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Abstract. Several intracellular motility events in the
Caenorhabditis elegans zygote (pseudocleavage, the
asymmetric meeting of the pronuclei, the segregation
of germ line-specific granules, and the generation of
an asymmetric spindle) appear to depend on microfil-
aments (MFs). To investigate how MFs participate in
these manifestations of zygotic asymmetry, the distribu-
tion of MFs in oocytes and early embryos was exam-
ined, using both antibodies to actin and the F-actin-
specific probe rhodamine-phalloidin. In early-stage
zygotes, MFs are found in a uniform cortical meshwork
of fine fibers and dots or foci. In later zygotes, con-
comitant with the intracellular movements that are
thought to be MF mediated, MFs also become asym-
metrically rearranged; as the zygote undergoes pseudo-
cleavage and as the germ line granules become local-
ized in the posterior half of the cell, the foci of actin
become progressively more concentrated in the anter-

ior hemisphere. The foci remain anterior as the spin-
dle becomes asymmetric and the zygote undergoes its
first mitosis, at which time fibers align circumferen-
tially around the zygote where the cleavage furrow will
form. A model for how the anterior foci of actin may
participate in zygotic motility events is discussed.

Phalloidin and anti-actin antibodies have also been
used to visualize MFs in the somatic tissues of the
adult gonad. The myoepithelial cells that surround ma-
turing oocytes are visibly contractile and contain an
unusual array of MF bundles; the MFs run roughly
longitudinally from the loop of the gonad to the sper-
matheca. Myosin thick filaments are distributed along
the MFs in a periodic manner suggestive of a sarco-
mere-like configuration. It is proposed that these actin
and myosin filaments interact to cause sheath cell con-
traction and the movement of oocytes through the
gonad.

generation of asymmetry and production of different

cell types. In all organisms, the fertilized egg must
give rise to blastomeres that differ in developmental fate. In
some organisms, asymmetric cleavages yield daughter cells
that differ in size and appearance, as well as subsequent de-
velopment. Although we presume that the cytoskeleton is in-
volved in creating these cellular differences, very little is
known about which elements of the cytoskeleton are impor-
tant or how they function.

Early embryogenesis in the nematode Caenorhabditis ele-
gans provides a graphic example of the generation of zygotic
asymmetry and the production of visibly and developmen-
tally different blastomeres. After fertilization and the com-
pletion of meiosis, the zygote undergoes contractions of the
anterior membrane and pseudocleavage. Concomitant with
pseudocleavage, the pronuclei migrate and meet in the pos-
terior hemisphere, and germ line-specific structures, called
“P granules”, become localized at the posterior cortex (43,
44). The mitotic spindle for the first division initially lies in
the center of the zygote but then becomes asymmetrically
positioned (1}, leading to an unequal first cleavage. The result-

3 critical aspect of early embryonic development is the
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ing daughter cells differ not only in size but also in develop-
mental fate, suggesting an asymmetric distribution of devel-
opmental potential (9, 24, 44, 45). In previous studies using
cytoskeletal inhibitors, we found that P-granule segregation
as well as the other manifestations of zygotic asymmetry de-
scribed above require microfilaments (MFs)' but not micro-
tubules (MTs) (44).

Visualization of the distributions of MFs in cells has con-
tributed significantly to our current view of how MFs partici-
pate in motility. This applies to the well-known involvement
of MFs in muscle contraction, as well as to MF participation
in a variety of nonmuscle motility events such as cytokine-
sis, cytoplasmic streaming, ooplasmic segregation, and or-
ganelle transport (6, 16a, 31-33, 35, 39-41, 55). As a first
step toward trying to understand how MFs participate in the
zygotic motility events described above, I have used rhoda-
mine-phalloidin (R-ph) and anti-actin antibodies to charac-
terize the distribution of MFs in C. elegans oocytes and em-
bryos. Concomitant with the intracellular movements that
are thought to be MF mediated, the distribution of MFs also

1. Abbreviations used in this paper: DAP], diamidinophenylindole; MF,
microfilament; MT, microtubule; R-ph, rhodamine-phalloidin.
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becomes asymmetrically rearranged. This redistribution of
MFs is consistent with some models and inconsistent with
other models of how MFs could participate in zygotic motil-
ity events (see Discussion).

This report also describes the distribution of MFs in the
somatic gonad of C. elegans. The myoepithelial cells sur-
rounding oocytes may serve several roles: provision of nec-
essary components and spatial cues to the maturing oocytes
within (42) and movement of oocytes into the spermatheca
for fertilization (47). Consistent with this latter function, the
myoepithelial cells contain a striking array of MFs interdigi-
tated with myosin thick filaments.

Materials and Methods

Materials

R-ph was purchased from Molecular Probes, Inc., Junction City, OR and
stored as a 3.3-uM stock solution in methanol at —20°C. C4 anti-actin anti-
body was a gift from Dr. James Lessard (Children’s Hospital Research
Foundation, Cincinnati, OH). This mouse monoclonal IgGl was made
against actin isolated from chicken gizzard (26). Anti-myosin antibody was
a gift from Dr. Jonathan Scholey (University of Colorado, Boulder, CO).
This rabbit serum was prepared against calf thymus myosin heavy chain
(10). Diamidinophenylindole (DAPI) hydrochloride was obtained from
Boehringer Mannheim Biochemicals, Indianapolis, IN. L-lysophosphati-
dylcholine palmitoyl (lysolecithin) and cytochalasin D were from Sigma
Chemical Co., St. Louis, MO.

