Myosin activity drives actomyosin bundle

ARTICLE

formation and organization in contractile cells of

the Caenorhabditis elegans spermatheca

Alison C. E. Wirshing and Erin J. Cram*
Department of Biology, Northeastern University, Boston, MA 02115

ABSTRACT Stress fibers—contractile actomyosin bundles—are important for cellular force
production and adaptation to physical stress and have been well studied within the context
of cell migration. However, less is known about actomyosin bundle formation and organiza-
tion in vivo and in specialized contractile cells, such as smooth muscle and myoepithelial cells.
The Caenorhabditis elegans spermatheca is a bag-like organ of 24 myoepithelial cells that
houses the sperm and is the site of fertilization. During ovulation, spermathecal cells are
stretched by oocyte entry and then coordinately contract to expel the fertilized embryo into
the uterus. Here we use four-dimensional confocal microscopy of live animals to observe
changes to spermathecal actomyosin network organization during cell stretch and contrac-
tion. Oocyte entry is required to trigger cell contraction and concomitant production of paral-
lel actomyosin bundles. Actomyosin bundle size, connectivity, spacing, and orientation are
regulated by myosin activity. We conclude that myosin drives actomyosin bundle production
and that myosin activity is tightly regulated during ovulation to produce an optimally orga-
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nized actomyosin network in C. elegans spermathecae.

INTRODUCTION

Actin is one of the most highly conserved proteins across eukaryotes
and plays a central role in cellular adaptation to and generation of
force (Gunning et al., 2015). This is required for numerous biological
processes, including cell-cycle progression (Provenzano and Keely,
2011), cell migration (Li et al., 2005), tissue morphogenesis (Wozniak
and Chen, 2009; Nelson and Gleghorn, 2012), wound closure
(Brugues et al., 2014), and cell/tissue adaptation to physical stress
(Davis et al., 2001; Burridge and Wittchen, 2013). The actin cytoskel-
eton is able to produce the different structures required to meet
diverse cellular needs through complex and tightly regulated
protein networks (dos Remedios et al., 2003; Dominguez, 2004;
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Zaidel-Bar et al, 2015). Stress fibers—contractile actomyosin
bundles—are common among cells exposed to physical stress
(Tojkander et al., 2012) and have been well studied within the con-
text of cell migration (Pollard et al., 2000; Pellegrin and Mellor,
2007, Naumanen et al., 2008; Burridge and Wittchen, 2013). How-
ever, contractile stress fiberlike structures are found in many spe-
cialized contractile cells, such as contractile epithelial, contractile
endothelial, smooth muscle, and myoepithelial cells, and much less
is known about the regulation of actomyosin contractility in these
contexts (Pellegrin and Mellor, 2007; Pollard and Cooper, 2009). Al-
terations in actomyosin contractility underlie the pathophysiology of
numerous conditions, including cardiac disease, hypertension, vaso-
spasm, asthma, erectile dysfunction, and preterm labor (Uehata
etal., 1997, Wettschureck and Offermanns, 2002; Somlyo and Som-
lyo, 2003; Seguchi et al., 2007; Lavoie et al., 2009). There are few in
vivo systems that allow for visualization of the actomyosin cytoskel-
eton in cells under dynamic mechanical conditions. Most of the in
vivo work comes from elegant studies of cell movements and cell
contractility during Drosophila elongation, gastrulation, egg cham-
ber rotation, and tracheal tube development (Mason et al., 2013;
Cetera et al., 2014; Kasza et al., 2014; Hannezo et al., 2015; Hosono
et al., 2015). Although cell shape changes and large perturbations
to the localization of the actomyosin contractile apparatus can be
observed in these cell types, their small size makes imaging of
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dynamic reorganization of the actin cytoskeleton a challenge. The
somatic gonad of the transparent, hermaphroditic nematode
Caenorhabditis elegans is composed of a single layer of contractile
myoepithelial cells (Mccarter et al., 1999; Michaux et al., 2001). Be-
cause the cells of the gonad are large and clearly visible in the intact
animal and the gonad naturally stretches and contracts during the
ovulation process, this system is ideal for studying how cells in an
intact tissue modulate their actomyosin cytoskeletons in response to
stretch and contraction.

The C. elegans somatic gonad contains two symmetrical, u-
shaped gonad arms connected to a common uterus. Sheath cells
surround the developing oocytes, and the spermatheca—a contrac-
tile, bag-like organ of 24 myoepithelial cells—houses the sperm and
is the site of fertilization (Hirsh et al., 1976; Hubbard and Greenstein,
2000). During ovulation, sheath cell contractions increase and the
distal spermathecal neck opens to allow entry of the proximal oo-
cyte to the spermatheca, where it is immediately fertilized (Hirsh
etal., 1976; Ward and Carrel, 1979; Hubbard and Greenstein, 2000).
After a regulated period of time, spermathecal cells coordinately
contract, the spermathecal-uterine (SP-UT) valve opens, and the
embryo is expelled into the uterus. This process occurs ~150 times
per gonad arm, requiring robust regulation of somatic tissue
contractility to successfully propel the oocyte from the sheath
through the spermatheca and into the uterus (Mccarter et al., 1999;
Yamamoto et al., 2006).

Contractions of both sheath and spermathecal cells are regu-
lated by the conserved Ca?* and RhoA signaling pathways (Clandinin
etal., 1998; Wissmann et al., 1999; Bui and Sternberg, 2002; Kariya
etal., 2004; Yin et al., 2004; McMullan and Nurrish, 2011; Kovacevic
etal., 2013; Meighan et al., 2015; Ono and Ono, 2016), which coop-
erate to increase phosphorylation of the myosin regulatory light
chain (p-MRLC) and actomyosin contractility in smooth muscle and
nonmuscle cells (Somlyo and Somlyo, 2000). In the C. elegans

gonad, two phospholipase C isoforms, Cy (PLC-3) and Ce (PLC-1),
cleave phosphatidyl inositol to produce inositol 1,4,5-triphosphate
(IP3), which triggers Ca?* release from the endoplasmic reticulum
(Clandinin et al., 1998; Bui and Sternberg, 2002; Kariya et al., 2004;
Yin et al., 2004; Kovacevic et al., 2013). This likely increases myosin
activity by activating a Ca?*-calmodulin-dependent myosin light
chain kinase (Adelstein, 1982; Somlyo and Somlyo, 2000). In both
tissues, RHO-1/RhoA signaling activates Rho-associated kinase,
LET-502/ROCK, which phosphorylates and inactivates the myosin-
associated phosphatase regulatory subunit MEL-11 (referred to here
as myosin phosphatase), leading to increased p-MRLC (Wissmann
etal., 1999; McMullan and Nurrish, 2011; Meighan et al., 2015; Ono
and Ono, 2016). However, unlike sheath cells, spermathecal cells
lack the troponin-tropomyosin complex (Ono and Ono, 2004; Ono
et al., 2007) responsible for Ca?* regulation of actomyosin contrac-
tion in muscle cells (Ebashi, 1984). Sheath and spermathecal cells
also have distinct cytoskeletal organizations (Strome, 1986). Sheath
cells exhibit long, longitudinal actin bundles that contain both non-
muscle and muscle isoforms of myosin Il heavy chain (Ono and Ono,
2016), whereas the spermatheca has stress fiber-like, parallel actin
bundles oriented along the long axis of each cell (Figure 1; Strome,
1986) and lacks muscle isoforms of myosin Il (Ardizzi and Epstein,
1987, Ono et al., 2007). This difference in actomyosin organization
may reflect differences in the contractile properties of each cell type.
The sheath cells, wrapped around the maturing oocytes, experience
a relatively constant degree of stretch and produce multiple con-
tractions that increase in intensity and frequency during ovulation,
whereas spermathecal cells are dramatically stretched by the incom-
ing oocyte and produce a single smooth contraction as the oocyte
is expelled into the uterus (Ward and Carrel, 1979; Hubbard and
Greenstein, 2000).

