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Abstract: The reproductive system of the hermaphroditic nematode C. elegans consists of a series
of contractile cell types—including the gonadal sheath cells, the spermathecal cells and the
spermatheca–uterine valve—that contract in a coordinated manner to regulate oocyte entry and
exit of the fertilized embryo into the uterus. Contraction is driven by acto-myosin contraction and
relies on the development and maintenance of specialized acto-myosin networks in each cell type.
Study of this system has revealed insights into the regulation of acto-myosin network assembly and
contractility in vivo.
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1. Introduction
The actin cytoskeleton is a dynamic structure polymerized from globular actin monomers (G-actin)
into a helical filament (F-actin) [1]. The inherent polymerization and depolymerization characteristics
of actin and a suite of actin-interacting proteins—including nucleation, elongation, capping, and
disassembly factors—enable rapid remodeling of actin-based structures [2]. Actin filaments play
important roles in cell division and cytokinesis, [3–5], and are essential components of many cellular
structures including cortical actin networks, contractile acto-myosin stress fibers, lamellipodia
and filopodia [6–10]. These structures play an important role in cell migration [11], tissue
morphogenesis [12–14], wound closure [15], and cell and tissue adaptation to physical stress [8,16].
Both cell culture [17–19] and in vivo [20–22] studies have shown that the actin cytoskeleton
reorganizes in response to cues from the mechanical microenvironment. Stress fibers, contractile
acto-myosin bundles, are common in cells exposed to physical stress [9] and have been well-studied in
the context of cell migration [8,23–25]. However, much less is known about the regulation of contractile
stress fiber-like structures in non-migratory cells [23,26], and few in vivo systems have been developed
to allow real-time investigation of actin dynamics in intact contractile tissues [21,22,27,28].
Many insights into actin regulation in vivo come from elegant studies of cell movements and
cell contractility during Drosophila elongation, gastrulation, egg chamber rotation, and tracheal tube
development [14,20–22,27,28]. Studies in Xenopus embryos have shown the importance and regulation
of actin dynamics during cytokinesis and furrow formation [5,29], in maintaining tight junction barrier
function during cell elongation and shape change [29,30], and in wound repair [31–33]. Although cell
shape changes and large perturbations to the localization of the acto-myosin contractile apparatus can
be observed in these cell types, the small size of these cells makes imaging of dynamic reorganization
of the actin cytoskeleton a challenge.
The nematode C. elegans was established as a model organism for developmental genetics and
neurobiology because of its rapid life cycle, generous production of progeny, and ease of propagation
in the laboratory. Since then the almost invariant cell lineage, optical transparency, ease of transgenesis,
and availability of cell-specific fluorescent markers have made ‘the worm’ an amenable model for cell
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2. The Gonadal Sheath Cells
Five pairs of thin sheath cells form a single layer of cells, which migrate out and enclose the
germ line during the larval stages L3 and L4 [40–42]. In addition to providing structure to the gonad,
the sheath cells promote gametogenesis and germ line proliferation [41,43–45]. Each pair of sheath
cells has different properties; here we focus on the most proximal three pairs of sheath cells, which
enclose the maturing oocytes and drive ovulation. The actin in sheath cell pairs #3–5 is predominantly
longitudinally aligned, with a network of long, thin, interconnected filaments. In addition, pair #5 has
circumferentially aligned actin bundles at the interface with the spermathecal neck (Figure 1) [41,46].
Contraction of the sheath cells drives the oocyte into the spermatheca, in what appears to be a
push-pull effort where sheath cells #3–4 contract and push the oocyte forward while the most proximal
sheath cells (#5) pull the spermathecal neck over the entering oocyte [41]. The actin arrangement in
these cells enables these contractile events. Even though the actin in the sheath cells is non-striated,
and morphologically similar to acto-myosin networks in smooth muscle [46], contraction of the sheath
cells is driven by a mechanism that shares features of both smooth muscle and striated muscle. Current
models, developed from in vivo imaging data and analysis of genetic interactions, suggest that both
calcium signaling and activation of the small GTPase RHO-1/Rho are required. Binding of the
epidermal growth factor LIN-3 to LET-23, a tyrosine kinase receptor, induces sheath cell contractions
by activating the phospholipase PLC-3/PLCδ [47,48]. Cleavage of the phospholipid phosphatidyl
inositol 4,5-bisphosphate PIP2 by PLC-3 produces inositol triphosphate (IP3 ), which leads to activation
of the ITR-1/IP3 inositol triphosphate receptor and the release of calcium from the endoplasmic
reticulum [47]. Similar to smooth muscle, RHO-1/Rho activation of LET-502/Rho kinase (ROCK) leads
to the phosphorylation of the MLC-4/myosin regulatory light chain and activation NMY-1/non-muscle
myosin II (NM II). Rho activity is regulated by the guanine nucleotide exchange factor GEF, VAV-1 [49].
