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Establishment of anterior–posterior (a-p) polarity in the Caenorhabditis elegans embryo depends on
filamentous (F-) actin. Previously, we isolated an F-actin-binding protein that was enriched in the anterior
cortex of the one-cell embryo and was hypothesized to link developmental polarity to the actin cytoskeleton.
Here, we identify this protein, POD-1, as a new member of the coronin family of actin-binding proteins. We
have generated a deletion within the pod-1 gene. Elimination of POD-1 from early embryos results in a loss of
physical and molecular asymmetries along the a-p axis. For example, PAR-1 and PAR-3, which themselves are
polarized and required for a-p polarity, are delocalized in pod-1 mutant embryos. However, unlike loss of PAR
proteins, loss of POD-1 gives rise to the formation of abnormal cellular structures, namely large vesicles of
endocytic origin, membrane protrusions, unstable cell divisions, a defective eggshell, and deposition of
extracellular material. We conclude that, analogous to coronin, POD-1 plays an important role in intracellular
trafficking and organizing specific aspects of the actin cytoskeleton. We propose models to explain how the
role of POD-1 in basic cellular processes could be linked to the generation of polarity along the embryonic a-p
axis.
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The polarization of cells to generate asymmetry is im-
portant in the development of organisms and individual
cells. Asymmetry is central to mosaic development, in
which sister cells take on different fates due to the dif-
ferential localization of factors within a progenitor cell.
Examples include establishment of mother/daughter dif-
ferences in yeast, establishment of developmental axes
in plants, establishment of neurogenic cell fates in Dro-
sophila, and segregation of embryonic versus extra-em-
bryonic cell fates in the mouse embryo. Polarization of
cells and the asymmetric segregation of components
within cells are also important in the development and
function of many individual cell types, including epithe-
lial and immune cells.

Although polarity is fundamental to many biological
systems, our knowledge of the mechanisms that gener-
ate and maintain polarity is limited. One reason for this
limited knowledge is that the mechanisms that generate
polarity are linked to the physical architecture of the

cell, that is, the cytoskeleton. In every example men-
tioned above, the actin cytoskeleton has been shown to
play an important role in establishing or maintaining
polarity (Gueth-Hallonet and Maro 1992; Fowler and
Quatrano 1995; Drubin and Nelson 1996; Broadus and
Doe 1997; Takizawa et al. 1997; Penninger and Crabtree
1999; Winckler et al. 1999). Yet because the cytoskeleton
is integral to many functions within the cell, it has been
difficult to study its role in specific processes such as the
generation of asymmetry.

The one-cell Caenorhabditis elegans embryo has be-
come important for studying how developmental asym-
metry is established (for review, see Bowerman 1998).
The first cell division of the zygote is asymmetric, giving
rise to a large anterior daughter, AB, and a smaller pos-
terior daughter, P1. These two cells have different cell-
intrinsic fates: AB makes much of the neuroectoderm
and P1 makes most of the mesoderm, endoderm, and
germ line. Several genes important for establishing
physical and developmental differences between AB and
P1 have been identified and are themselves asymmetri-
cally localized during the first cell cycle in the one-cell
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embryo. These genes are called the par genes for parti-
tioning defective. Homologs of some par genes appear to
be important for the polarity of mammalian epithelial
cells, suggesting elements of the pathway are conserved
from nematodes to mammals (Boehm et al. 1997; Izumi
et al. 1998).

Pharmacological disruption of the actin cytoskele-
ton indicates that, like the PAR proteins, actin plays a
central role in polarizing the one-cell C. elegans em-
bryo (Hill and Strome 1988). To begin to understand
the role of filamentous actin (F-actin) in generating
polarity and to get at the mechanism by which the po-
larity is generated, we isolated F-actin-binding pro-
teins from C. elegans oocytes (Aroian et al. 1997). One of
these, CABP11, is polarized along the anterior-posterior
(a-p) axis of the one-cell embryo, suggesting it might pro-
vide a link between F-actin and the generation of polar-
ity.

Here we identify the gene that encodes CABP11 and
study its loss-of-function phenotypes and cellular local-
ization in detail. This gene, named pod-1 for polarity-
osmotic defective 1, encodes a protein with novel ho-
mology to the coronin family of F-actin-binding proteins.
Coronin, a WD-repeat-containing protein, is important
for intracellular trafficking (endocytosis, phagocytosis)
and cell motility in Dictyostelium and may play similar
roles in mammalian cells (De Hostos et al. 1993; Maniak
et al. 1995; Grogan et al. 1997; Hacker et al. 1997; David
et al. 1998). Elimination of POD-1 protein from embryos
results in a par phenotype and loss of a-p polarity. The
asymmetric localization of POD-1, like the localization
of some PAR proteins, is cell cycle dependent in the
early embryo. However, unlike the loss of other polarity
or PAR proteins characterized to date, loss of pod-1 leads
to dramatic and specific alterations in the internal and
external structure of embryonic cells, including the for-
mation of abnormal endocytic vesicles, membrane pro-
trusions, abnormal eggshells, and the deposition of ex-
tracellular plaque material. Many of these defects are
analogous to those in the Dictyostelium coronin mutant
and suggest that a primary role of pod-1 is in intracellu-
lar trafficking and cytoskeletal organization. Our study
of pod-1 demonstrates that the one-cell embryo is suited
not only for studying proteins with specialized roles in
development but also for understanding how develop-
mental processes are linked to cellular architecture. On
the basis of the effects of pod-1 on both polarity and
architecture, we propose models for how a-p polarity is
generated in the early embryo.