We previously observed that spermathecal cells before the first
ovulation have tortuous, randomly oriented actin bundles and that
the mature actin cytoskeleton is not present
until after the first ovulation (Kovacevic

and Cram, 2010). Here we use four-dimen-
sional (4D) confocal microscopy to observe
changes to spermathecal actomyosin net-
work organization during cell stretch and
contraction. We show that 1) maturation of
the actin cytoskeleton requires and is pro-

FIGURE 1: Anatomy of the C. elegans spermatheca. (A) Schematic diagram showing actin

portionate to the degree of spermathecal
cell stretch during the first ovulation; 2) actin
network maturation coincides with the onset
of cell contraction and requires Ca?* signal-
ing to trigger myosin Il activity; and 3) both
reduced and increased myosin Il activity
cause changes in actomyosin network con-
nectivity, tortuosity, spacing, and orientation.
We conclude that tight spatiotemporal regu-
lation of myosin Il activity during cell stretch
and contraction is required for optimal acto-
myosin network organization and tissue con-
tractility in C. elegans spermathecae.

bundle orientation in spermathecal cells. (B-G) Confocal images of two fixed and stained

spermathecae, one that is unoccupied, sperm only (B-D), and one that is occupied, sperm and
oocyte present (E-G). (B, C, E, F) Confocal maximum intensity projections of spermathecae
expressing INX-12::mApple to label lateral junctions (red) stained with phalloidin to label

F-actin (green). Note the difference in cell stretch in an unoccupied (C) and an occupied

(F) spermatheca. (D, G) A central sagittal z-slice showing a cross section of the spermatheca with
basal actin bundles (green), lateral junctions (red), and bright-field image (grayscale). Sperm and
oocyte are false colored in blue and pink, respectively. Scale bar, 20 um. In all images, the

spermatheca is oriented distal to proximal.
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RESULTS

Parallel actomyosin bundle formation
requires oocyte entry to the
spermatheca

The most prominent features of the ma-
ture actin cytoskeleton in the C. elegans
spermatheca are basal stress fiberlike actin
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FIGURE 2: Myosin and actin colocalize into actomyosin bundles in spermathecal cells. Confocal maximum intensity
projections of excised spermathecae at different developmental stages expressing GFP-labeled myosin (GFP::NMY-1;
green) and stained with phalloidin to label F-actin (red). Yellow indicates actin and myosin colocalization. (A) Late L4
animal, (B) young adult prior to the first ovulation, and (C) mature adult after the first ovulation. The spermatheca in C is
unoccupied (after oocyte exit). White boxes indicate section magnified in insets below. All insets are a single confocal
z-slice showing only the most basal surface. (A', C’) Actin, (A", C") myosin, (A", C") merge. Scale bar: 20 pm (A-C),

10 pm (insets).

bundles oriented along the long axis of each cell (Figures 1 and 2;
Strome, 1986). We previously reported that these parallel actin bun-
dles are absent in spermathecae of young animals before the first
ovulation (Kovacevic and Cram, 2010). To investigate what drives
production of parallel actin bundles in mature adults and determine
whether these actin structures are actomyosin bundles, we used
phalloidin staining to visualize filamentous-actin (F-actin) and func-
tional green fluorescent protein-labeled nonmuscle myosin I
(GFP::NMY-1) to visualize myosin (Supplemental Figure S1). In late-
L4 animals, parallel basal bundles are absent, and the majority of
F-actin is located at lateral junctions and the apical cell surface. GFP-
labeled myosin Il appears diffusely throughout the cytosol and, simi-
larly to F-actin, accumulates at lateral junctions and the apical cell
surface, forming small punctae. In some cases, a few thin actomyo-
sin bundles are visible at the basal surface (Figure 2A). By young
adulthood, F-actin and myosin Il colocalize into basal actomyosin
bundles that differ in their organization from those seen in mature
adults. Before the first ovulation, the basal actomyosin bundles are
tortuous, branching, and randomly oriented (Figure 2B). After the
first ovulation, branching and tortuosity decrease, and prominent,
parallel actomyosin bundles aligned along the long axis of each cell
are apparent (Figure 2C). These actomyosin bundles appear to re-
sult primarily from reorganization of existing F-actin. However, using
DNase | to specifically bind globular actin (G-actin; Cramer et al.,
2002), we did observe a slight but significant increase in the ratio of
F-actin to G-actin in spermathecae from animals after the first ovula-
tion, suggesting that de novo actin polymerization may also be
involved (Supplemental Figure S2). Once parallel actin bundles de-
velop, they are maintained throughout successive rounds of
ovulation and are consistently seen in both occupied (oocyte pres-
ent) and empty (only sperm present) spermathecae. These results
demonstrate that the actin structures observed in adults (Strome,
1986) are actomyosin bundles and suggested to us that oocyte en-
try might be required for development of the mature actomyosin
network during the first ovulation.

To determine whether animal age rather than oocyte entry per se
initiates actin bundle alignment, we used RNA interference (RNAI)
to block entry of the oocyte to the spermatheca and observed the
cytoskeleton in larval stage 1 (L1) arrest—synchronized populations
after 45 h. At this time point, wild-type (WT) animals have under-
gone approximately five ovulations. First, we abolished oocyte
production by knocking down prp-17, a germline-expressed gene
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involved in regulating the sperm-to-oocyte switch (Kerins et al.,
2010). Most prp-17(RNAI) animals produce only sperm (Kerins et al.,
2010; Cecchetelli et al., 2016). In these animals, the immature acto-
myosin network is maintained, and parallel bundles do not develop.
In some cases, prp-17(RNAi) animals produce and ovulate a few ab-
normal oocytes (Kerins et al., 2010; Cecchetelli et al., 2016). When
these oocytes enter the spermatheca, the actomyosin network
forms aligned bundles. Quantification of network anisotropy—a
measurement of alignment—in individual cells using FibrilTool
(Boudaoud et al., 2014) reveals a significant increase in anisotropy in
prp-17(RNAI) animals, which produced abnormal oocytes, com-
pared with control animals after the first ovulation. Because the prp-
17(RNAIJ) oocytes do not form an eggshell and remain deformable,
this apparent increase in anisotropy over WT is probably the result
of increased flattening of the spermatheca during imaging. These
results suggest that knockdown of prp-17 influences spermathecal
actin organization through its effect on oocyte production.