Similar to striated muscle, sheath cells #3–5 also express NMY-2/myosin, the UNC-54/MYH3 and
MYO-3/MYH3 myosin heavy chains [50–52] as well as LEV-11/tropomyosin and the troponin complex
(PAT-10, UNC-27, TNI-1, MUP-2) typically found in striated muscle [51–54]. In the sheath, calcium
signaling activates myosin contraction both by stimulating phosphorylation of the regulatory light
chains, and through the relief of steric hindrance by the troponin complex [54,55].
Sheath cells contain focal-adhesion like foci known as dense bodies [51]. Focal adhesions are
integrin-based, structural and signaling multi-protein complexes that connect the actin cytoskeleton
to the extracellular matrix [56]. In adherent mammalian cells, acto-myosin bundles called stress
fibers terminate in focal adhesions [56,57]. In the sheath, the actin bundles seem to intersect, but
not terminate in, sheath cell dense bodies [51]. PAT-3/β integrin and DEB-1/vinculin, both core
focal adhesion proteins, co-localize in puncta on the actin filaments [51]. The matrix component
UNC-52/perlecan is also localized to these structures [51]. RNA interference (RNAi)of these proteins
results in decreased contractility and oocyte entry defects [51] and efficient depletion of PAT-3/β
integrin and PAT-4/integrin linked kinase leads to a clear loss of F-actin in the sheath [58]. The sheath
also expresses TLN-1/talin, an adaptor protein that helps to connect integrins to the actin cytoskeleton.
Although it is not known if TLN-1 localizes to dense bodies, the circumferential actin bundles in the
sheath cells are completely disrupted when TLN-1 is disrupted by RNAi [59]. Given the significant
conservation of these components, it seems likely that the actin filament network is anchored to the
plasma membrane and matrix through a focal adhesion-like protein complex.
Actin dynamics are critical for the formation and/or maintenance of the sheath actin network.
Actin depolymerizing factor (ADF)/cofilins promote rapid filament disassembly through monomer
sequestration, filament severing and association with plus ends of filaments, which can prevent
capping and accelerate plus-end depolymerization of the filaments [60]. In C. elegans, ADF/cofilin
is encoded by unc-60, which is alternatively spliced to produce UNC-60A and UNC-60B [51,61,62].
UNC-60A, required for assembly of actin networks in the sheath, strongly binds G-actin monomers,
but exhibits weak actin severing activity. The degree of actin severing activity is important, because
UNC-60B cannot substitute for UNC-60A in the sheath unless the severing activity of UNC-60B
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is decreased by mutation [62]. In addition to regulation by alternative splicing, local alteration of
ADF/cofilin activity by pH might influence the assembly and disassembly of the varied actin–filament
networks seen in the somatic gonad [63]. Actin dynamics in the sheath are also regulated by two
actin-interacting protein 1 (AIP1) homologs, UNC-78 and AIPL-1 [64]. AIP1 proteins enhance the
capacity of cofilin to depolymerize actin [65]. Similarly to loss of cofilin, depletion of UNC-78 and
AIPL-1 results in abnormal aggregation of actin in both the sheath and the spermatheca [66] (discussed
below). These data suggest turnover of actin is important in both the sheath and spermatheca to
maintain the characteristic actin structures.