Results

pod-1 encodes new member of the coronin family
of actin-binding proteins

The enrichment of CABP11 at the anterior cortex in the
one-cell embryo suggested that it was a component of
the actin cytoskeleton involved in generating polarity
(Aroian et al. 1997). To study CABP11 in more detail, we
cloned the gene that encodes this protein. A complete

cDNA was isolated with a single open reading frame
(ORF). Subsequently, the C. elegans genome project se-
quenced this region of the genome and predicted an ORF
(Y76A2B.1) with the same intron/exon structure as our
cDNA sequence (Fig. 1A). This gene was name pod-1
based on its loss-of-function phenotypes (see below). In
keeping with C. elegans nomenclature, CABP11 protein
is renamed POD-1.

The pod-1 gene encodes a protein of 1057 amino acids
with significant identity to the actin-binding protein
coronin. POD-1 contains two nearly complete, degener-
ate copies of the coronin protein. Amino acids 7–386 and
554–942 of POD-1 are each 27%–28% identical to the
first 386 amino acids of Dictyostelium and human coro-
nins (Fig. 1B; the entire Dictyostelium coronin is 445
amino acids long). In addition, the two POD-1 coronin
domains are 27% identical to each other. However,
POD-1 is not the closest homolog to coronin in the C.
elegans genome. C. elegans ORF R01H10.3 is 40% iden-
tical to Dictyostelium coronin, contains a single coronin
domain, and is more similar in gene structure to other
members of the coronin family (Goode et al. 1999). Nei-
ther the 167 amino acids between the two coronin do-
mains of POD-1 nor the 115 amino acids at the carboxyl
terminus of POD-1 show significant similarities to other
known proteins. POD-1 contains four WD repeats
within the two coronin domains and one proline-rich
region between the coronin domains (Fig. 1A). POD-1
lacks the a-helical coiled-coil domain found at the car-
boxyl terminus of other coronins. Nonetheless, given
that this domain is thought to be involved in coronin
dimerization (Goode et al. 1999), it is possible that
POD-1 has circumvented the need for a coiled-coil do-
main by duplicating coronin in the same protein.

pod-1 plays a specialized role in embryonic
development

To determine what role POD-1 plays in embryonic de-
velopment, we generated a deletion allele of pod-1 to
study its loss-of-function phenotype. This allele, called
pod-1(ye11), contains a 1451-base deletion within the
pod-1 gene that when translated results in a frameshift at
amino acid residue 304 (Fig. 1B) followed by 13 addi-
tional missense residues and a stop codon. This allele is
probably a null based on the following data. First, em-
bryos derived from hermaphrodites of the genotype pod-
1(ye11)/eDf2 (where eDf2 is a large chromosomal defi-
ciency that spans the pod-1 locus) are not more severe in
phenotype than embryos derived from homozygous pod-
1(ye11) hermaphrodites. Second, attempts to further re-
duce POD-1 protein levels by injection of double-
stranded RNA (Fire et al. 1998) into the pod-1(ye11) ho-
mozygous mothers did not increase the severity of
mutant embryonic phenotypes.

Loss of pod-1 leads to strict maternal effect embryonic
lethality, suggesting pod-1 plays a specialized role in em-
bryonic development. unc-32(e189) pod-1(ye11)/unc-
32(+) pod-1(+) hermaphrodites segregate 25% Unc Pod
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progeny, indicating zygotic pod-1 function is dispensable
for viability. Conversely, all embryos derived from moth-
ers homozygous for pod-1(ye11) arrest before hatching
(Table 1). Thus, maternal pod-1 is essential for embry-
onic viability. To further test the maternal pod-1 re-
quirement, wild-type males were mated to pod-1(ye11)
hermaphrodites. No viable progeny (0/334) were pro-
duced in these crosses, confirming that pod-1 function is
strictly dependent on the maternal contribution. Em-
bryos derived from homozygous pod-1(ye11) mothers are
hereafter referred to as pod-1 mutant embryos.

POD-1 is required for a-p polarity in the early embryo

We then analyzed pod-1 mutant embryos in detail to
determine whether pod-1 plays a role in a-p axis forma-
tion. Genes required for embryonic a-p polarity in C.
elegans can be identified on the basis of their effects on

early cleavage patterns and segregation of germ-line (P)
granules to the germ-line lineage. Loss-of-function in po-
larity genes (e.g., par-1 or par-3) eliminates differences in
the behavior of embryonic cells along the a-p axis. The
first cleavage in these mutants is often symmetric, re-
sulting in two equal-sized daughter cells. Furthermore,

Table 1. Loss of pod-1 function leads to defects
in embryogenesis

Relevant
genotype

Fraction of embryos

inviable
symmetric

first cleavage

pod-1(+) 0.00 (n = 311) 0.00 (n = 20)
pod-1(ye11) 1.00 (n = 294) 0.54 (n = 26)
pod-1(RNAi) 1.00 (n = 286) 0.08 (n = 197)
coronin(RNAi) <0.01 (n = 312) 0.00 (n = 18)

Figure 1. The sequence of POD-1 contains two regions with significant similarity to coronin. (A) Predicted amino acid sequence of
POD-1. The two separate regions showing sequence similarity to coronin are shaded. Predicted WD-motifs are underlined and the
proline-rich region is indicated by asterisks. (B) Schematic representation of POD-1 showing the two regions of coronin homology and
the respective sequence identity shared with Dictyostelium coronin. Lines above the POD-1 protein indicate residues removed by the
deletion allele ye11 and the location of the POD-1 polypeptides used to generate the 11-1 and 11-9 antibodies.
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the two equal-sized daughters in the mutants often di-
vide synchronously and in parallel orientations. These
lineage patterns of the par mutants are unlike those of
wild type in which the first division is asymmetric and
the second divisions are asynchronous and orthogonal
(Fig. 2A). P granules that segregate with the germ-line
lineage are also mislocalized in the par mutants. In wild-
type embryos, P granules are partitioned to the posterior
of all one-cell embryos by metaphase of the first cell
cycle so that they are inherited only by the germ-line
precursor P1 (Table 2 and Fig. 2C). In par mutants, the
localization of P granules is often abnormal (Kemphues
et al. 1988).