We next explored the role of oocyte entry in actomyosin matura-
tion by inhibiting genes required for sheath cell contraction. RNAI
knockdown of the phospholipase Cy, plc-3 (Yin et al., 2004), or the
ER calcium sensor STIM1, stim-1 (Yan et al., 2006), disrupts Ca?*
signaling and sheath contractions, and knockdown of scribble ho-
mologue, let-413 (Pilipiuk et al., 2009), or the atypical protein kinase
C (PKC), pkc-3 (Aono et al., 2004), disrupts dilation of the distal
spermathecal neck. Knockdown of each gene prevents entry of the
oocyte to the spermatheca, trapping oocytes in the oviduct, where
they undergo endomitotic (Emo) DNA replication and produce ab-
normally large nuclei (lwasaki et al., 1996; Mccarter et al., 1999).
Although the mechanism of ovulation disruption differs for each
gene, the effect on spermathecal actomyosin bundle organization is
similar. In all cases, animals with an Emo phenotype have basal,
poorly aligned actomyosin bundles that resemble those in control
animals before the first ovulation (Figure 3). Quantification of acto-
myosin organization in individual cells with FibrilTool shows that
bundle anisotropy in animals treated with plc-3 or let-413 RNAI
does not differ significantly from that in control animals before the
first ovulation. RNAi knockdown of stim-1 results in a modest de-
crease in anisotropy compared with the preovulation control,
whereas RNAI knockdown of pke-3 results in a more significant
reduction in anisotropy (Figure 3). Because pkc-3 is involved in
establishing apicobasal polarity (Aono et al., 2004), PKC-3 may be
required for wild-type morphology of preovulation actomyosin
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Oocyte entry during ovulation is required for alignment of
spermathecal actin bundles. (A) Quantification of actin bundle
anisotropy (degree of alignment) using FibrilTool. Each point
represents a single cell, and no more than three cells were measured
from the same animal. For each condition, from left to right, 44, 63,
152, 42, 27, 35, 54, and 49 cells. (B) Representative phalloidin staining
results for each condition in A. Yellow line indicates a single cell
selected for measurement with FibrilTool, and numbers indicate
anisotropy measured for each cell. Error bars represent SEM.
Unpaired t test: ns, p > 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Scale bar, 5 pm.

bundles. Of importance, in all cases in which oocyte entry to the
spermatheca was blocked, the actomyosin network failed to mature
into the parallel bundles. These findings indicate that oocyte entry
is required to initiate actomyosin network maturation.

Parallel actin bundle formation coincides with cell
contraction triggered by and proportional to cell stretch
during ovulation

Cell stretch (Thoumine et al.,
actomyosin-driven contraction (Peterson et al.,

1995; Sears and Kaunas, 2016) and
2004; Sears and

Anisotropy after
20 min cell stretch

Kaunas, 2016) have been shown to influence actomyosin network
organization. To determine whether cell stretch, contraction, or both
are required for parallel actomyosin bundle production, we used
confocal microscopy to capture 4D ovulation movies of live whole
animals. Spermathecal actin was visualized using three different flu-
orescent actin reporters: GFP-labeled actin, GFP::ACT-1; GFP fused
to the actin-binding calponin homology domain from utrophin,
GFP::UtrCH (Burkel et al., 2007); and the moesin actin-binding do-
main fused to mCherry, moeABD::mCherry (Edwards et al., 1997).
All spermathecal actin reporter lines recapitulate the F-actin organi-
zation observed using phalloidin staining and are capable of ovulat-
ing normally, suggesting that the actin markers accurately label
endogenous actin with minimal disruption of the actin cytoskeleton
(Supplemental Figure S3). Fortuitously, we found that during image
acquisition, the SP-UT valve in the GFP::ACT-1 animals remains par-
tially closed, prolonging oocyte dwell time in the spermatheca. This
allows us to monitor changes in actin bundle organization during
cell stretch caused by oocyte entry and subsequent cell contraction.
When the embryo exits, the spermatheca returns to a compressed
conformation, making it difficult to image cells during contraction
(Supplemental Figure S3). For this reason, we present here data
obtained using the GFP:ACT-1 line. However, similar results were
obtained with the GFP:UtrCH and moeABD::mCherry lines (Sup-
plemental Figure S3).

As previously discussed, oocyte entry stretches the cells of the
spermatheca (Figure 1), and this cell stretch precedes and is re-
quired for parallel actin bundle production (Figure 2). To determine
whether the degree of stretch correlates with the degree of acto-
myosin bundle alignment, we observed actin dynamics in animals in
which the distal spermathecal neck had closed prematurely, permit-
ting only a fraction of the oocyte to enter the spermatheca (Supple-
mental Movie S1). In contrast to the actomyosin bundle production
and alignment evident in normally stretched cells, entry of small
oocyte fragments results in minimal change to bundle organization
(Figure 4 and Supplemental Movie S1). This suggests that stretch is
required for bundle alignment. To determine whether actomyosin
bundle alignment coincides temporally with cell stretch upon oo-
cyte entry or instead with onset of contraction, we simultaneously
tracked changes in cell length—an indirect measurement of cell
stretch and contraction—and actomyosin bundle anisotropy. Imme-
diately after oocyte entry, stretched spermathecal cells exhibit the
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Actin bundle alignment is proportional to cell stretch. (A, B) Confocal maximum intensity projections showing
spermathecal actin labeled with GFP (GFP::ACT-1) in a slightly stretched spermatheca containing an oocyte fragment
(A) and normally stretched spermatheca containing the entire oocyte (B) at ~20 min after oocyte entry. (A', B’) A central,
sagittal z-slice from A and B. The yellow dashed line indicates measurement of spermathecal cross-sectional area.
(C) Comparison of spermathecal cross-sectional area and actin network anisotropy (degree of alignment) achieved
~20 min after oocyte entry, depicting a positive relationship between spermathecal cell stretch and actin network
anisotropy. Two cells were measured from nine animals (18 cells). Black line: best-fit linear regression. Scale bar, 20 ym.
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FIGURE 5: Actin bundle alignment coincides with cell contraction during ovulation.

(A) Maximum intensity projections from a 4D confocal ovulation movie of spermathecal cells
expressing GFP-labeled actin (GFP::ACT-1). At 100 s after oocyte entry, spermathecal cells are
stretched, yet display the webby preovulation actomyosin network. At 750 s after oocyte entry,
contracting cells show development of parallel actomyosin bundles. At 1500 s after oocyte
entry, spermathecal cells exhibit parallel actomyosin bundles oriented along the long axis of
each cell. (B) Quantification of cell contraction and actomyosin bundle anisotropy (degree of
alignment) in two cells from independent ovulation movies. FibrilTool was used to quantify actin
anisotropy in individual cells (yellow outline in A). Cell shortening coincides with a rapid increase

in actin anisotropy ~500 s after oocyte entry. Scale bar, 20 um.

preovulation actin network organization. Production of prominent,
parallel actomyosin bundles does not begin until ~500 s after the
initiation of cell stretch, coincident with the onset of cell contraction
(Figure 5 and Supplemental Movie S2). This suggests that active
actomyosin contraction drives bundle formation and alignment and
that this process is activated by and proportionate to cell stretch.