3. The Spermatheca
The spermatheca, the morphogenesis of which occurs during L4 [40], consists of a single
layer of 24 myoepithelial cells, is the site of sperm storage and fertilization [40,43]. Sheath cell
contractions propel the oocyte into the spermatheca, dramatically stretching the tissue and initiating
a process that culminates in spermathecal cell contraction and expulsion of the fertilized egg into
the uterus [43]. Contraction of the spermatheca is thought to be driven by a mechanism similar to
that observed in smooth muscle and non-muscle cells [67,68], where Ca2+ –calmodulin activation
of MLCK-1/myosin light chain kinase (MLCK) and RHO-1/Rho activation of LET-502/Rho kinase
(ROCK) lead to the phosphorylation and activation of MLC-4/non-muscle myosin II (NM II) and
contraction of acto-myosin fibers [52,69–73]. In addition, ROCK may also indirectly result in an increase
in phospho-myosin levels through the inhibition of the MEL-11/the regulatory subunit of the myosin
phosphatase [74]. Unlike the sheath, the spermatheca does not express the muscle-specific myosin
heavy chains or the troponin complex [51].
The ovulation cycle, including oocyte entry, transit through the spermatheca, and expulsion
into the uterus, repeats approximately every 20 min until roughly 150 eggs have been produced by
each gonad arm [43]. Because the nematode is transparent, and the cells of the spermatheca clearly
visible, the entire ovulatory process can be visualized using time-lapse microscopy. Each cell in the
spermatheca has an invariant position and orientation [41], with bundles aligned parallel to the long
axis of each cell (see Figure 1) [41,46,75,76].
The actin cytoskeleton plays a central role in spermathecal contractility [70,75–78]. The most
prominent spermathecal actin cytoskeletal features are the stress-fiber-like acto-myosin bundles, which
are oriented along the long axis of each cell [75]. Time lapse imaging revealed that these bundles
develop concomitantly with contraction during the first ovulation and are maintained throughout
subsequent ovulations [75]. Before ovulation, the actin cytoskeleton in the spermathecal cells is a
poorly aligned, mesh-like network of thin fibers [75]. Oocyte entry leads to myosin activation and rapid
maturation of the actin cytoskeleton into parallel, aligned acto-myosin bundles [75]. Manipulating
the activation state of myosin genetically, for example through depletion of the MEL-11/myosin
phosphatase, indicates that the degree of bundle formation and alignment is proportional to levels of
myosin activity, with hyperactivation of myosin leading to the formation of large laterally associated
conglomerations of actin fibers [75]. These results suggest that myosin can be activated by the stretch
of oocyte entry, and that activated myosin then drives actin alignment and network organization in
the C. elegans spermatheca.
How does the spermatheca ‘know’ that it has been stretched and how does stretch trigger
contractility in this system? One of the mechanosensors is the Rho-GTPase activating protein (GAP)
SPV-1. SPV-1 has an F-BAR domain that is predicted to fold into a banana-like shape, permitting SPV-1
to bind to curved or low-tension membranes. While at the membrane, SPV-1 acts as a GTPase activating
protein GAP for RHO-1 and CDC-42, keeping both in the GDP-bound, inactive state. Oocyte entry
into the spermatheca stretches the membrane and displaces SPV-1, allowing activation of RHO-1 and
CDC-42. GTP-bound RHO-1 activates LET-502/ROCK, which activates contractility, and GTP-bound
CDC-42 elevates calcium signaling through an undetermined signaling pathway [73,79]. Identifying
other GTPases and upstream regulators such as guanine nucleotide dissociation (GDI) factors and
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guanine exchange factors (GEF) will be important for understanding how stretch triggers contractility
in this system.
Tissue-level distribution of kinases can regulate the establishment of actin-based structures and
acto-myosin contractility. In the spermatheca, both MLCK-1 and LET-502/ROCK are required for
the maintenance of proper acto-myosin bundles and dynamics [70,75]. The two kinases stimulate
acto-myosin contractility in subsets of spermathecal cells. ROCK/LET-502 is expressed primarily in
the distal neck of the spermatheca and sp–ut valve [70,72,80], whereas MLCK-1 is highly expressed in
the central cells of the spermathecal bag with some expression in the sp–ut valve [70]. Together, these
two kinases coordinate ovulation in the C. elegans spermatheca, with MLCK stimulating the strong
distal contractions that force the oocyte out into the spermatheca and ROCK controlling the distal neck
closure and sp–ut valve contractility.