The pod-1 gene is required for all these aspects of a-p
polarity. More than half the time, one-cell pod-1 mutant
embryos divide symmetrically, giving rise to two daugh-
ter blastomeres of equal size (Table 1 and Fig. 2B). Like
the other polarity mutants listed above, these daughter
cells then divide synchronously and in parallel orienta-
tion. In the pod-1 mutant, the orientations of these di-
visions are both dorsal-ventral, similar to that found in
par-2 and nmy-2 mutants. Thus, one- and two-cell em-
bryos lacking pod-1 often fail to show the normal physi-
cal differences associated with the a-p axis.

POD-1 is also required for proper partitioning of P
granules. In one-cell pod-1 mutant embryos, P granules

Figure 2. Loss of pod-1 function leads to defects in physical and molecular markers of a-p polarity. All embryos are oriented with left
being anterior. (A,B) DIC images. (C–H) Immunofluorescence images. (A) Wild-type one-cell embryo dividing asymmetrically into AB
and P1. (Right) Orthogonal orientations of the next round of divisions are indicated by arrows. These divisions will also occur
asynchronously with AB dividing before P1. (B) A pod-1(ye11) one-cell embryo dividing symmetrically into equivalently sized blas-
tomeres. The next round of divisions occurs synchronously and in parallel orientations (arrows, right). pod-1(ye11) mutant embryos
are slightly smaller (see text) and also fail to extrude polar bodies, which appear as an additional pronucleus (asterisk). (C–H) One-cell
embryos between pronuclear meeting and anaphase showing the distribution of P granules, PAR-3, and PAR-1. (C) In pod-1(+) embryos,
P granules are segregated to the posterior cytoplasm. (D) pod-1(ye11) mutant embryos fail to properly segregate P granules. (E) PAR-3
is restricted to the anterior cortex of pod-1(+) embryos. (F) Loss of pod-1 causes delocalization of PAR-3 to both the anterior and
posterior cortices. (G) Cortical PAR-1 is restricted to the posterior of pod-1(+) embryos. (H) Loss of pod-1 causes delocalization of PAR-1
to both the anterior and posterior cortices.
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are rarely segregated to the posterior by metaphase
(Table 2 and Fig. 2D). By telophase, P granules are found
localized in the posterior in 43% of one-cell pod-1(ye11)
embryos (Table 2). Thus, there are two different defects
in P granule segregation in the pod-1(ye11) mutant. In
most one-cell mutant embryos, P granules fail to segre-
gate. In the others, segregation occurs, but is temporally
delayed.

Because pod-1 affects the movement of P granules, we
wanted to determine whether pod-1 affects the asym-
metric flows that are thought to move the P granules
to the posterior (Hird and White 1993; Hird et al. 1996).
At the time of anterior membrane ruffling early in the
first cell cycle, anteriorly directed cortical and posteri-
orly directed cytoplasmic flows can be discerned in wild-
type embryos by following cytoplasmic granule move-
ments in time-lapse video recordings (Hird and White
1993). We recorded on videotape four pod-1 mutant em-
bryonic lineages from this very early stage of develop-
ment. In all four embryos, flows were absent, similar to
what has been reported in the par-3 mutant (Kirby et al.
1990).

pod-1(ye11) mutant phenotypes have also been con-
firmed using double-stranded RNA-mediated interfer-
ence (called RNAi; Rocheleau et al. 1997) to eliminate
pod-1 function from embryos. Embryos depleted of
POD-1 this way are not viable (Table 1) and show polar-
ity and physical defects (described below). However, the
frequency of most of these defects (viability and osmotic
sensitivity are exceptions) is less than the frequency seen
with the ye11 deletion mutant (Table 1). Therefore,
pod-1 RNAi seems to produce a reduction, but not a loss,
of pod-1 function. We have also used RNAi to eliminate
R01H10.3, the other C. elegans coronin-related protein,
from embryos. These embryos all hatch (Table 1). Fur-
thermore, injection of R01H10.3 double-stranded RNA
into ye11 hermaphrodites does not increase the severity
of pod-1 phenotypes in the progeny (not shown). These
data suggest that POD-1 is the only coronin-like protein
required for embryonic development.

POD-1 is localized asymmetrically in early embryonic
cells in a cell cycle dependent-manner

Many PAR proteins are localized asymmetrically in the
germ-line precursor cells P0, P1, and P2. Furthermore,
this asymmetric localization is cell cycle dependent
such that the extent of asymmetry varies during the cell
cycle (Etemad-Moghadam et al. 1995; Guo and Kem-
phues 1995; Boyd et al. 1996). These data suggest that the
processes that generate polarity are dynamic. Because
POD-1 is localized asymmetrically in P0 and P1 (Aroian
et al. 1997) and as POD-1 is phenotypically a par mutant,
we set out to determine whether POD-1 localization is
also regulated by the cell cycle.