To determine whether increased contractility is able to overcome
the requirement of cell stretch to induce contraction and produce
aligned actin bundles, we used RNAI to deplete myosin phospha-
tase, mel-11, previously shown to regulate spermathecal contractility
(Piekny and Mains, 2002). RNAi depletion of mel-11 produces
hypercontractile spermathecae that are capable of contracting
without oocyte entry (Supplemental Figure S4). However, in these
spermathecae, the cells become compact, and actin structures are
difficult to visualize (Supplemental Figure S4). This shows that al-
though enhanced cell contractility can overcome the requirement of
oocyte entry to trigger contraction, we were not able to observe the
effect on the actin cytoskeleton under these conditions.

Myosin activity drives parallel actomyosin bundle formation

Because formation of the parallel actomyosin bundles coincides
with contraction, we next investigated whether phospholipase-in-
duced cell contraction is required. Phospholipase-stimulated Ca?*
release is predicted to lead to actomyosin contraction through the
activation of myosin light chain kinase (MLCK) and the phosphoryla-
tion of MRLC. Although the MLCK active in the spermatheca has not
been identified, the connection between phospholipases, IP3 pro-
duction, Ca?* release, and contraction in C. elegans is well estab-
lished (Clandinin et al., 1998; Bui and Sternberg, 2002; Kariya et al.,
2004; Yin et al., 2004; Kovacevic et al., 2013). We showed previously
that intracellular Ca?* levels peak during spermathecal contraction
and that loss of the phospholipase Ce, PLC-1, abolishes Ca?* signal-
ing and tissue contraction (Kovacevic et al., 2013). If contraction is
required for actin network maturation, plc-T-null animals should re-
tain the immature, webby actomyosin network after spermathecal
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1(rx1) animals. In wild-type animals, actin
organization rapidly increases after ~500 s
of cell stretch (Figure 5 and Supplemental
Movie S2). In contrast, plc-1(rx1) animals
require at least 2 h to form quantifiable
parallel bundles (Figure 6). This suggests
that cell contraction, lost in plc-1(rx1) ani-
mals, is required to drive timely actomyosin
organization.

To determine whether delayed actomyo-
sin network maturation seen in plc-1(rx1)
animals can be rescued by increasing myo-
sin activity, we used 4D confocal microscopy
to capture ovulation movies of WT, plc-1(rx1), and plc-1(rx1) animals
treated with RNAI against the myosin phosphatase, mel-11. If the
noncontractile plc-1(rx1) phenotype is primarily the result of de-
creased p-MRLC levels and reduced myosin activity, then loss of the
phosphatase mel-11 should rescue timely actomyosin bundle pro-
duction and alignment. In WT animals, actomyosin network matura-
tion begins during cell contraction, ~500 s after the start of cell
stretch, and mature, parallel bundles are well developed after 1000-
1500 s (Figures 5 and 7 and Supplemental Movie S2). During this
time, plc-1(rx1) spermathecal cells do not contract and show no sig-
nificant change in actomyosin bundle organization (Figure 7 and
Supplemental Movie S3). Treatment of plc-1(rx1) animals with RNAi
against mel-11 partially rescues timely actomyosin network matura-
tion, and prominent bundles, similar to those in wild-type cells, are
apparent after ~1500 s of cell stretch (Figure 7 and Supplemental
Movie S4). Although mel-11 RNAi treatment rescues the production
of prominent actomyosin bundles in plc-1(rx1) animals, these bun-
dles are frequently misaligned with respect to the long axis of the
cell, and populations of differentially oriented bundles are seen
within the same cell (Figure 7). This phenotype is distinct from WT
cells, which consistently develop parallel actomyosin bundles ori-
ented along the long axis of each cell, and likely contributes to the
reduced anisotropy measured in plc-1(rx1);mel-11(RNAi) animals.
Overall these results suggest that the delayed actomyosin network
maturation in plc-1(rx1) animals is the result of insufficient activation
of myosin and suggest that precise regulation of myosin activity dur-
ing cell contraction is required to achieve wild-type actin network
morphology.

Both increased and decreased myosin activity alter actin
network organization

To probe more directly the role of myosin activity in actin bundle
formation, we used RNAi of nmy-1, the major nonmuscle myosin Il
heavy chain expressed in the spermatheca (Kovacevic et al., 2013),
to reduce the level of myosin, and RNAIi of myosin phosphatase,
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FIGURE 6: In phospholipase Ce-null animals, actin bundle alignment is delayed. (A) Actin

WT Figures S5-S7). Similar to plc-1(rx1) sperma-
thecae, spermathecae of nmy-T(RNAI)
plc-1(rx1) animals fail to contract after oocyte entry,

resulting in trapped embryos in the sperma-
theca. However, unlike plc-1(rx1) sperma-
thecae, nmy-1(RNAI) spermathecae never
develop the prominent, parallel actin bun-
dles seen in mature, postovulation, WT
animals, regardless of the duration of cell
stretch. Loss of mel-11 produces the oppo-
site phenotype. After oocyte entry, the sper-
matheca hyperconstricts, the SP-UT valve
remains tightly closed, blocking oocyte exit,
and contraction continues until mounting
force culminates in rupture of cell-cell con-
tacts. Before tissue rupture, mel-11(RNAJ)
spermathecae develop very prominent actin
bundles. These bundles are frequently
thicker and spaced farther apart than bun-
dles in WT cells and appear to result from
neighboring bundles being pulled together
(Figure 9 and Supplemental Figures S6 and
S7). In addition, mel-11(RNAi) cells fre-
quently contain populations of actin bun-
dles oriented in different directions (Figure 9
and Supplemental Figure S5). Overall these
results show that myosin is required for actin
network maturation and suggest that myo-
sin activity is regulated during contraction to
produce WT parallel actin bundles.

bundle alignment requires at least 2 h of spermathecal cell stretch in phospholipase Ce-null,

plc-1(rx1), animals. FibrilTool was used to measure anisotropy (degree of alignment) in individual
cells. Each point represents a single cell from 14 WT cells and 43, 33, and 60 plc-1(rx1) cells for
<1, 1-2, and >2 h, respectively. Embryos between 2 and 8 h of age are lumped into the >2-h
category. No more than three cells were measured from the same animal. Embryonic
developmental stages were used to estimate embryo duration in the spermatheca. (B-D) A
central, sagittal z-slice of spermathecae expressing GFP-labeled actin (GFP::ACT-1; green).
Bright-field image shows development of the embryo trapped within the spermatheca. Note the
advanced embryonic development indicating lengthy spermathecal cell stretch of at least 8 h
(D). (B'-D’) Confocal maximum intensity projections of the spermathecae shown in B-D. Note
the lack of prominent, parallel actin bundles in C’ only. Error bars represent SEM. Unpaired

t test: ns, p > 0.05, ****p < 0.0001. Scale bar, 20 pm.

mel-11, to elevate myosin activity. Spermathecal actin was visual-
ized in whole live animals using the actin reporter lines described
earlier and in N2 animals using phalloidin staining. Similar results
were obtained using all techniques (Supplemental Figures S5-57).
As expected, RNAI depletion of nmy-1 reduces spermathecal cell
contraction, producing the flaccid phenotype described previously
(Kovacevic et al., 2013) characterized by a distended distal neck and
SP-UT valve (Supplemental Figure S5). Surprisingly, we find that
nmy-1(RNAI) spermathecae have basal actin bundles indistinguish-
able from WT animals before the first ovulation (Supplemental
Figure S8). We obtained similar results with the null allele, nmy-
1(sb115), indicating RNAi against nmy-1 is sufficient to produce a
null phenotype (Supplemental Figure S5). Knockdown of mel-11
also has no noticeable effect on preovulation spermathecal actin
organization (Supplemental Figure S5), suggesting that myosin is
dispensable for organization of preovulation actin bundles.