Nematode Strains and Maintenance

Wild-type (N2) C. elegans strain Bristol was cultured at 16°C on agar plates
with Escherichia coli as food source (5). The actin mutant 5122 (49) was
obtained from Dr. Michael Krause (University of Colorado at Boulder) and
grown in the same manner.

Fixation of Worms and Embryos

Paraformaldehyde/glutaraldehyde. Gravid adult hermaphrodites were cut
open in a small drop of egg salts (118 mM NaCl, 40 mM KCI, 3.4 mM
CaCl,, 3.4 mM MgCl,, 5 mM Hepes, pH 7.2; reference 11) on a poly-
lysine-treated microscope slide. A coverslip with a thin layer of high vacuum
grease along two edges was placed over the drop. The grease serves to sup-
port the coverslip. The coverslip was pressed gently with a toothpick to ex-
trude tissues and embryos from the worm carcasses, after which the solution
under the coverslip was replaced with fixative (1.5% wt/vol paraformalde-
hyde, 0.1% vol/vol glutaraldehyde in embryonic culture medium consisting
of 80 mM NaCl, 20 mM KClI, 10 mM MgCl,, 5 mM Hepes, pH 7.2, 50%
vol/vol FCS; reference 44). Absorbent paper was used to wick solution un-
derneath the coverslip. Tissues are permeated by fixative without further
manipulation, but the eggshells of embryos must be rendered permeable to
fixative. Eggshells were cracked by applying further gentle pressure on the
coverslip over the embryos with a toothpick. Because oocytes and early-
stage zygotes are especially fragile, worms were cut directly into fixative
and then pressure permeabilized for studies of these early stages.

Methanol/Acetone. Worms were cut open in a small drop of egg salts
on a polylysine-treated slide. A coverslip was placed over the sample, and
the slide was immersed in liquid nitrogen for 2 min. The slide was removed
from the nitrogen, the coverslip was quickly removed, and the slide was im-
mersed in methanol at 4°C for 10 min, transferred to acetone at 4°C for 10
min, rinsed in H;O, and finally washed in PBS, pH 7.4 (150 mM NaCl,
3 mM KCl, 8 mM Na,HPO,, 1.5 mM KH,PO,, 1 mM MgCl).

Staining of Worms and Embryos

Method I (R-ph). A rapid one-step fixation/permeabilization/staining pro-
cedure (similar to that suggested by Molecular Probes, Inc.) was usually
used for R-ph visualization of MFs. The paraformaldehyde/glutaraldehyde
fixative described above contained 0.33 uM R-ph and 0.5 mg/m! lysoleci-
thin. Samples were fixed and stained for 20-30 min at room temperature
and sometimes transferred to 4°C for storage for several hours (without any
noticeable affect on staining). Samples were washed by wicking PBS under-
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neath the coverslip. The DNA in cells was stained by including DAPI at
0.5-1 pg/ml in one of the PBS washes. The coverslip was sealed to the slide
using nail polish, and samples were observed and photographed immedi-
ately.

Method II (R-ph). In this second procedure, fixation and staining were
carried out separately. Samples were incubated in 1.5% paraformaldehyde,
0.1% glutaraldehyde in culture medium for 20 min at room temperature, fol-
lowed by (a) a 20-30-min incubation in 0.33 uM R-ph and 0.5% Triton
X-100 in culture medium, or (b) a 20-30-min incubation in 0.5% Triton
X-100 in culture medium and then 20-30 min in 0.33 pM R-ph in culture
medium. Samples were washed and DAPI stained as in Method 1. Postfixa-
tion staining resulted in fluorescence patterns similar to those seen with the
one-step method, but there was more variability in the degree of penetration
of R-ph into embryonic blastomeres when staining was carried out after
fixation.

