repair in other animals

as well.

5. Why does C. elegans need more than one fusogen?

5.1 Do AFF-1 and EFF-1 interact in vivo?
EFF-1 and AFF-1 are type I single-pass transmembrane proteins (Mohler

et al., 2002; Sapir et al., 2008), with EFF-1 crystallizing in trimers (P�erez-
Vargas et al., 2014). While the similarity in amino acid properties between

the two fusogens is below 50% (Sapir et al., 2007), most of the 23% identical

residues seem located on the folded protein’s surface, facilitating close struc-

tural similarity (P�erez-Vargas et al., 2014). The ability of EFF-1 and AFF-1

to interact in trans (i.e., “bridging the gap” from opposing membranes) has

been demonstrated in heterologous in vitro systems, including insect (Sapir

et al., 2007) and mammalian cell cultures (Avinoam et al., 2011) as well as

pseudoviral infection of cell culture (Avinoam et al., 2011). While these and

other results open new avenues for research in finding other structurally- and

functionally-conserved fusogens (see Hernández & Podbilewicz, 2017), one

wonders if such cross-interaction occurs in vivo.

Repair of the PVD dendrite in young animals involves AFF-1 acting

from the seam cells but not from the PVD itself (Oren-Suissa et al.,

2017). Observations of AFF-1-containing vesicles budding from the seam

cells led to the hypothesis that such extracellular vesicles may interact in trans

with PVD-expressed EFF-1 to facilitate repair, although this was not directly

demonstrated (Oren-Suissa et al., 2017). Recent results using pseudotyped

virus infection of C. elegans indicate such interaction is feasible in vivo

(Meledin et al., 2020). Conversely, multiple lines of evidence mount to
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suggest this heterotypic interaction does not occur during development;

notably: the adjacent pm8 and vpi1 express AFF-1 and EFF-1, respectively,

which seemingly prevents their merger (Rasmussen et al., 2008) (Fig. 1D);

the tail spike cells fuse via AFF-1 while hyp10, which partially engulfs them,

does so via EFF-1, yet no cross-fusion was noted (Ghose et al., 2018)

(Fig. 1E); lastly, hyp7 syncytium, fused by EFF-1, does not fuse with adja-

cent AFF-1-expressing seam cells (Sapir et al., 2007) (Fig. 2E). Perhaps the

two fusogens never meet on adjacent membranes in C. elegans, for instance

by assuming apical vs basolateral localization. Experimentally altering cell

fates or signaling pathways to induce same-fusogen expression in adjacent

cells may bring about ectopic fusion, as occurs when eff-1 is aberrantly

expressed in pm8, which then fuses with vpi1 (Rasmussen et al., 2008) or

when two aff-1-expressing duct cells (one synthetically-induced) come into

contact and merge (Abdus-Saboor et al., 2011). These results point to the

two fusogens serving mutually exclusive roles during development (also

see discussion in Sapir et al., 2007), and illustrate the tight control involved

in cell-to-cell fusion in developmental and homeostatic processes. Future

studies may uncover unique settings which do require cross-interaction

of different fusogens, perhaps showcasing certain phenotypes which persist

in both eff-1 and aff-1 mutants.

5.2 Is AFF-1 more precise than EFF-1?
AFF-1 tends to mediate small-scale fusions, which seem rather selected;

for example, auto-fusions of a subset of the vulva rings and fusion of the

anchor cell to utse (Sapir et al., 2007) (Fig. 2F). EFF-1, on the other hand,

mediates vast epithelial syncytia formations such as the 139-nuclei hyp7

(Podbilewicz & White, 1994). During embryonic formation of hyp7, syn-

cytiogenesis can begin with almost any cell pair, at equal probability, and

proceeds somewhat stochastically (Gattegno et al., 2007). It may thus be

tempting to define AFF-1 as “local” and EFF-1 as “global,” yet EFF-1 acts

in highly localized settings as well, inducing auto-fusion (e.g., in vpi; Fig. 1D

(Rasmussen et al., 2008)) and phagosome sealing (in hyp10; Fig. 1E

(Chiorazzi et al., 2013)). There seems to be no clear distinction between

fusion of a cell into a syncytium and auto-fusion of a single cell, from a

fusogen’s point of view; the 138 fusion events which form hyp7 are all dis-

tinct cell-to-cell fusions. The difference in fusion behaviors may be merely

the result of differential regulation and as such, EFF-1 is no less precise and

no more promiscuous than AFF-1.
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6. Concluding remarks

During embryonic and postembryonic development in C. elegans,

multiple tissues form by cell-to-cell fusions. The majority of these events

are mediated by two fusogens only (EFF-1 and AFF-1), which take on dif-

ferent roles in shaping sheets, tubes, and spikes, connecting severed fragments

and pruning excess ones. Uniquely, we are now beginning to realize the

same proteins may mediate events such as phagosome sealing and scission

of endocytic vesicles—all in order to fulfill and maintain the invariant deve-

lopment which has made C. elegans one of the best-studied animals to date.

While some fusion events in the worm remain uncharacterized, studies of

fusogens have shed light on organogenesis, homeostasis, membrane repair

and aging. Elucidating the regulatory pathways which govern these processes,

and finding novel fusogens, will contribute to our understanding of neuronal

repair, tissue morphogenesis, endocytosis, phagocytosis and fertilization in

other organisms as well.
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