After ovulation, both loss of myosin and elevated myosin activity
disrupt spermathecal actin organization. Animals treated with nmy-1
RNAIi maintain the preovulation actin network characterized by thin,
interconnected, tortuous actin bundles (Figure 8 and Supplemental
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Increased myosin activity leads to
clustering of myosin within highly
contractile actomyosin bundles

To better understand how altered myosin ac-
tivity influences actin network organization,
we used 4D confocal microscopy to visualize
both actin and myosin during cell stretch
and contraction. Myosin and actin were
coimaged in a line expressing moeABD::
mCherry and GFP:NMY-1 to label actin and
myosin, respectively. To confirm that GFP
does not interfere with myosin activity, we expressed GFP::NMY-1 in
the nmy-1(sb115) null background. GFP::NMY-1 rescues the brood
size defect of nmy-1(sb115), producing 142 + 8.737 (mean + SEM,
n = 3) live offspring per animal, compared with only 21 + 4.509
(mean £ SEM, n = 3) produced by nmy-1(sb115) (Supplemental
Figure S1). This indicates that the GFP-myosin is functional and likely
reports localization of endogenous myosin.

During ovulation in wild-type animals, myosin is highly dy-
namic. Immediately after oocyte entry, GFP-myosin becomes dif-
fuse throughout the cytosol. This is followed by rapid recruitment
of GFP-myosin into actomyosin bundles and cell contraction as the
oocyte is expelled from the spermatheca. Because oocytes are not
retained in the spermatheca in this line, visualizing actomyosin or-
ganization during contraction is difficult as structures become ob-
scured in the highly compact, contracted cells (Supplemental
Figure S3 and Supplemental Movie S5). Imaging fixed whole ani-
mals mid ovulation using slow acquisition settings (see Materials
and Methods) more clearly shows that GFP-myosin is incorporated
into and homogeneously distributed throughout actomyosin bun-
dles (Figure 9A).

Molecular Biology of the Cell
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actomyosin bundles are highly contractile.
Together these results show elevated myo-
sin activity influences myosin organization
within actomyosin bundles and generates
sufficient force to alter bundle behavior and
rupture bundles and cell-cell contacts.

plc-1(rx1)

DISCUSSION
We previously observed that spermathecal
basal actomyosin bundles mature from a
webby, isotropic network to one with promi-
nent, evenly spaced, and aligned bundles.
Here we show that this maturation requires
i and is proportionate to spermathecal cell
7 stretch, suggesting that spermathecal cells
are mechanoreceptive. One recently identi-
A fied mechanotransducer in the spermatheca
W is the RhoA GAP SPV-1, which contains an
F-BAR domain capable of perceiving mem-
brane curvature (Tan and Zaidel-Bar, 2015).
During cell stretch, SPV-1 is displaced from
the membrane, releasing inhibition of
RHO-1/RhoA (Tan and Zaidel-Bar, 2015) and
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FIGURE 7: Depletion of myosin phosphatase rescues timely actin bundle formation but not
orientation in phospholipase Ce-null spermathecae. (A) Confocal maximum intensity projections
from frames of 4D ovulation movies of spermathecae from WT, phospholipase Ce-null animals
(plc-1(rx1)) and plc-1(rx1) animals treated with RNAi against myosin phosphatase (plc-1(rx1);mel-
11(RNAI)) expressing actin labeled with GFP (GFP::ACT-1). Times indicate time after oocyte
entry. (B) OrientationJ was used to false-color actin bundles according to their orientation in
selected cells indicated by yellow boxes in A. Note the production of populations of differently
oriented actin bundles within a single plc-1(rx1);mel-11(RNAI) cell. (C) Quantification of
anisotropy (degree of alignment) in individual spermathecal cells during ovulation. FibrilTool was
used to measure anisotropy in individual cells at 28-s intervals during ovulation. No more than
two cells were measured from the same animal. For WT, n =12 cells (6 animals), for plc-
1(rx1);mel-11(RNAI), n=7 cells (4 animals), and for plc-1(rx1) n = 8 cells (4 animals). Error bars

represent SEM. Scale bar, 20 pm.

In mel-11(RNAJ) spermathecae, myosin was not distributed
throughout actomyosin bundles and instead accumulated in large,
laterally associated clusters, creating transverse bands across sev-
eral actin bundles (Figure 9). In mel-11(RNAi) spermathecae, imme-
diately after oocyte entry, actomyosin organization appears similar
to WT. However, 3-5 min later, myosin is recruited to actin bundles,
producing small clusters of myosin along actin bundles. These foci
rapidly increase in intensity and appear to grow by fusion with
neighboring clusters along a single actin bundle until reaching a
steady state, ~10 min after initiation of cell stretch, when they in-
crease in intensity but maintain a distance of 5-10 pm along the
actin bundles (Figure 9 and Supplemental Figure S9 and Supple-
mental Movie S6). We also observe changes in actomyosin bundle
behavior, including rupture of bundles and maintenance of
misaligned bundles present in the immature network (Figure 9B).
Eventually, sufficient force builds up to rupture cell contacts. Rup-
ture occurs 27 £ 2.1 min (mean = SEM, n = 3) after oocyte entry and
always at horizontal cell junctions, whereas vertical junctions remain
intact. Furthermore, loss of cell-cell adhesion begins at basal cell-
cell contacts. Tissue integrity is presumably maintained by apical
adherens junctions until cells completely pull apart (Figure 9B and
Supplemental Movie Sé). Tissue rupture indicates that these
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triggering actomyosin contraction by LET-
502/ROCK inhibition of the myosin phos-
phatase, MEL-11 (Wissmann et al., 1999).
This is likely part of the mechanism by which
cells that experience greater stretch have
higher p-MRLC and active myosin than min-
imally stretched cells. We also show here
that cell stretch alone is not sufficient to
align actin bundles. Immediately after oo-
cyte entry, spermathecal cells are fully
stretched, yet retain the webby, immature,
actomyosin network. Actomyosin network
maturation instead coincides with cell con-
traction ~500 s after the initiation of cell
stretch. This is contrary to some cell culture
work, in which actin bundle alignment is
proportional to the degree of uniaxial
stretch (Sears and Kaunas, 2016) but still occurs in stretched cells
when actomyosin contractility is disrupted by inhibition of ROCK
(Kaunas et al., 2005; Lee et al., 2010) or MLCK (Lee et al., 2010).
However, complete loss of myosin activity by simultaneous inhibi-
tion of ROCK and MLCK does prevent actin bundle formation in
cultured cells (Lee et al., 2010). Similarly, we find myosin activity is
required for spermathecal actomyosin bundle production and align-
ment. We propose that increase in active myosin during cell
contraction, triggered by stretch, drives reorganization of the acto-
myosin network into parallel bundles. This may occur by the net-
work contraction behavior of myosin (Verkhovsky and Borisy, 1993;
Fenix et al., 2016) or poorly understood attractive forces between
distant myosin bipolar filaments capable of merging actin bundles
(Hu et al., 2017).