Method Il (Anti-actin). The specificity of the anti-actin antibody for
nematode actin was verified by Western immunoblot analysis. Worms were
homogenized in boiling gel sample buffer and the worm proteins separated
by PAGE. After transfer of the proteins to nitrocellulose, only a single com-
ponent of appropriate molecular weight was recognized by the antibody
(data not shown). For staining with the antibody, worms were cut and fixed
with paraformaldehyde/glutaraldehyde as described above. Sometimes 0.5
mg/ml lysolecithin was included in the fix. This resulted in less variability
in antibody penetration and improved visualization of fluorescence signal
above background, perhaps due to extraction of G-actin and other soluble
components (30). After fixation for 20 min at room temperature, the cover-
slip was removed, and the samples were permeabilized by incubation in
methanol at 4°C for 10 min, followed by acetone at 4°C for 10 min, rinsed
in H;O, and washed in PBS. Each sample was incubated with 30 pl of
1.5% ovalbumin/1.5% BSA in PBS for 1 h at room temperature, followed
by 30 pl of C4 anti-actin antibody (diluted to 20 pg/ml in PBS) for 6-12 h
at 4°C. The slides were washed in PBS at 16°C for 1 h and incubated for
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Figure 1. Diagrams of one of the two gonad arms in an adult her-
maphrodite worm. (a) Central longitudinal section showing the
germ cells inside the gonad. In the distal region, the germ nuclei
are located around the periphery of the tube-like organ in mem-
brane cubicles that are open at their inside edges. Thus the germ
nuclei are in a common cytoplasm. The germ nuclei enter meiosis
in the distal region and become completely enclosed in membrane
just before the loop. Oocytes mature and enlarge as they move
through the proximal region toward the spermatheca, where fertil-
ization takes place. A zygote and 2-cell embryo are shown in the
uterus. The somatic gonad cells form a very thin layer around the
germ nuclei and oocytes, and enclose sperm and embryos in the
spermatheca and uterus, respectively. This layer of somatic tissue
is represented by the thick line surrounding the germ cells. (b) Top
or bottom surface of the gonad illustrating the arrangement of actin
fibers in the somatic gonad (see Figs. 2 and 3). It is difficult to dis-
cern the cell boundaries of the myoepithelial cells of the proximal
region and the uterine cells. Both of these tissues contain MFs that
run longitudinally. The spermatheca is composed of distinct polyg-
onal cells containing MFs that run circumferentially around the
spermatheca.
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6-12 h at 4°C with 30 pl FITC-conjugated goat anti-mouse IgG serum
(United States Biochemical Corp., Cleveland, OH) diluted 1:100 in PBS.
The slides were washed in PBS at 16°C for 90 min (DAPI at 0.5 pg/ml was
included in one of the PBS washes), rinsed with H,O, and mounted in
Geluto! (Monsanto Co., St. Louis, MO) mounting fluid.

Method 1V (Anti-actin and Anti-myosin). The reactivity of the
anti-myosin antibody with worm myosin was confirmed by Western immu-
noblots (data not shown; also, Lye, J., University of Colorado, personal
communication). Worms and embryos were fixed in methanol/acetone as
described above. Samples were stained as described in Method III, includ-
ing anti-thymus myosin antibody (diluted 1:100) in the primary antibody in-
cubation, and rhodamine isothiocyanate-conjugated goat anti-rabbit IgG
serum (United States Biochemical Corp.) in the secondary antibody incu-
bation.

Treatment of Tissues and Embryos with Cytochalasin D

Cytochalasin D was stored as a 2 mg/ml stock solution in 95 % EtOH at 4°C
and diluted in embryonic culture medium immediately before use. Worms
were cut open and pressed to extrude tissues and embryos, as described for
paraformaldehyde/glutaraldehyde fixation. The solution under the coverslip
was replaced with cytochalasin D-containing medium, and embryos were
pressure permeabilized. After incubation for 1-15 min at room temperature,
samples were fixed and stained with R-ph or anti-actin, as described.

Strome Microfilaments in C. elegans Gonads and Embryos

Figure 2. Actin and myosin filament ar-
rays in the somatic cells of the proximal
region of the gonad. Gonads were cut
out of hermaphrodites and (a) simul-
taneously fixed and stained with R-ph by
Method I or fixed and double labeled
with (b) anti-actin and (c) anti-myosin
using Method IV. Actin and myosin-
containing filament bundles run roughly
longitudinally from the loop of the go-
nad (left) to the spermatheca (right), as
diagrammed in Fig. 1 b. (d) Electron
micrograph of interdigitated thick and
thin filaments in a longitudinal section of
the proximal region. Bar, 10 pm.

Photography

A Zeiss Photomicroscope III equipped with epifluorescence optics was used
for observation and photography. Examination was done with a 40X
Neofluar or a 63 X Planapochromat (oil) objective. Kodak Tri-X film was
exposed at ASA 800-6,300 and developed in Diafine Two-Bath Developer
(Acufine, Inc., Chicago, IL). Embryos were photographed first with 515~
560-nm epi-illumination to visualize rhodamine fluorescence or 450-490-
nm epi-illumination to visualize fluorescein fluorescence, and then with
365-nm epi-illumination to visualize DAPI-stained DNA. In all photo-
graphs, embryos are oriented anterior-left, posterior-right.

Electron Microscopic Visualization of Thick
and Thin Filaments

Worms were cut open in M9 salts (5) and transferred to a test tube containing
2.5% glutaraldehyde, 0.1 M Na cacodylate, pH 7.2, 1 mM MgCl,. Tissues
were fixed for 1 h at room temperature and then at 4°C for several hours
to several days. Tissues were rinsed three times in 0.1 M cacodylate buffer,
postfixed in 1% OsO, in cacodylate buffer for 30 min at 4°C, rinsed three
times in H,O, mounted in agar, stained with 0.5% uranyl acetate in H,0,
dehydrated in a graded EtOH series, embedded in DER resin, and sec-
tioned. Sections were stained in a 50:50 mixture of 7.5% aqueous uranyl-
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Figure 3. Microfilaments in the somatic cells of the spermatheca
and uterus. Gonads were cut out of hermaphrodites and simultane-
ously fixed and stained with R-ph (Method I). (a and b) Top and
bottom surface of the spermatheca showing polygonal cells contain-
ing aligned MF bundles (see Fig. 1 b). The valve from the sper-
matheca to the uterus (upper right) stains intensely. (¢) Aligned MF
bundles in the uterus (see Fig. 1 b). These extend from what looks
like an MF lariat (arrow) attached to the spermatheca (leff). Bar,
10 pm.

magnesium acetate and 95% EtOH for 30 min, followed by lead citrate for
5 min, and examined with a Philips 300 electron microscope.