Like PAR protein localizations, POD-1 localization in
P cells is cell cycle dependent. In the earliest one-cell
embryos before pronuclear meeting (P0), cortical POD-1
is either anteriorly enriched (12/24 embryos; Fig. 3A),
posteriorly enriched (5/24 embryos), or uniformly local-
ized (7/24 embryos). From pronuclear meeting to meta-
phase, cortical POD-1 is almost always anteriorly en-
riched (30/39 embryos; Fig. 3B). At anaphase, POD-1 be-
gins to transition from asymmetric to symmetric
localization, such that by telophase cortical POD-1 can
be found at equivalent levels in the anterior and poste-
rior cortices (10/11 embryos; Fig. 3C). In addition to cell
cortices, POD-1 antibodies stain punctate cytoplasmic
structures. Although POD-1 and PAR-3 are both en-
riched in the anterior, their behavior in the posterior is
different. POD-1 can be found in the posterior-most cor-
tex, albeit at lower levels than the anterior (Fig. 3A). This
localization is unlike PAR-3, which is sharply restricted
to the anterior (see Fig. 2E; Etemad-Moghadam et al.
1995). The localization of POD-1 in the germ-line pre-
cursors of the two-cell and four-cell embryo is also cell
cycle dependent such that early in the cell cycle, POD-1
is not asymmetric along the a-p axis, but becomes ante-
riorly enriched leading up to metaphase (Fig. 3D–F).

To confirm that the localization patterns described are
specific to POD-1, we stained pod-1(ye11) mutant em-

Table 2. Distribution of molecular markers of asymmetry in one-cell pod-1(+) and pod-1(ye11) embryosa

Relevant
genotype

Germ-line granule
segregationb

Cortical
PAR-3 localizatione

Cortical
PAR-1 localizationf

early
cell cyclec

late
cell cycled

anterior
only

anteriorly
enriched symmetric

posterior
only

posteriorly
enriched symmetric

pod-1(+) 1.00 1.00 0.89 0.11 0.00 0.96 0.00 0.04
pod-1(ye11) 0.04 0.43 0.00 0.26 0.71 0.00 0.34 0.66

aNumbers represent fraction of total embryos examined.
bSegregation of germline granules to posterior 1/2 of the one-cell embryo.
cPronuclear meeting to metaphase. n = 20 pod-1(+) and n = 25 pod-1(ye11).
dAnaphase to telophase. n = 15 pod-1(+) and n = 21 pod-1(ye11).
ePronuclear meeting through anaphase. n = 18 pod-1(+) and n = 31 pod-1(ye11). anterior only = restricted to anterior 2/3 of cortex;
anteriorly enriched = found in anterior and posterior cortex but enriched at one pole; symmetric = equivalent levels at anterior and
posterior ends.
fPronuclear meeting through anaphase. n = 27 pod-1(+) and n = 35 pod-1(ye11). posterior only = restricted to posterior 1/2 of cortex;
posteriorly enriched = found in anterior and posterior cortex but enriched at one pole; symmetric = equivalent levels at anterior and
posterior ends.
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bryos with both of our POD-1 antibodies. All cortical
and cytoplasmic POD-1 staining is eliminated in the
mutant embryos (Fig. 3G).

POD-1 and PAR proteins are mutually dependent
for polarized localization

The similarity of pod-1 and par mutant polarity pheno-
types and cell cycle-dependent localizations suggested
that POD-1 and the PAR proteins function in the same
pathways. To examine the relationship of POD-1 to the
PAR proteins further, we determined whether PAR pro-
tein polarization requires POD-1 and vice versa. In wild-
type one-cell embryos, PAR-3 protein is almost com-
pletely restricted to the anterior cortex, whereas PAR-1
protein is restricted to the posterior cortex (Fig. 2E,G and

Table 2; Etemad-Moghadam et al. 1995; Guo and Kem-
phues 1995).

pod-1 is required for polarization of PAR-3 at the an-
terior and PAR-1 at the posterior end of the embryo. In
pod-1(ye11) mutant embryos, PAR-3 is no longer re-
stricted to the anterior cortex (Fig. 2F and Table 2). In
most, there is no a-p asymmetry of PAR-3 staining
around the cortex, but anterior asymmetry persists in
some mutant embryos. Similarly, in pod-1(ye11) mutant
embryos, PAR-1 is no longer restricted to the posterior
cortex. In the majority of cases, there is no a-p asymme-
try in PAR-1 staining around the cortex (Fig. 2H), but
posterior enrichment persists in some embryos (Table 2).
The percent of pod-1 mutant embryos showing loss of
PAR-1 and PAR-3 polarization is greater than the percent
of embryos that divide symmetrically. This comparison
suggests that even in pod-1 mutant embryos that divide

Figure 3. POD-1 is localized asymmetrically in
germ-line blastomeres in a cell cycle-dependent
fashion. Immunofluorescence images of POD-1
(green), actin (red), and DNA (blue) staining in
early C. elegans embryos. All embryos are ori-
ented with anterior to the left. All embryos are
wild type except for G. (A) One-cell embryo in
pronuclear migration showing asymmetric POD-1
(extent indicated by arrowheads). (B) One-cell
embryo in prometaphase showing asymmetric
POD-1 (extent indicated by arrowheads). The dif-
ference in POD-1 staining between A and B is
indicative of various extents of POD-1 asymme-
try. (C) One-cell embryo in telophase. POD-1
stains equally the anterior and posterior cortex
and localizes to the cleavage furrow. (D) Early
two-cell embryo with P1 in early prometaphase.
Cortical POD-1 is present in the posterior of P1.
(E) Two-cell embryo with P1 in metaphase.
POD-1 staining is depleted from the posterior
and is enriched at the anterior–ventral cortex of
P1 (arrowhead). (F) A four-cell embryo with P2 in
metaphase. POD-1 is enriched on the anterior–
dorsal side (arrowhead). (G) A pod-1(ye11) four-
cell embryo. There is no detectable POD-1 stain-
ing in the mutant, but cortical actin is still pres-
ent. (a) Anterior; (p) posterior; (d) dorsal; (v) ven-
tral.
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asymmetrically, aspects of polarity are nonetheless per-
turbed.