Once formed, the contractile acto-myosin bundles are maintained throughout adulthood, robust
enough to withstand the transits of over one hundred embyros. Although the molecular mechanisms
allowing for bundle maintenance during successive rounds of ovulation are largely unknown, several
mechanisms have been identified. Filamin, known primarily for its actin cross-linking function,
is a structural and signaling scaffold that binds transmembrane receptors and a wide variety of
intracellular signaling proteins [81,82]. FLN-1/filamin is required to maintain the actin cytoskeleton in
the spermatheca. In filamin-deficient animals, the spermatheca develops normally, and prior to the first
ovulation, spermathecal F-actin is normal. However, F-actin bundles are not maintained and instead,
actin progressively accumulates at cell-cell junctions [76]. In fln-1 mutants, embryos are trapped in the
spermatheca for extended periods of time and the spermatheca hyperextends to accommodate multiple
ovulation events. With this excess stretch, the actin phenotype worsens suggesting FLN-1/filamin is
necessary for maintenance of the aligned, evenly distributed, circumferential actin bundles under stress.
The C. elegans spectrins SPC-1/α spectrin, UNC-70/β spectrin, and SMA-1/β-heavy (βH)
spectrin [83–86], also regulate acto-myosin network organization and robustness to mechanical stress
in the spermatheca [87]. Spectrins, first discovered in erythrocytes, form a cortical network that in
coordination with actin provides mechanical durability to cells [88–90]. The spectrin cytoskeleton also
plays an important role in maintaining the tubular structure and robustness of neuronal axons [91].
Instead of forming thick, aligned bundles during contraction, actin bundles in cells lacking spectrin
become thin and less well organized [87]. Depletion of SPC-1/α spectrin in adults using auxin
initiated decay (AID) demonstrated that spectrin is needed for maintenance and robustness of the actin
cytoskeleton to multiple rounds of stretch and contraction post-development [87]. These observations
suggest that spectrin and the actin cytoskeleton likely work together to produce robust, flexible actin
networks in contractile cells.
4. The SP–UT Valve
The spermatheca–uterine (sp–ut) valve is a donut-shaped syncytium of four cells (designated as
sujn and sujc) that connects the spermatheca and the uterus [40]. Initially, two syncytial core cells (sujc)
plug the core of the valve, but these are pushed out during the first ovulation [40]. SPC-1/α spectrin
and SMA-1/βH spectrin co-localize at the juncture between the spermatheca and the sp–ut valve,
suggesting a possible role in strengthening the attachment between these two tissues [87]. The most
obvious actin structures in the sp–ut valve are the dense circumferential actin bundles that wrap
around the core of the valve closer to the apical surface [41,75,76]. The valve contracts to prevent
premature exit of the embryo into the uterus. When an oocyte enters the spermatheca and is fertilized,
the valve remains closed during the period of eggshell formation. Premature expulsion of the fertilized
egg can lead to egg shape defects and, in extreme cases, pinching off of pieces of cytoplasm if the
valve closes on the unprotected embryo [73,76]. During embryo exit, the valve is pulled open by
actin contraction in the proximal spermathecal cells, and the embryo is pushed into the uterus by
contraction of the distal spermatheca. After embryo exit, the valve immediately recloses [70]. The actin
cytoskeleton almost certainly plays an important role in the expansion and contraction of the sp–ut,
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as do the septate junctions (discussed below) which permit expansion of the valve syncytium [41].
However, very little is known about how the actin structures of the valve form and what mechanisms
allow repeated dilation and contraction of the valve.
Contraction of the sp–ut valve requires myosin activity [70,75] and seems to be regulated primarily
through Rho/ROCK [70]. Not only is LET-502/ROCK expressed at relatively higher levels in the
valve compared to the central cells of the spermathecal bag [70,72,80], but loss of let-502 results in
a flaccid valve where embryos are released into the uterus prior to the beginning stages of eggshell
formation [70,92]. When myosin activity is depleted by nmy-1 RNAi, the usually tightly coiled core of
the valve becomes large and loose, with individual actin bundles becoming visible [75]. These data
suggest that myosin activity not only drives sp–ut constriction, regulating timing of ovulation, but also
that phosphorylated myosin helps drive the formation of the tight, circumferential actin bundles of
the valve. Similar ROCK-dependent tonic contraction has been seen in the rat internal anal sphincter
(IAS), where inhibition of ROCK resulted in redistribution of ROCK and actin, and resulted in reduced
tonic contractility [93].