Results

Microfilament Distribution in the Somatic Gonad

The gonad in an adult hermaphrodite worm is a double-
armed organ composed of germ cells surrounded by a so-
matic sheath (17, 21). The distal region of each arm contains
a central core of cytoplasm surrounded by a cylindrical layer
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of germ nuclei that are partially enclosed in membrane (Fig.
1 a@). The germ nuclei near the distal tip divide mitotically
and then enter meiosis (17). Oocytes form at the loop and
move through the proximal region to the spermatheca. The
somatic sheath surrounding the germ cells is a monolayer
composed of 10 cells per gonad arm (21). The region of this
sheath around the oocytes (six sheath cells per gonad arm)
is visibly contractile; contractions result in shortening of the
proximal region, which appears to force the oocytes within
the sheath into the spermatheca (21, 47). Staining of the con-
tractile somatic gonad cells with either R-ph (51, 52, 54) or
anti-actin antibodies reveals an unusual array of MF bundles
(Figs. 1 b and 2, g and b). The bundles run roughly longitu-
dinally, from loop to spermatheca, although they sometimes
zigzag and often curve to run circumferentially for a short
distance.

Simultaneous staining of the gonad sheath cells with anti-
actin and anti-myosin antibodies supports the hypothesis
that contraction of these cells is an actomyosin-mediated pro-
cess (17). Anti-myosin stains the same fiber bundles that
anti-actin does, but the staining pattern is more periodic than
anti-actin or R-ph (Fig. 2, b and c¢). (As an internal control
for the specificity of staining by each antibody, muscle tissue
was examined. It was observed that anti-actin stains I bands
and anti-myosin stains A bands only.) The interdigitation of
actin thin filaments and myosin thick filaments is seen by
electron microscopic examination of longitudinal sections of
the somatic gonad (Fig. 2 d; also see gonad cross-section in
reference 17). Thus this myoepithelial layer contains actin
and myosin filaments that may interact to cause contraction.

Two other somatic gonad tissues, the spermatheca and the
uterus, are also rich in MFs (Figs. 1 and 3). The sper-
matheca, in which sperm are housed and fertilization takes
place (47), is made up of polygonal cells containing densely
packed and aligned MFs that run approximately circum-
ferentially around the spermatheca (Figs. 1 b and 3, a and
b). The uterus, which extends between the two spermathecae
and contains fertilized eggs, contains aligned MF bundles
that extend from what looks like an MF lariat attached to the
spermatheca (Figs. 1 b and 3 ¢). Although both the sper-
matheca and uterus are contractile tissues (21, 47; S. Ward,
Carnegie Institute of Washington, personal communication),
the anti-myosin antibody used in these studies does not stain
either the spermathecal or uterine fiber bundles.

Microfilaments in Germ Cells

In the distal portion of the gonad, R-ph stains MFs along the
membranes that surround the germ nuclei. The germ nuclei
are located around the periphery of the gonad and are incom-
pletely enclosed in membrane (see Fig. 1 and reference 17).
By focusing on the mid-focal plane of the distal region, the
cubicle arrangement of membrane invaginations and MFs
around germ nuclei can be seen (Figs. 1 a and 4, ¢ and d).
Focusing on the top or bottom surface reveals the honeycomb
arrangement of membrane cubicles and MFs (Fig. 4, a and
b). At the loop of the gonad, germ nuclei become completely
enclosed in membrane, forming oocytes (Fig. 1 a). As seen
in Fig. 4, R-ph stains around the periphery of newly formed
and maturing oocytes. R-ph staining can be better visualized
when gonads are cut to release oocytes (see below).
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Figure 4. R-phalloidin staining of germ cells in the gonad. Gonads were cut out of hermaphrodites and stained with R-ph (Method II).
The upper panels show an upper surface of the gonad. (@) DAPI-stained nuclei. (b) R-ph-stained MFs. The lower panels show a mid-focal
plane through the same gonad, similar to that shown in Fig. 1 a. (¢) DAPL. (d) R-ph. R-ph stains MFs along the membranes that surround
the germ nuclei. The membrane cubicles are arranged like a honeycomb in the distal region (left side of each panel). Oocytes form at
the loop and enlarge in the proximal region (right side of each panel). Bar, 10 pm.

Microfilaments in Oocytes and Embryos

The distribution of MFs in oocytes and early embryos is
complex and varies with developmental stage. The most
striking features of the MF pattern are shown in Fig. 5. F-ac-
tin appears to exist in two cortical arrangements: fibers and
dots or foci. In oocytes and newly fertilized zygotes, one gets
the impression of a fibrous network, although distinct fibers
are difficult to visualize; fibers are clearly observed in later
stage zygotes (Fig. 5). The actin dots, which are observed
at all stages, undergo a remarkable reorganization partway
through zygote development; they become concentrated in
the anterior hemisphere of the zygote (Fig. 5). A more
detailed description of MF patterns as a function of develop-
mental stage is presented below.