We reciprocally tested whether par-1 and par-3 are re-
quired for POD-1 localization. In par-1 mutant embryos,
there is still substantial POD-1 asymmetry as most em-
bryos between pronuclear meeting and metaphase show
anterior POD-1 enrichment (20/21; not shown). In par-3
mutant embryos, POD-1 asymmetry is disrupted as 0 of
23 embryos between pronuclear meeting and metaphase
showed anterior enrichment of POD-1. Previously, we
reported that POD-1 was absent in some par-3 mutant
embryos (Aroian et al. 1997). Our current results prob-
ably reflect an enhanced sensitivity of the new POD-1
antibodies. We also examined POD-1 localization in the
par-2 and par-4 mutants and found that 9 of 23 and 15 of
23 embryos, respectively, showed anterior enrichment.
Thus, par-3 and, in most cases, par-2 are required for
POD-1 asymmetry; par-1, and in most cases, par-4, are
not required.

Loss of pod-1 results in defects in the structure
of embryonic cells

The above analyses demonstrate that pod-1, like the par
genes, is required for a-p embryonic polarity. However,

by observing live pod-1 mutant embryos divide, it is
readily apparent that pod-1 is uniquely different from
other known polarity genes. That is because in addition
to the polarity defects characterized above, loss of pod-1
also results in striking structural defects. These defects
have not been previously characterized in C. elegans em-
bryos.

Embryos lacking pod-1 often contain large, circular,
granule-free zones (Fig. 4A). Such zones are not observed
in wild type. These structures do not stain with the
DNA stain DAPI and do not undergo nuclear envelope
breakdown during mitotic stages, indicating they are not
nuclei. Because coronin plays a major role in endocytosis
in Dictyostelium (Hacker et al. 1997; Rauchenberger et
al. 1997), we speculated these structures might be endo-
cytic in origin. To test this hypothesis, wild-type and
mutant embryos were stained with the fluorescent dye
FM 4-64. FM 4-64 labels the plasma membrane and en-
docytic pathway upon internalization (Vida and Emr
1995). In laser-permeabilized wild-type embryos or in
isolated blastomeres, FM 4-64 rapidly stains the plasma
membrane as well as punctate structures in the cell (data
not shown), which are probably endocytic in origin.
These data indicate that wild-type C. elegans embryos
are actively engaged in endocytosis, a fact not previously

Figure 4. Loss of pod-1 function leads to the for-
mation of abnormal cellular structures. (A,C,E–J)
DIC images. (B,D) Fluorescent images showing
FM 4-64 staining. Anterior is oriented to the left
in each image. (A) Dividing one-cell pod-1(ye11)
embryo containing a large circular granule-free
zone (arrow). (B) The same embryo as in A. The
circle stains with FM 4-64, indicating it is endo-
cytic in origin (arrow). (C) One-cell pod-1(ye11)
late anaphase embryo with a large hyaline pro-
trusion at the posterior (arrowhead). (D) The
same embryo as in C. The hyaline protrusion is
contained within the plasma membrane but does
not form an intracellular compartment (arrow-
head). (E–G) Time-lapse series of images of a pod-
1(ye11) mutant embryo with cell division defects
at the one- to two-cell stage. (E) The first cleavage
furrow has formed and appears to be complete. (F)
Within a few minutes, the division vanishes
leading to the formation of a multinucleated cell.
(G) Subsequent division attempts lead to addi-
tional cleavage furrows. (H–J) Osmotic sensitiv-
ity of pod-1(ye11) mutant embryos. (H) In 100
mM KCl, pod-1(ye11) mutant embryonic cells
swell. (I) In 150 mM KCl, pod-1(ye11) mutant em-
bryonic cells have morphology similar to wild
type. (J) In 250 mM KCl, pod-1(ye11) mutant em-
bryos shrink and become highly refractile.
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documented. In pod-1(ye11) mutant embryos, which are
readily permeable to the dye without laser treatment (see
below), FM 4-64 also stains the plasma membrane and
punctate structures inside embryonic cells, indicating
that endocytosis is occurring in the mutant (Fig. 4B). In
addition, the large, abnormal circular structures stain
with the dye, suggesting they are endocytic in origin (Fig.
4B). Their large size suggests there is some abnormality
in the endocytic pathway.

Embryonic cells lacking pod-1 sometimes protrude
transient granule-free (hyaline) zones at the cell periph-
ery, a phenotype seen in Dictyostelium coronin mutants
(Gerisch et al. 1995). These protrusions reproducibly
form at the posterior-most end of asymmetrically divid-
ing one-cell embryos in anaphase (Fig. 4C,D), as well as
other peripheral locations. We are uncertain of the cause
of these protrusions, although in Dictyostelium they are
thought to arise from an abnormal polymerization of ac-
tin.

Lack of pod-1 also results in a variably penetrant cell
division defect. Cytokinesis proceeds normally in all
pod-1(ye11) one-cell embryos and progresses to apparent
completion. However, in a few embryos (19%), the mem-
brane between the cells vanishes after several minutes
(Fig. 4E–G). It does not regress from a single point, as
would be expected for a defect in late stages of cytoki-
nesis. Rather, it disappears over the length of the cell–
cell boundary. In embryos that do not show a cell divi-
sion defect at the one- to two-cell stage, many (47%)
show a defect in cell division at the two- to four-cell
stage. This defect in division can occur in either lineage
(AB or P1), but always involves sibling blastomeres. Em-
bryos lacking pod-1 function also fail to extrude polar
bodies after completion of meiosis. The polar body in
pod-1 mutant embryos appears as an additional nuclear
structure that associates with the maternal pronucleus
(Fig. 2B), stains with DAPI, and undergoes nuclear enve-
lope breakdown.