Given that actin forms a dense actin network in the sp–ut valve, it should be unsurprising that
actin crosslinkers are critical for both the actin structure and function of the valve. One actin crosslinker,
FLN-1/filamin A, is expressed in both the spermatheca bag and sp–ut valve and is required to maintain
proper valve morphology and actin structure [76,94]. When fln-1 is depleted, the valve loses its typical
toroidal shape and adopts a more crumpled appearance along the apical surface. In addition, the sp–ut
valve does not contract in fln-1 mutants, but rather it stays in a loose, open conformation. The actin
structure appears stringy and disorganized, with most of the actin being pulled to the most distal and
proximal edges of the valve [76]. In addition to filamin, another actin crosslinker, spectrin, is required
for the integrity of the sp–ut valve during ovulations. In addition to being expressed in the spermatheca,
the spectrin isoforms SPC-1/α spectrin, UNC-70/β spectrin, and SMA-1/βH spectrin all appear to
be expressed in or around the sp–ut valve during L4 and adulthood [87]. Loss of spc-1/α-spectrin
results in the valve becoming torn and the actin bundles appear disconnected only after the mechanical
stress of an ovulation [87]. Together, these data suggest that Rho/ROCK is required to activate myosin
to drive contraction of the actin bundles, but they need to be properly crosslinked into bundles and
anchored to the spectrin network at the cell cortex for productive contractility and robustness to
multiple ovulations.
5. Shared Features, Unanswered Questions, and Future Directions
Many unanswered questions remain regarding how actin alignment is established and maintained
in C. elegans, and how similar cells establish strikingly different actin structures. For example, what
mechanisms support the polymerization of the actin filaments that comprise the bundles? In many cell
types, Arp2/3 and formins support the nucleation and elongation of actin filaments. For example, in
C. elegans embryos, the Arp2/3 complex subunits (ARX-1, ARX-2, ARX-4, ARX-5, ARX-6 or ARX-7)
and WSP-1/N-WASP are required for actin filament formation during ventral enclosure [95], and the
formin FHOD-1 is required for actin filament formation in embryonic epidermal cells [96]. However,
surprisingly little is known about the role of actin polymerization in the sheath or spermatheca. In the
gonad, the formins FHOD-1 and EXC-6 are important for ovulation, but the spermathecal actin bundles
are largely normal, even in the double mutant [78]. These results suggest redundant mechanisms
may regulate the polymerization of actin filaments in the somatic gonad, and is an important area for
future investigation.
Anchorage is required for bundles to withstand multiple rounds of stretch and contraction, and
to convert contraction of the cytoskeleton to cell- or tissue-level contraction. In most contractile cell
types, anchorage of the actin cytoskeleton occurs through integrin-based cell-matrix adhesions and/or
through cadherin–catenin-based cell–cell junctions. As discussed above, the sheath cells contain dense
bodies, structures analogous to focal adhesions that in mammalian cells anchor the acto-myosin rich
stress fibers. Integrins are expressed in the spermatheca [97], where they may play a role in anchorage
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of the actin bundles, although the formation or role of focal adhesions in the spermatheca has not
been studied.
Apical junctions, referred to as C. elegans apical junctions (CeAJ), help polarize C. elegans epithelial
cells, provide barrier function, and attach to the cytoskeleton to provide transmission of mechanical
information across tissues [98]. The CeAJ consists of an apical subdomain containing the PAR/aPKC
complex which is crucial for establishing apical–basal polarity in epithelial tissues [80,98,99]. Slightly
basal to that is the cadherin–catenin complex (CCC), a region containing HMR-1/E-cadherin,
HMP-1/α-catenin, and HMP-2/β-catenin [98,100]. The CCC is required for ventral enclosure
of the embryo, and directly binds and anchors actin [100]. Loss of either HMP-1/α-catenin or
HMP-2/β-catenin in the embryo results in actin bundles becoming detached from the CeAJ [100].
The most basal structure is a complex made up of DLG-1/Discs large and AJM-1 and overlaps with
the septate junction (discussed below) [98]. Loss of the PAR protein PAR-3 in the spermatheca results
in the mislocalization of other CeAJ proteins, AJM-1 and LET-413/Scribble and consequent disruption
of the actin bundle alignment and orientation [80,101]. The roles of the other CeAJ proteins in actin
anchorage, and in the intercellular transmission of mechanical signals, have not been studied in the
somatic gonad. Because CeAJ proteins are required for embryonic and larval development, the answers
to these questions will require fine spatio-temporal control, perhaps using targeted auxin-initiated
decay [102] to remove the potential anchors in a short time window in the specific cell type of interest.