In oocytes released from gonads, R-ph stains a cortical
meshwork that appears mainly granular (Fig. 6 a). In the mi-
croscope, it appears as if there is a fibrous network as well,
but this has been difficult to capture on film. The cortical
staining pattern is uniform; there are no obvious regions of
concentrated MFs or regions devoid of MFs.

Strome Microfilaments in C. elegans Gonads and Embryos

Figure 5. Actin fibers around the periphery and actin foci concen-
trated in the anterior end of a zygote at pronuclear meeting. Em-
bryos were cut out of hermaphrodites and simultaneously fixed and
stained with R-ph (Method I). This view of the top surface was seen
using a 63X oil objective. The foci of actin are over-exposed so that
the fibers can be seen. Bar, 10 um.
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Based on observation using Nomarski DIC microscopy,
the C. elegans zygote displays polarity immediately after
fertilization; the site of sperm entry is posterior. The oocyte
nucleus, located at the end opposite the sperm, completes
meiosis and extrudes two polar bodies. The polar bodies
serve as anterior markers. R-ph staining of newly fertilized
zygotes results in a pattern of surface staining similar to that
seen in oocytes; a granular meshwork that appears to contain
very fine, indistinct fibers (Fig. 6 b). There is no marked
concentration of MFs at the site of sperm entry (posterior)
or at the zygote surface where polar bodies are extruded (an-
terior). As meiosis progresses the fibrous nature of the sur-
face staining becomes more pronounced. Dots or foci of ac-
tin are seen throughout the cortical meshwork and somewhat
deeper as well (Fig. 6 ¢).

The homogeneous distribution of fibers and foci in the zy-
gote begins to change during pronuclear migration and pseu-
docleavage. As described previously, these events are the
first of a series of directed movements that reflect the asym-
metry of the zygote and lead to the production of blastomeres
that differ in size and developmental fates. During this criti-

Strome Microfilaments in C. elegans Gonads and Embryos

Figure 6. R-phalloidin staining of fibers
and dots in oocytes and early embryos.
QOocytes and embryos were cut out of her-
maphrodites and simultaneously fixed and
stained with R-ph (Method I). The left
panel of each set (except h) shows
DAPI-stained chromosomes. The middle
and right panels show R-ph staining seen
at mid-focal planes and on the top surface.
All embryos are oriented anterior-left,
posterior-right. (@) Oocyte, showing the
granular nature of the surface stain. (b)
Zygote during meiosis I. The surface
staining by R-ph is still mainly granular.
(¢) Zygote during meiosis II. R-ph stains
a meshwork of fibers. Dots or foci of ac-
tin are located within the meshwork and
somewhat deeper as well. (d) Zygote dur-
ing formation of the pronuclei. The mid-
dle panel shows R-ph staining of foci just
below the meshwork of fibers. The right
panel shows the foci within the meshwork
beginning to clear from the posterior end.
(e) Zygote during pronuclear migration
and pseudocleavage. R-ph stains the pseu-
docleavage furrow. The foci of actin are
becoming more concentrated in the an-
terior hemisphere (right panel). (f) Zy-
gote at pronuclear meeting, showing the
localization of foci anterior. Actin fibers
persist around the entire periphery (see
Fig. 5). (g) Zygote at telophase of first mi-
tosis. Foci of actin remain anterior as MFs
align circumferentially around the zygote
where the cleavage furrow will form. (h)
Two-cell embryo showing the cortical
meshwork of fibers and foci. Both panels
show R-ph staining, at a mid-focal plane
(left panel) and on the top surface (right
panel). Bar, 10 um.

cal period, the anterior membrane contracts and a pseu-
docleavage furrow is formed and resorbed. The maternal
pronucleus migrates to meet the paternal pronucleus in the
posterior hemisphere of the zygote. Concurrently germ line-
specific P granules become localized in the posterior cyto-
plasm destined for the posterior blastomere P1 (44). R-ph
staining of zygotes during this period reveals that, although
the meshwork of fibers persists around the periphery of the
zygote, the foci of actin become progressively more concen-
trated in the anterior hemisphere (Figs. 5 and 6, d—f). The
pseudocleavage furrow also stains with R-ph during this
period (Fig. 6 ¢).

The foci of actin remain anterior as the zygote generates
an asymmetric mitotic spindle and undergoes karyokinesis,
at which time actin fibers align circumferentially around the
zygote where the cleavage furrow will form (Fig. 6 g). Dur-
ing cytokinesis the cleavage furrow is very brightly stained
by R-ph. Immediately after cleavage, the larger anterior cell
(AB) contains a cortical meshwork of fibers and foci and the
smaller posterior cell (P1) contains a cortical meshwork with
very few foci. Foci do appear in Pl later, and, in fact, cortical
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Figure 7. Anti-actin staining of microfilaments in the distal gonad, oocytes, and zygotes. Gonads and embryos were cut out of hermaphro-
dites and fixed and stained using Method III for a-d and Method IV for e. (a) Upper surface of the distal gonad. This corresponds to
the R-ph staining seen in Fig. 4 b. (b) Upper surface of an oocyte, showing particulate staining similar to that seen with R-ph in Fig. 6
a. (¢) Zygote during meiosis, showing staining of foci of actin in the cortex, corresponding to the zygote shown in Fig. 6 c. (d) Zygote
during pronuclear migration and pseudocleavage, showing anti-actin staining of the pseudocleavage furrow and of anteriorly localized foci,
as seen with R-ph in Fig. 6 e. (e) Zygote at anaphase of first mitosis, showing foci of actin localized anteriorly and fibers aligned circumferen-

tially around the zygote, as seen with R-ph in Fig. 6 g. Bar, 10 pm.