In smooth muscle and nonmuscle cells, an increase in cytosolic
Ca?* causes cell contraction primarily through activation of the Ca?*-
calmodulin—dependent myosin light chain kinase (Adelstein, 1982).
Unlike muscle myosin, nonmuscle myosin Mg?*-ATPase activity is not
activated by actin alone but requires phosphorylation of the MRLC
(Sellars et al., 1981). We showed previously that intracellular Ca?*
levels peak during spermathecal contraction and that loss of phos-
pholipase Ce, plc-1, abolishes measurable Ca2* transients and tissue

1000 1500

1943

Actomyosin in Caenorhabditis elegans |



WT Pre-ovulation o ns >k
E T 1171
3+ I I
[ ]
£
e | + "
2 - L
u\J .00 Aaat
51 “un
5 -
£ v
LT e
TTE & S .
S N O o
«© «° @?’ \a
& &S @ oF
@p e}p & &0\'
Q Q°
F Fekkk ns Fkkk
| | dekkk I ns I
1.4+ I
'd‘; | |
o
c
8 n ‘
2 L
a
2 es
k=) (L
124 =
g e
2 F T
= v
2 2
: ST ¥
L
1.0+

; ]

FIGURE 8: Myosin activity influences actin bundle development and
organization. (A-D) A single confocal zslice of a spermathecal cell
stained with phalloidin-Texas Red to label F-actin. (A'-D’) Analyze-
Skeleton analysis of bundles. Blue, endpoint (less than two neighbors);
purple, junction (more than two neighbors); orange, slab (exactly two
neighbors). Analysis indicates high actin bundle branching and/or
intersection in a preovulation, WT cell (A’) and a nmy-1(RNAI) cell (C');
note increased purple pixels in A" and C' compared with B" and D'.
(A"-D") OrientationJ was used to false-color actin bundles according to
their orientation. Note that a postovulation, WT cell has parallel actin
bundles oriented along the long cell axis. In a preovulation, WT cell (A")
and a nmy-1(RNAI) cell (C"), actin bundles are randomly oriented, as
illustrated by many different colors. In a mell-11(RNAI) cell, some
bundles are oriented correctly parallel to the long cell axis, but
subpopulations are misaligned. (E) Quantification of actin bundle
connectivity based on AnalyzeSkeleton results. The number of junctions
(purple pixels) was divided by the number of endpoints (blue pixels).
Each point represents analysis of a single cell with no more than two
cells from the same animal and six, five, seven, and five cells for WT
preovulation, WT postovulation, nmy-1(RNAI), and mel-11(RNAI),
respectively. A value >1 indicates actin bundles more frequently
intersected with or branched from neighboring bundles. A value

<1 indicates actin bundles more frequently extended the length of the
cell without contacting neighboring bundles. Note the increased actin
bundle intersection and/or branching in preovulation, WT and nmy-
1(RNAI) cells. (F) Quantification of actin bundle tortuosity (total length/
linear distance between ends). Note increased actin bundle tortuosity in
preovulation, WT cells and nmy-1(RNA.I) cells. Each point represents an
individual bundle measurement from five to seven different cells and
241,145, 256, and 110 bundles for WT preovulation, WT postovulation,
nmy-1(RNAI), and mel-11(RNAI), respectively. Error bars represent SEM.
Unpaired t test (E) or Mann-Whitney test (F): ns, p > 0.05; *p < 0.05;
**p<0.01; **p <0.001; ****p < 0.0001. Scale bar, 5 pm.
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contraction (Kovacevic et al., 2013). Here we show that loss of plc-1
delays the rate of actomyosin bundle maturation and alignment, ex-
tending a process that normally occurs in minutes over several hours.
However, Ca?* and the ubiquitous Ca?*-sensing protein calmodulin
have numerous downstream effects, ranging from activation of pro-
tein kinases to regulation of ion channels (Clapham, 2007). We show
that treatment of plc-1 null animals with mel-11 RNAi rescues timely
actomyosin bundle production. This suggests that the delayed pro-
duction of actomyosin bundles formed in plc-1-null animals is driven
by a plc-1-independent pool of p-MRLC due to either undetectably
low levels of Ca* or an alternative mechanism for phosphorylating
MRLC, such as phosphorylation by ROCK (Amano et al., 1996; Gally
et al., 2009; Beach et al., 2017), and that knockdown of mel-11 is
able to unmask this pool, resulting in timely actomyosin bundle for-
mation. Of interest, these bundles were frequently misaligned with
respect to the long axis of the cell, and differently oriented popula-
tions of bundles were seen within the same cell. This suggests that
precise regulation of myosin activity during cell contraction is re-
quired to achieve WT actomyosin network morphology. Itis also pos-
sible that the observed disruption of actomyosin bundle orientation
is due to dysregulation of a myosin phosphatase substrate other than
MRLC. For example, in Madin-Darby canine kidney cells, phosphor-
ylation of moesin, a protein involved in actin network organization
(Tsukita and Yonemura, 1999; Haynes et al., 2011), is regulated by
myosin phosphatase (Fukata et al., 1998).

To probe more directly the influence of myosin activity on acto-
myosin network organization, we knocked down the primary non-
muscle myosin |l heavy chain isoform expressed in the spermatheca,
nmy-1 (Kovacevic et al., 2013), to eliminate myosin activity or mel-11,
to increase myosin activity. Knockdown of either nmy-1 or mel-11
had no effect on preovulation actomyosin bundles. This was
unexpected, given that myosin and actin appear to colocalize in
these bundles. Perhaps the presence of other actin cross-linking
proteins such as filamin (Kovacevic and Cram, 2010) is sufficient to
produce these thin, webby actin bundles independently of myosin.
However, as is seen in other contractile actomyosin structures, such
as stress fibers (Lamb et al., 1988; Totsukawa et al., 2000) and the
cytokinetic contractile ring (Murthy and Wadsworth, 2005; Takaine
etal., 2015), regulated myosin activity is required for development of
the WT mature actin network. Without nmy-1, the webby immature
actin network persists and, unlike plc-T-null animals, parallel bundles
never develop even after prolonged cell stretch. Similarly, the re-
quirement of mel-11 for WT actomyosin morphology is apparent
once cell contraction is stimulated by cell stretch during oocyte entry.
Depletion of mel-11 produces large, irregularly spaced, misaligned
bundles that appear to result from merging of neighboring bundles.