Because POD-1 likely binds actin directly, based on its
purification and homology to coronin, and as coronin is
hypothesized to influence the state of actin in cells
(Goode et al. 1999), we investigated whether loss of
pod-1 function leads to defects in actin organization.
pod-1 mutant embryos generated by RNAi or from the
ye11 allele were fixed and stained with actin antibody. In
either case, loss of pod-1 does not lead to overt pertur-
bations in the intensity and organization of cortical actin
relative to control embryos (see Fig. 3G).

Although pod-1 mutant embryos display dramatic ab-
normalities in the physical structure of embryonic cells,
loss of POD-1 protein does not lead to general cell fail-
ure. pod-1(ye11) mutant embryos still progress through
the first cell cycle with normal timing (data not shown).
Furthermore, pod-1(ye11) is a strict maternal effect le-
thal, demonstrating that pod-1 is not generally required
for all developmental stages or in dividing cells. We have
noticed that embryos produced by pod-1(ye11) mothers
are slightly smaller (81 ± 8%) than control embryos.

The loss of a-p polarity described above cannot be at-
tributed solely to some of the physical defects described

in this section. For example, other mutants that fail to
extrude polar bodies, have cytokinesis defects, or that
produce smaller embryos still give rise to asymmetric
cleavage and proper segregation of P granules at the one-
cell stage (S. Basham and L. Rose, pers. comm.; Denich et
al. 1984; Swan et al. 1998).

Loss of pod-1 results in osmotic sensitivity
and permeability to dyes

All pod-1 mutant embryos produced either by the ye11
allele or by double-stranded RNA are sensitive to their
osmotic environment. Wild-type embryos proceed through
early development normally in salt concentrations rang-
ing from 0 to 500 mM KCl (data not shown). When un-
treated pod-1(ye11) embryos are placed in isotonic me-
dia, they progress with normal timings through the first
cell cycle and, aside from the polarity and physical de-
fects mentioned above, exhibit normal cellular morphol-
ogy (Fig. 4I). However, when placed in slightly hypotonic
or hypertonic media, pod-1 mutant embryos swell or
shrink within the eggshell and virtually cease progres-
sion through the cell cycle (Fig. 4H,J).

Osmotic sensitivity in the pod-1 mutant is unrelated
to the other defects detailed above as all pod-1 mutant
embryos are osmotically sensitive independent of whether
their a-p axis forms normally or whether they display
cell division defects. Conversely, pod-1 polarity and
physical defects cannot be explained by osmotic imbal-
ances. pod-1(ye11) mutant embryos that are allowed to
develop either in utero (an osmotically ideal environ-
ment) or in blastomere media (which permits develop-
ment of isolated embryonic cells) display the full range
of polarity and physical defects. Furthermore, we have
lineaged other previously identified osmotically sensi-
tive mutants in our buffers (emb-14 and emb-20). These
mutants do not show symmetric cleavages and loss of
a-p polarity. Thus, the fact that the embryos are osmoti-
cally sensitive is not sufficient to account for the loss of
polarity in the pod-1 mutant.

We discovered that, in addition to their inability to
protect themselves against deleterious changes in their
salt environment, pod-1 mutant embryos are also perme-
able to fluorescent dyes. Wild-type embryos with intact
eggshells are impermeable to DAPI and FM 4-64. How-
ever, untreated pod-1(ye11) embryos are readily perme-
able to both dyes, which enter the cells and rapidly stain
DNA and membrane structures respectively (Table 3;
Fig. 4B,D).

This sensitivity to external salt concentration and per-
meability to dyes is not found with other published po-
larity mutants. We tested embryos mutant for par-1, par-
2, par-3, par-4, par-5, and par-6 and found that they are
neither sensitive to 300 mM KCl nor permeable to DAPI
(data not shown). Published data indicate myosin II
(nmy-2) mutant embryos are also not osmotically sensi-
tive as they do not arrest in water (Guo and Kemphues
1996). It is this unique combination of polarity and os-
motic defects that suggested the name of our new polar-
ity mutant pod-1—polarity osmotic defective 1.
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The inner layer of the wild-type eggshell provides
a barrier to the external environment

Because the eggshell of other nematodes isolates the em-
bryo from the environment (Wharton 1983), we hypoth-
esized that osmotic sensitivity in the pod-1 mutant re-
sults from a defect in the eggshell. If true, then we should
be able to phenocopy pod-1(ye11) osmotic sensitivity
and dye permeability by removing the eggshell from
wild-type embryos.

To our knowledge, the eggshell of C. elegans embryos
has not been described previously. The eggshells of para-
sitic nematodes, on the other hand, have been character-
ized and are primarily formed of three layers: an outer
layer derived from the vitelline membrane of the oocyte,
a middle chitinous layer, and an inner lipid-rich layer
(Wharton 1980). The inner two layers are both formed
by secretion from the egg cytoplasm after fertilization
(Wharton 1979). The eggshell itself is a structure distinct
from the embryo proper, such that there is a space be-
tween the inner lipid-rich layer of the eggshell and the
plasma membrane of the embryo.