fibers and foci are characteristic of the blastomeres of early-
stage embryos, when the top or bottom surfaces of the cells
are examined (Fig. 6 ). When viewed through a central focal
plane, the cortical fibers and foci appear as bright surface
stain, especially bright between blastomeres, probably due
to the flattening of cells against each other and therefore
more surface area at junctions (Fig. 6 &).

Staining of oocytes and zygotes with anti-actin antibodies
results in MF patterns similar to those seen with R-ph (Fig.
7). In general, anti-actin gives fainter staining than R-ph,
and embryos often appear misshapen after the pressure treat-
ment required to permeabilize them to molecules as large as
antibodies (see Materials and Methods for details). Even
with these drawbacks, the antibody staining has corrobo-
rated the existence of fibers and foci and the anterior localiza-
tion of foci. It has not been possible to investigate the local-
ization of myosin relative to the array of MFs in zygotes
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because the anti-myosin antibody used in these studies does
not stain embryos.

Effects of Cytochalasin D on Microfilament Patterns

To examine the sensitivity of the MF fibers and foci to MF
inhibitors, zygotes were treated with cytochalasin D (46) be-
fore fixation and staining with R-ph or anti-actin. Cytochala-
sin D at 1 pg/ml resulted in loss of the cortical meshwork of
fibers and foci and the appearance of large aggregates of
stained material throughout the cytoplasm (Fig. 8). These
apparent aggregates of F-actin were seen within 1 min of ex-
posure to cytochalasin D and were present even when em-
bryos were treated with much higher concentrations of
cytochalasin D (up to 20 pg/ml) or for longer periods before
fixation (up to 15 min; data not shown).

The bundles of MFs in the somatic gonad were not notice-
ably affected by exposure to cytochalasin D, at concentra-

Figure 8. R-ph staining of a zygote
treated with cytochalasin D. This em-
bryo was rendered permeable to 1 pg/ml
cytochalasin D and stained with R-ph
(Method I) 8 min later. (@) DAPI image.
The embryo is at anaphase/telophase of
first mitosis. (b) R-ph stains aggregates
and sometimes spikes of F-actin dis-
tributed throughout the cytoplasm. Bar,
10 pm.
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tions up to 20 pug/ml (data not shown). This did not appear
to be due to poor permeation of the drug because free fibers
fortuitously extruded from the ends of cut gonads were in-
tact, and somatic gonad fibers were stable when the oocytes
within were clearly affected. Thus the bundles of actin fila-
ments in the somatic gonad resemble the sarcomeric fila-
ments in muscle in their stability to MF inhibitors.

Effects of an Actin Mutant on Microfilament Patterns

There are four actin genes in C. elegans: actins 1-3 are
clustered on chromosome V and are proposed to be muscle
actins (14, 22, 49, 50); actin 4 is on the X-chromosome (2).
Mutations in the cluster of three actin genes are dominant;
mutant worms are uncoordinated and contain very disor-
ganized muscle thin filaments (49). One of these dominant
mutants, sz22 (in actin 3; reference 49) was used to inves-
tigate whether the actin subunits encoded by a “muscle” actin
gene normally participate in the structures described in this
report. The MF bundles in the somatic gonad are somewhat
affected in homozygous 5722 worms: a fairly normal array of
MF bundles runs through the somatic gonad cells, but the
bundles are seen to aggregate in a manner not seen in wild-
type worms (data not shown). This result suggests that the
somatic gonad fibers are at least partially composed of “mus-
cle” actin subunits. The patterns of MF staining around the
germ nuclei, in oocytes, and in embryos are not visibly
affected in 5222 mutants (data not shown). This result sug-
gests that at least one of the muscle actins (actin 3) is not in-
volved in these structures or that, if involved, aberrant
subunits do not interfere with MF organization in these tis-
sues as they do in muscle.