During contraction in WT cells, myosin is recruited to and homo-
geneously distributed throughout actomyosin bundles. Increased
myosin activity by mel-17 RNAI results in rapid accumulation of
myosin into actin bundles and the production of myosin foci that
grow by fusion with neighboring clusters along a single bundle.
Myosin foci also appear to interact with myosin on neighboring
bundles, producing laterally associated bands of myosin that span
several actin bundles and seem to pull bundles together. Similar
transverse myosin bands have been observed in contractile struc-
tures of cultured cells, including stress fibers and the cytokinetic ring
(Verkhovsky and Borisy, 1993; Verkhovsky et al., 1995; Fenix et al.,
2016; Hu et al., 2017). These bands appeared to result from interac-
tions between adjacent bipolar filaments, producing an intercon-
nected myosin network (Verkhovsky and Borisy, 1993; Fenix et al.,
2016). In addition, it has also been observed that alignment of
myosin bands across neighboring actomyosin bundles occurs via
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explain the observation that mel-11 RNAi in
a plc-T-null background frequently pro-
duces misaligned actin bundles but not the
large bundles seen in mel-11 RNAi in a WT
background.

Conclusion

Although actin nucleators (Hegsted et al.,
2016) and cross-linkers (Kovacevic and
Cram, 2010) clearly play an important role in
spermathecal actin organization, we find
that myosin activity is the dominant factor
driving actomyosin network maturation and
alignment during cell contraction. This is
consistent with work in Drosophila tracheal
tubes, where properties of the circumferen-
tial actomyosin bundles, including bundle
production (Hannezo et al., 2015) and orien-
tation (Hosono et al., 2015), are regulated
by myosin activity. In vitro—reconstituted sys-
tems provide mechanistic insight into how
modulation of myosin activity alone can al-
ter actomyosin network properties. In vitro,
actin and myosin are able to self-organize
into contractile bundles (Thoresen and
Gardel, 2011; Thoresen et al., 2013), and

C
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é yosin o 200 Z'_.. ments (Haviv et al., 2008; Thoresen and
E 10 % Gardel, 2011), fusing actin bundles (Miyazaki
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FIGURE 9: Elevated myosin activity alters myosin organization and interaction with actomyosin
bundles. (A) Confocal maximum intensity projections of fixed spermathecae from a WT animal
and an animal treated with RNAi against myosin phosphatase, mel-11(RNAi), expressing
moeABD::mCherry to label actin (red) and GFP::NMY-1 to label myosin (green). Note the
homogeneous distribution of myosin in actomyosin bundles in WT and laterally associated
myosin clusters that create transverse bands across several actomyosin bundles in a mel-
11(RNAI) spermatheca. (B) Confocal maximum intensity projections from two 4D ovulation
movies showing progression of mel-11(RNAi) phenotypes in selected cells. In movie 1, the
actomyosin bundles rupture. The arrowhead indicates the site of bundle detachment. At 6:40,
bundles are attached, and they retract by 10:00. By 23:20, the basal cell layer pulls back (last
frame). In movie 2, misaligned actin bundles appear to be stabilized and reinforced (arrowhead).
(C) Line-scan analysis along a single actomyosin bundle in movie 1 (indicated by a dashed line) at
5, 10, and 20 min after oocyte entry reveals that myosin clusters increase in intensity and grow
by fusion of smaller clusters along a single bundle. In addition, actin fluorescence intensity is

increased under prominent myosin peaks. Scale bar, 20 ym (A), 5 um (B).

long-range interactions (Hu et al., 2017) such as mechanical com-
munication through an elastic deformable substrate (Friedrich et al.,
2011). Our observations suggest that myosin clusters on adjacent
actomyosin bundles physically interact either directly or through an
unknown binding partner. This idea is supported by the observation
that myosin clusters appear to pull neighboring bundles together
and hold on to ruptured bundles, preventing further retraction. We
also observe precocious stabilization and reinforcement of mis-
aligned bundles present in the immature actomyosin network. This
inappropriate stabilization of nascent actomyosin bundles may
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myosin (Persechini and Hartshorne, 1981).
This suggests that tight regulation of p-
MRLC and actin-myosin interactions is re-
quired for establishment and maintenance
of functional actomyosin networks in vivo.
Now that we have characterized the role of
myosin activity in spermathecal actomyosin
network development, we see this as an
ideal system for investigating how myosin
activity is regulated to maintain optimal tis-
sue contractility in a mechanically stressed
tissue. The spermatheca must undergo
>100 successive rounds of stretch and con-
traction during ovulation. Identification of
protein networks that regulate myosin activ-
ity throughout this process, such as MRLC
kinases and proteins that modulate the actin—myosin interaction
(Zaidel-Bar et al., 2015), may help us better understand how acto-
myosin networks are formed and maintained in vivo and address the
pathophysiology of contractile tissue diseases such as asthma
(Lavoie et al., 2009) and hypertension (Uehata et al., 1997).

MATERIALS AND METHODS
C. elegans strains and culture
All nematode strains were maintained on NGM (0.107 M NaCl,
0.25% [wt/vol] Peptone [Fischer Science Education], 1.7% [wt/vol]
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BD Bacto-Agar [Fisher Scientific], 0.5% nystatin [Sigma-Aldrich],
0.1 mM CaCl2, 0.1 mM MgSO4, 0.5% [wt/vol] cholesterol, and
2.5 mM KPO,) agar plates seeded with OP50 Escherichia coli at
23°C (Hope, 1999). Generation of nematode strains for this study was
done by standard microinjection (Mello et al., 1991). All constructs
were injected at a concentration between 5 and 10 ng/pl with injec-
tion markers rol-6 and ttx3p::RFP injected at 40 ng/ul. Carrier DNA,
sheared, denatured salmon sperm DNA (Clontech, Mountain View,
CA) was added to bring the final DNA concentration to 100 ng/pl
for each injection mix. Extrachromosomal arrays were integrated by
ultraviolet irradiation essentially as described in Mariol et al. (2013).
Nematode observations and manipulations were performed at
23°C unless otherwise noted. The C. elegans nonmuscle myosin ||
allele HR1184 nmy-1(sb115) and phospholipase Ce allele PS4112
plc-1(rx1) were obtained from the Caenorhabditis Genetics Center
and outcrossed at least four times with N2 (wild-type strain from
Bristol). Transgene qyls198[inft-1p::moeABD::mCherry, unc-119(+)]
was obtained from strain NK1069, a kind gift from the Sherwood lab
(Duke University, Durham, NC). For a list of strains used in this studly,
see Supplemental Table S1.

RNA interference

The RNAI feeding protocol was performed essentially as described
in Timmons et al. (2001). To prepare seeded NGM-isopropylthio-f-
galactoside (IPTG) plates, HT115(DE3) bacteria transformed with
the double-strand RNA (dsRNA) construct of interest were grown
overnight at 37°C in Luria broth (LB) supplemented with 40 pg/ml
ampicillin. The next day, 150 pl of the culture was seeded on NGM-
IPTG agar (NGM supplemented with 25 pg/ml carbenicillin and
1 mM IPTG) and incubated at room temperature for 24-72 h to in-
duce dsRNA expression. Age-synchronized animals, prepared as
described next, were then transferred to these plates.