Each layer was sequentially removed from wild-type
C. elegans eggshells and the resulting embryos were
tested for osmotic sensitivity and permeability to dye.
Wild-type embryos in which the outer two layers have
been removed are neither sensitive to salt nor permeable
to dyes (Table 3), suggesting that the lipid layer is suffi-
cient to protect embryos. However, perforation of all
three eggshell layers of wild-type embryos by a laser phe-
nocopies the osmotic sensitivity and dye permeability of
untreated pod-1 mutant embryos (Table 3). These data
suggest that the inner layer of the eggshell must be
breached to permeabilize the embryo to salt and dyes and
therefore, that the inner layer of the eggshell is defective
in the pod-1 mutant.

Ultrastructure of the pod-1 mutant reveals formation
of extracellular plaque

To determine whether the eggshell is physically altered
in the mutant, we characterized wild-type and mutant
eggshells at high resolution using electron microscopy
(EM). EM studies of the early embryo are rare and most

published procedures for EM of C. elegans embryos re-
quire removal of the eggshell (Priess and Hirsh 1986).
Therefore, we had to use a different technique. Wild-type
and mutant embryos were preserved in the uterus of in-
tact mothers using a high pressure freezer and fixed by
freeze substitution.

A three-layered eggshell is seen for wild-type C. el-
egans (Fig. 5A), similar to that described for parasitic
nematodes. Unexpectedly, the eggshell in pod-1(ye11)
mutant embryos appears normal and is not obviously
compromised by either missing or thinner layers (Fig.
5B). However, large amounts of electron dense material
can be seen on the outer surface of mutant embryonic
cells, which is not present around wild-type embryonic
cells (Fig. 5B). This material appears to be deposited ex-
ternal to the plasma membrane and resembles the inner
layer of the eggshell, the layer functionally compromised
in the mutant. The present study is apparently the first
report in C. elegans of this type of defect.

Discussion

We have identified a new member of the coronin family
of actin-binding proteins that is required for embryonic
polarity. The primary sequence of this protein, called
POD-1, contains two nearly complete, but degenerate,
copies of coronin. To date, no other proteins containing
two coronin domains have been reported. However,
Northern blot analyses suggest higher molecular weight
versions of coronin (analogous to POD-1) may exist in
vertebrates as well (Okumura et al. 1998).

Like the previously characterized par genes, loss of
pod-1 leads to defects in a-p axis formation. Distinct
from par mutants and other developmental mutants,
loss of pod-1 also leads to structural abnormalities in
embryonic cells. It is these latter defects that set pod-1
apart and that begin to shed light on the actual physical
mechanism driving polarity in the early embryo.

pod-1 links developmental polarity
to cellular architecture

pod-1 is essential for developmental polarity along the
a-p axis of the C. elegans embryo. Loss of pod-1 leads to

Table 3. Permeability barrier function of C. elegans eggshell layers

Relevant
genotype Treatmenta

Layer(s)
remaining

Osmotic sensitivityb
Dye staining of

blastomeres

50 mM KCl 250 mM KCl DAPIc FM4-64d

pod-1(+) none all OK OK − −
bleach chitinous + lipid-rich OK OK − −
bleach/chitinase lipid-rich OK OK − −
laser pulse none swell shrink + +

pod-1(ye11) none all swell shrink + +

aBleach: removal of outer layer; chitinase: removal of middle chitinous layer; laser: perforation of outer, chitinous, and inner lipid layer.
bSensitivity defined as swelling or shrinking of blastomeres and arrest of cell cycle.
cDAPI staining of blastomere nuclei.
dFM4-64 staining of plasma membranes.
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loss of AB/P1 size asymmetry in the first cleavage, loss of
orthogonal division planes in the second cleavages, and
loss of polarized flows during the first cell cycle. Polar-
ization of a cytoplasmic marker (P granules to the pos-
terior) and cortical markers (PAR-3 to the anterior and
PAR-1 to the posterior) are compromised. The pen-
etrance of these phenotypes varies from ∼50% to 100%
suggesting that not all aspects of polarity are equally
affected and that aspects of polarization can sometimes
occur in the absence of POD-1. Nonetheless, POD-1
clearly plays an important role in the establishment of
a-p polarity.

Loss of pod-1 also gives rise to specific defects in the
architecture of the embryo. These defects occur intracel-
lularly, intercellularly, and extracellularly. They include
formation of large membrane-bound compartments of
apparent endocytic origin, extension of granule-free hya-
line zones, loss of membrane integrity between sister
cells, abnormal permeability of the eggshell, and the for-
mation of plaque material on the outside of embryonic
cells. These defects share a striking resemblance to phe-
notypes seen in the Dictyostelium coronin mutant,
namely defects in endocytosis/phagocytosis, formation
of hyaline zones, and defects in cell division (De Hostos
et al. 1993; Gerisch et al. 1995; Maniak et al. 1995;
Hacker et al. 1997). Although there are multiple physical
defects associated with the pod-1 mutant, pod-1 is not a
general regulator of actin architecture as indicated by the
fact that it has no essential zygotic role nor does its loss
lead to gross alterations in the distribution of cellular
actin.

pod-1 is only the second cytoskeletal-associated pro-
tein shown to be important for a-p polarity. RNAi stud-
ies of nonmuscle myosin II (nmy-2) have shown that it
too is required for embryonic polarity (Guo and Kem-
phues 1996). However, pod-1 differs from nmy-2 in sev-
eral respects. POD-1 protein is localized asymmetrically
in the cortex of the one-cell embryo, whereas NMY-2
protein is uniformly localized in the cortex. The simple
interpretation is that POD-1 participates in a polarized
process, hence playing a direct role in asymmetry,
whereas NMY-2 participates in a nonpolarized process

that is required indirectly for asymmetry. Also, NMY-2
has a more limited effect on the structure of embryonic
cells. The only structural defect associated with NMY-2
is in cytokinesis.