Discussion

Visualization of Microfilaments

An accurate description of the distribution of molecules in
cells relies on a method of fixation that preserves the distri-
bution present in living cells. To characterize a molecule’s
distribution by fluorescence, a probe that is specific for the
molecule must be used. The evidence that the distributions
of MFs described in this report represent the distributions in
vivo is the following: (a) Similar MF patterns are seen in tis-
sues prepared by a variety of fixation/permeabilization pro-
tocols (see Materials and Methods for details). For most
experiments, samples were fixed with a mixture of paraform-
aldehyde and glutaraldehyde; paraformaldehyde is thought to
penetrate tissue rapidly, while glutaraldehyde is thought to
fix tissue more effectively (34). Sometimes lysolecithin was
included in the fixative to promote penetration of the alde-
hyde and R-ph and allow soluble components to be partially
extracted (30). As an alternative to aldehydes, samples were
also fixed in methanol/acetone. (b) Two different actin
probes, R-ph and anti-actin antibodies, result in similar pat-
terns of staining. R-ph is specific for filamentous or F-actin
(51, 52, 54), and the anti-actin antibody used sees both
G-actin and F-actin (26; unpublished observation). (¢) As an
internal control, in fixed worm samples, R-ph and anti-actin
stain muscle and the gut lumen, both of which are known to
contain MFs by electron microscopy (49, 50; unpublished
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observation). (d) The MF distributions in germ cells and
embryos are sensitive to the MF inhibitor, cytochalasin D
(46). The cytochalasins prevent actin filament elongation by
binding to the fast polymerizing end of actin filaments (15,
27). T used cytochalasin D because it has a higher affinity for
actin than does cytochalasin B and does not interfere with
hexose transport, as does cytochalasin B (15, 46).

Although every effort was made to control for artifactual
redistribution of MFs during fixation and staining, the possi-
bility remains that some aspects of the MF pattern described
are artifactual. Especially suspect are the foci seen in em-
bryos, since foci are not a common actin configuration.
However, the possibility that the foci are artifacts does not
diminish the importance of the finding that fixable actin be-
comes asymmetrically localized during a critical time in zy-
gote development.

Microfilaments in Oocytes and Zygotes

An important aspect of early embryonic development in all
organisms is the rearrangement of cytoplasmic components
that occurs after fertilization. Studies of embryos treated
with cytoskeletal inhibitors demonstrate that MFs and MTs
are involved in many of the different intracellular movements
that have been studied (19, 28, 29, 35-38, 44, 55). For this
reason it is important to understand what cytoskeletal com-
ponents the oocyte contains, how these components are ar-
ranged, and how the distribution changes after fertilization.

MFs are present at the cortex of C. elegans oocytes and
early embryos, as in many other organisms. These MFs exist
as a meshwork of fine fibers and foci. The existence of fibers
of actin is consistent with the state of this polymer in many
other eukaryotic cell types. The existence of foci or dots of
actin, while somewhat unusual, is likely to be real; as dis-
cussed above, foci are seen with both R-ph and anti-actin in
embryos fixed by different procedures. The foci are not likely
to be microvilli; microvilli have not been seen in electron
micrographs of fixed C. elegans embryos (53). Actin dots are
not unique to C. elegans; they are also observed in mouse
embryos (25), in Drosophila embryos (48), in the fungi yeast
and Uromyces (18, 20), and in transformed cells (4, 7).

In the oocyte, MFs do not appear to be concentrated in or
missing from any regions of the cortex in a way that indicates
asymmetry or predicts a predetermined region of sperm en-
try. After fertilization, the distribution of MFs remains uni-
form over the entire surface as the egg nucleus completes
meiosis, in contrast to the concentration of MFs observed at
the surface over the sperm and egg pronuclei in newly fer-
tilized mouse zygotes (28, 29).

The first visible reorganization of MFs in C. elegans
zygotes is observed after the completion of meiosis as the
pronuclei form and migrate. From previous studies it is
known that this migration is temporally accompanied by con-
tractions of the anterior membrane, formation and resorption
of a pseudocleavage furrow, and segregation of germ line-
specific P granules to the posterior cortex (44). During this
period the foci of MFs become progressively more concen-
trated in the anterior cortex. This appears to occur by clear-
ing of foci from progressively more of the posterior end of
the zygote. Whether this is due to movement of most of the
foci in an anterior direction or disassembly of most of the
posterior foci is not known.
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Review of the Evidence for Microfilament Involvement
in the Generation of Zygotic Asymmetry

In previous studies (44), we found that disruption of MFs by
treatment of C. elegans zygotes with MF inhibitors (cytocha-
lasin D or B) prevents the zygotes from manifesting the
aspects of asymmetry that we can monitor. Contractions of
the anterior membrane and pseudocleavage do not occur.
Pronuclear migration occurs, but the two pronuclei meet in
the center of the zygote instead of the posterior hemisphere.
P granules do not become localized at the posterior cortex
but instead coalesce into a tight cluster near the center of the
inhibited zygote. The spindle does not become asymmetric
in its position along the A-P axis, and the two poles of the
spindle do not appear or behave differently, as they do in nor-
mal zygotes. In contrast, eliminating MTS by treating zygotes
with MT inhibitors (colcemid, vinblastine, or griseofulvin)
inhibits pronuclear migration but does not appear to affect
pseudocleavage or P-granule segregation. Therefore, MFs,
but not MTs, appear to be required for the zygote to be able
to manifest asymmetry.

A Model for Microfilament Participation in
Asymmetric Zygotic Movements

The present studies were undertaken to test the three most
obvious models for MF participation in the asymmetric
segregation of P granules: (a) movement of P granules along
oriented bundles of MFs, similar to the myosin-mediated
translocation of vesicles along MF bundles in Chara and
Nitella (41); (b) pulling of P granules posteriorly by aggrega-
tion of MFs in the posterior end of the zygote, similar to
ooplasmic segregation of myoplasm in ascidian zygotes (19,
35); and (c) pushing of P granules posteriorly by aggregation
of MFs in the anterior end of the zygote. The observed distri-
bution of MFs does not support the first two models; oriented
bundles of MFs are not seen, and there is not a massive con-
traction of actin to the posterior end of the zygote. Rather,
the observed distribution of MFs is most consistent with the
third model.