Another likely relevant, but largely unstudied, structure found in the spermatheca and sp–ut valve
are the septate junctions. Septate junctions (SJ) are tight junction-like structures found in invertebrates
and are responsible for cell–cell adhesion and barrier function [103–105]. Pleated SJ are found apical
to the CCC and fold the membrane into tight convolutions reminiscent of a piece of corrugated
cardboard [41,106]. This feature allows septate junctions to be extended, or stretched out, without
loss of barrier function as cells grow or stretch. For example, in Drosophila, the sub-perineural glia
cells, which form the blood brain barrier, attach to one another via septate junctions. As these cells
grow rapidly, the septate junctions allow for rapid expansion, going from wavy to straight as the
cells elongate without any additional junction assembly [104,107]. Interestingly, actin-rich structures
adjacent to these junctions are required for the continuity of the SJs [105]. Smooth or continuous SJ
comprise long, continuous arrays of highly stable cell adhesion and other molecules [98,103,108,109].
In the C. elegans spermatheca, SJ-like structures are observed basally to the CeAJ [41,98], and probably
play an important role in facilitating passage of embryos into and out of the spermatheca [101].
Similarly, when the sp–ut valve is closed, the apical surfaces of the inner part of the “donut” are
convoluted and come in contact with one another. During embryo exit, these contacts are pulled
apart and stretched considerably, but appear to reform immediately after closing (our unpublished
observations). SJ proteins such as DLG-1/Discs large [101], and the neurexin homologs NRX-1 and
ITX-1 are expressed in the sp–ut and spermatheca, respectively [110,111], and likely constitute core SJ
components in the C. elegans gonad. It will be important to determine how these structures contribute
to spermatheca and sp–ut valve distensibility and coordination of acto-myosin based contractility.
What is the relationship between cell shape and actin bundle orientation? In the spermatheca,
actin bundles are aligned circumferentially around the spermathecal tube, which facilitates contraction
of this tissue and expulsion of the fertilized egg [75]. Similarly, during embryonic elongation, actin
bundles are arranged circumferentially in the epidermal cells, positioned to squeeze and elongate the
round embryo into a worm shape. In contrast to the spermathecal actin bundles, which are arranged
parallel to the long axis of the cells, actin in the embryonic epidermis is arranged perpendicularly
to the long axis of the cell [7,100,112,113]. How do the fibers “know” to align in this stereotypical
manner? Possibilities include polarized localization of actin nucleation, polymerization, severing or
anchoring proteins, and/or a bias conferred by the tissue shape, the alignment of the extracellular
matrix, or mechanically by the direction of strain applied to the actin filaments. Future imaging and
modeling experiments will help to address these questions.
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Experiments in which uniaxial cyclic strain has been applied to endothelial cells, fibroblasts
and smooth muscle cells grown on flexible substrates suggest stress fibers align in the direction
perpendicular to the direction of stretch [114]. This phenomenon is known as stretch (or strain)
avoidance and is thought to be the result of destabilization and higher turnover of stress fibers under
tension [114]. Despite this general principle, the exact response of the cytoskeleton to the mechanical
perturbation is dependent on the specific experimental condition, focal adhesion attachment, matrix
density cell type, and activation state of Rho [6,115,116]. It is not known whether stretch avoidance
plays a role in actin fiber bundle orientation in C. elegans. In vivo tension measurements, perhaps
using Fluorescence Resonance Energy Transfer (FRET)-based tension sensors [117] or laser severing
experiments [118] may help answer the question of how actin bundles in C. elegans orient with respect
to strain.
Much more than just a gene discovery platform, C. elegans provides a window into cell biology
in the context of a living organism. Given the conservation of the genes encoding actin and actin
regulatory proteins in C. elegans, and the significant advances in genome editing, in vivo imaging,
‘the worm’ will continue to enable discovery of the mechanism(s) by which the actin cytoskeleton is
regulated at the intra- and inter-cellular levels.
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