Partially synchronized populations were obtained by alkaline ly-
sis procedure (“egg prep”), and tightly synchronized populations
were obtained by L1 arrest. For egg prep, starved dauer nematodes
were allowed to recover for 48 h on NGM plates newly seeded with
OP50. This produces young gravid adults for egg collection. Eggs
were released using an alkaline hypochlorite solution as described
in Hope (1999) and washed three times with filter-sterilized M9 buf-
fer (22 mM KH,PO,4, 42 mM NaHPOy4, 86 mM NaCl, and 1 mM
MgSQOy; Hope, 1999). Clean eggs were then transferred to seeded
NGM-IPTG plates. The L1 arrest protocol was adapted from Hope
(1999). For L1 arrest, the same alkaline lysis procedure was per-
formed, except that clean eggs were transferred onto NGM without
bacteria. Eggs were allowed to hatch and develop until L1 at 16°C
overnight before being transferred to seeded NGM-IPTG plates.
Populations produced by egg prep are ~10 h behind L1 arrest pop-
ulations developmentally. All RNAi experiments were performed at
23°C. Strains used in each RNAIi experiment are indicated.

RNAI constructs were obtained from the ORFeome-RNAi v1.1
library or were constructed by PCR amplification of WT cDNA and
cloned into pPD129.36 (Fire Vector Kit). Empty pPD129.36 vector
was used as a negative control in RNAi experiments. All primer se-
quences and cloning details are available upon request.

Histochemistry

For observations of N2 and UN1534 (GFP:NMY-1), partially syn-
chronized populations were obtained by egg prep and grown at
23°C for 50-55 h. For RNAi experiments, tightly synchronized popu-
lations were obtained by L1 arrest and grown at 23°C for 45 h. At
this time point, N2 control animals have undergone approxi-
mately five ovulations, and the Emo phenotype is obvious in RNAI
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treatments that disrupt oocyte entry. F-actin staining was adapted
from Ono et al. (2007). Briefly, animals were dissected using a
25-gauge hypodermic needle in phosphate-buffered saline (PBS),
and dissected gonads were fixed in 1.85% formaldehyde in PBS for
25 min at room temperature. After fixation, gonads were washed
twice with PBS, permeabilized for 15 min in PBST (PBS + 0.1% Triton
X-100), and then incubated with 0.4 U/ml Texas Red-X—phalloidin in
PBS (Invitrogen, Carlsbad, CA) overnight at 4°C or 4 h at room tem-
perature. For identification of the Emo phenotype, the nuclear stain
4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO)
was added at 100 ng/ml and incubated for at least 20 min at room
temperature. Labeled samples were washed twice with PBS and
mounted on 2% agarose pads for observation.

Confocal microscopy

For ovulation movies and observations of live or fixed whole ani-
mals, partially synchronized populations were obtained by egg
prep, and animals were grown at 23°C for ~50 h, around the time of
the first ovulation. Live animals were immobilized with 0.01% tetra-
misole and 0.1% tricaine in M9 buffer (Kirby et al., 1990; Mccarter
et al., 1997) and mounted on 2% agarose pads or with 0.05-um
Polybead Microspheres (Polysciences, Warrington, PA) diluted 1:2 in
water and mounted on 5% agarose pads (adapted from Wang and
Audhya, 2014). In this imaging preparation, WT transits occur in
~500 s. Although Mccarter et al. (1999) show more rapid oocyte
transit times (~340 s), our results agreed with earlier work from our
laboratory and others (Ward and Carrel, 1979; Kovacevic et al.,
2013). To prevent alteration of GFP:NMY-1 localization as was oc-
casionally observed in excised gonads, live whole animals were
fixed by immersion in 1.25% formaldehyde in PBS for 25 min at
room temperature. Fixed animals were washed three times with PBS
and mounted on 2% agarose pads. Confocal microscopy was per-
formed on an LSM 710 confocal microscope (Zeiss) equipped with
Zen software (Zeiss) using the Plan-Apochromat 63x/1.40 Qil DIC
M27 objective. The 405-nm laser was used to excite DAPI, the 488-
nm laser was used for GFP, and the 561-nm laser was used for
mCherry and Texas Red. For movies, 40 z-slices were acquired at
14-s intervals for imaging a single channel or 30 z-slices at 20-s inter-
vals for imaging two channels. lllumination of the spermathecae
from animals expressing actin labeled with GFP (GFP::ACT-1) with
the 488-nm laser for ~5 min before oocyte entry frequently caused
the valve to remain partially closed during ovulation, increasing oo-
cyte dwell time. For movies of all lines, live animals were imaged for
~30 min total. For still images of live and fixed animals and tissue,
z-slices were acquired at 0.38-pm intervals with each slice represent-
ing the average of two or four scans for slow acquisition settings.

Image analysis

ImageJ software was used for all image analysis. For consistency, all
analysis was performed on cells of the main spermathecal bag. Cells
of the distal neck and cells most proximal to the valve were not
used. FibrilTool (Boudaoud et al., 2014) was used for quantification
of actin anisotropy in selected cells. For images of fixed and stained
tissue, FibrilTool was used on a single zslice, capturing only the
basal surface of the cell. For movie analysis, maximum intensity
projections were generated, and FibrilTool was used on individual
cells at 28-s intervals (every other frame). In Figure 5, anisotropy
measurements were normalized by taking the average anisotropy of
the first 10 frames measured and subtracting this number from each
measurement. The anisotropy curve in Figure 5 was smoothed using
GraphPad Prism software set to average each point according to the
five nearest points on each side of it.
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To quantify actin network tortuosity (length of the bundle/linear
distance between bundle ends) and connectivity in images of fixed
tissue, ImageJ was used to enhance image contrast of the entire
image, and NeuronJ (Meijering et al., 2004) was used for computer-
guided tracing of individual bundles to allow for tortuosity measure-
ments and to generate a skeletonized image. Network connectivity of
skeletonized images was measured using AnalyzeSkeleton (Arganda-
Carreras et al., 2010) to determine the number of junction (more than
two neighbors), endpoint (less than two neighbors), and slab (exactly
two neighbors) pixels per image. Connectivity was calculated by di-
viding the number of junction pixels by the number of endpoint pixels
for each skeletonized image of a single cell. OrientationJ (Rezakhaniha
etal., 2012), configured using a Gaussian fit with a pixel size of 2, was
used to measure the orientation distribution of actin bundles in indi-
vidual cells and generate color-coded images, where color indicates
orientation, hue indicates coherency, and brightness is the brightness
of the original image. Unless otherwise indicated, line-scan measure-
ments of fluorescence intensity were conducted using line pixel width
of 5. All measurements were conducted on raw images except when
NeuronJ was used. Contrast is enhanced in images to clarify struc-
tures of interest. Al statistical analysis was performed with GraphPad
Prism software. Unpaired t test was used to determine whether the
difference between the means of two data sets was significant when
data had a normal distribution, and Welch's correction was included
if the different treatments were expected to have different SDs. The
Mann-Whitney test was used when data did not have a normal distri-
bution. In all cases, the statistical test used and resulting p values
are noted in the figure captions. ns, p > 0.05; *p < 0.05; **p < 0.01;
***5<0.001; ****p < 0.0001.
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