Taken together, the results of the inhibitor studies (44) and
MF staining suggest the following hypothetical picture of zy-
gote development. The foci of actin may represent part of a
contractile network. Contractions of the anterior membrane
are seen as the foci become concentrated in the anterior cor-
tex of the zygote. These contractions may push cytoplasmic
components, such as P granules and the egg pronucleus, in
a posterior direction. The anterior network of actin foci may
participate in generating an asymmetric spindle by holding
the anterior aster immobile while the posterior aster moves
posteriorly and swings. (Euteneuer and Schliwa recently
reported evidence for an interaction between actin and MTs
radiating from centrosomes, leading to an involvement of
MFs in determining the position of the centrosome [13].) Fi-
nally MFs probably participate in cytokinesis in a manner
similar to other eukaryotic cells (39, 40), by aligning circum-
ferentially in the cortex and presumably interacting with my-
osin to draw the cleavage furrow closed.

An alternative possibility is that the foci do not participate
in generating asymmetry but instead respond to the asym-
metry of the zygote and are segregated anteriorly. In addi-
tion, the fact that P granules form a tight cluster in the center
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of cytochalasin-treated zygotes suggests a further possibility:
P granules may be attached to an as yet unidentified contrac-
tile network that contracts to the center of the zygote upon
cytochalasin treatment. Future experiments on mutant and
manipulated embryos should elucidate the interrelationship
of MFs and early movements and events.

Analysis of Microfilaments in Embryos from an
Actin Mutant

It has been proposed that the cluster of three actin genes on
chromosome V encode muscle actins and the single actin gene
on the X-chromosome encodes the cytoplasmic actin found
in nonmuscle cells of the worm (14, 22, 49). This hypothesis
is supported by the observation that mutations in the actin
cluster affect functions like movement and pharyngeal pump-
ing; they do not appear to affect nonmuscle functions such
as cytokinesis, which would probably result in lethality. The
lack of detectable effects of a dominant mutation in the actin
cluster on MFs in embryos is consistent with the above hy-
pothesis. Mutations in the X-linked actin gene, actin 4, have
not been identified. Isolation of such mutations should shed
light on the overlap in use of actin subunits in muscle and
nonmuscle cells.

Microfilaments in the Somatic Gonad

The somatic gonad arises from the lineage (MS, reference
21) that produces most of the muscle in the worm. The so-
matic cells surrounding the proliferating germ nuclei in the
distal portion of the gonad seem to serve purely as a sheath;
MF arrays are not seen and it does not contract. The somatic
cells that surround the developing oocytes, on the other
hand, are myoepithelial; longitudinal bundles of interdigi-
tated thick and thin filaments apparently endow these cells
with contractility. This myoepithelium resembles striated
muscle in the orderliness of the lateral arrangement of thick
and thin filaments (16a, 33, 50). However, the myoepithelial
filaments are not organized into the repeating sarcomeres
typical of striated muscle; in this respect, the myoepithelium
resembles vertebrate smooth muscle, vertebrate myoepithe-
lium, and stress fibers in cultured cells (6, 12, 16, 16a, 33).

The structural organization of myofilaments in vertebrate
smooth muscle, myoepithelium, and stress fibers is not well
understood. However, all of these cell types contain electron-
dense bodies that resemble the Z lines of striated muscle (3,
6, 12, 16, 16a). Studies of the polarity of the MFs inserted
into the dense bodies (3) and the arrangement of myosin rela-
tive to the dense bodies (23) suggest that the myofilaments
in these cell types may, in fact, be arranged as sarcomeres,
although more loosely constructed. The periodic staining of
myosin along actin fibers in C. elegans myoepithelium is
consistent with a sarcomere-like organization.

Given the similarities and differences between myoepithe-
lium and muscle filaments in worms, it was of interest to de-
termine whether the thin filaments in the gonad represent a
novel configuration of “muscle” actin or are composed of ac-
tin encoded by different genes than the actin found in muscle
cells. Based on the effect of the sz22 mutation in actin 3 on
somatic gonad fibers, it appears that these fibers do contain
at least some “muscle” actin. Therefore the fibers in the go-
nad seem to resemble muscle thin filaments in their use of
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“muscle” subunits, their interdigitation with myosin thick
filaments, their contractile role, and their stability to MF in-
hibitors. However, their association with myosin appears less
ordered than the sarcomeric configuration seen in muscle.

Finally, an observation by Ward and Carrel (47) suggests
an intriguing interaction between the somatic myoepithelium
and the oocytes within. The somatic gonad contracts only
sporadically while the oocyte nearest the spermatheca com-
pletes maturation. After maturation is complete, contrac-
tions of the myoepithelium increase, and the oocyte is
squeezed into the spermatheca for fertilization. This obser-
vation suggests either that the mature oocyte signals the myo-
epithelium to increase contractions or that increased myo-
epithelium contractions signal the completion of oocyte
maturation.
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