The study of pod-1 spans two important biological
fields—embryonic development and the cytoskeleton—
and appears to link developmental polarity with cell
structure in a way not previously characterized in C.
elegans. Mutations like ye11 have been largely ignored
due to the difficulty in analyzing mutants with struc-
tural and developmental defects versus mutants, like the
par’s, which affect only developmental processes.

POD-1 and the par protein pathway

Our results suggest that POD-1 functions at a fairly early
step in the generation of a-p polarity. Our data indicate
that POD-1 acts upstream of PAR-1 in the one-cell em-
bryo as POD-1 is required for PAR-1 asymmetric local-
ization, but PAR-1 is not required for POD-1 asymmetric
localization. In contrast, POD-1 and PAR-3 are mutually
dependent for their asymmetric localizations, suggesting
that POD-1 and PAR-3 act at a similar part of the path-
way for generating one-cell asymmetry.

Recently, conservation of action has been noted be-
tween some of the genes in the determination of C. el-
egans a-p polarity and human epithelial cell polarity. In
particular, mammalian homologs of PAR-3 and PAR-1
have been implicated in establishing the polarity of epi-
thelial cells, with the homologs being localized to the
tight junction and basolateral domain respectively
(Boehm et al. 1997; Izumi et al. 1998). In addition, atypi-
cal protein kinase C (PKC-3), which may be important
for maintaining polarity in epithelial cells (Izumi et al.
1998), associates with PAR-3, is localized to the anterior
cortex of the one-cell embryo, and is also required for a-p
polarity in C. elegans (Tabuse et al. 1998). Interestingly,
it has been suggested that protein kinase C phosphory-
lates directly or indirectly coronin in rabbit epithelial
cells (Parente et al. 1999). Thus, there may be a con-
served relationship in worms and vertebrates between
protein kinase C and coronin. These observations sug-

Figure 5. Ultrastructure of wild-type and pod-1
mutant eggshells. In each panel, an embryo (to the
right) with its eggshell is shown. (A) Three layers are
visible in the wild-type C. elegans eggshells: a thin
vitelline layer (black line indicated with lower ar-
rowhead), a chitinous layer (light-staining layer in-
dicated with central arrowhead), and a lipid-rich
layer (darker layer indicated by upper arrowhead). (B)
All three layers are present and appear normal at this
resolution in the pod-1(ye11) eggshell (left pointing
arrowheads). However, an extra layer of dark-stain-
ing material is evident on the outside of the pod-1
mutant embryos (right pointing arrowhead) that is
not evident in wild type.
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gest that a coronin-like gene may play a role in epithelial
polarity as well.

Models for POD-1 function and embryonic polarity

What is the function of pod-1 in embryonic cells and
how does its function relate to the establishment of a-p
polarity? One model is that POD-1 regulates cellular ar-
chitecture and, independently, regulates polarity, per-
haps by recruiting polarity proteins to the anterior cor-
tex. Alternatively and more simply, the effects of POD-1
on cell structure might be directly responsible for a-p
polarity. One version of this model is that POD-1 binds
asymmetrically and modulates the organization of F-ac-
tin in the cell (e.g., by cross-linking) and that this orga-
nization of actin plays an important role in cell polarity.
Consistent with POD-1 playing a role in actin organiza-
tion, it is hypothesized that coronin reorganizes actin in
dynamic regions of the Dictyostelium cortex (De Hostos
et al. 1993; Gerisch et al. 1995) and yeast coronin cross-
links actin filaments (Goode et al. 1999). However, argu-
ing against such a role, loss of coronin/pod-1 does not
perturb the overt organization of actin in any organism
where it has been mutated (De Hostos et al. 1993; Heil-
Chapdelaine et al. 1998; Goode et al. 1999; this study).

Careful assessment of the structural phenotypes asso-
ciated with loss of pod-1 and the fact that coronin plays
an important role in endocytosis compel us to consider
an alternative model. Namely, that the dominant func-
tion of pod-1 is in membrane trafficking and that, as in
epithelial cells (Drubin and Nelson 1996) membrane
trafficking is playing a major role in polarizing the C.
elegans embryo.

Many of the architectural defects seen in the pod-1
mutant can be best explained by problems with mem-
brane trafficking in the cell. The large endocytic com-
partments formed in the mutant are reminiscent of swol-
len endosomes formed in other cell types either by the
premature fusion of newly endocytosed vesicles or by
problems in exiting from late endosomes/the multive-
sicular body in the endocytic pathway (Murphy et al.
1996; Reaves et al. 1996; Fernandez-Borja et al. 1999).
The permeability of pod-1 mutant embryos to salt and
dyes appears to be caused by defects in the eggshell, a
structure secreted from the embryo after fertilization.
EM studies of the mutant reveal accumulation on em-
bryonic cells of material that resembles the inner layer of
the eggshell. This accumulation might represent a fail-
ure to endocytose material normally taken into embry-
onic cells (e.g., extra eggshell material secreted but not
needed) or an exocytic defect whereby too much eggshell
material is secreted or is secreted too slowly, such that
some remains attached to the embryo after the eggshell
forms.

One simple mechanism to explain how embryonic po-
larity is linked to membrane trafficking involves the
flows that occur early in the first cell cycle. These flows,
generated by the sperm, have been suggested to play an
important role in a-p axis formation (Hird and White
1993; Goldstein and Hird 1996). At the very posterior of

the embryo, these flows move from posterior to anterior
along the cortex while in the anterior of the embryo
these flows move from anterior to posterior in the cyto-
plasm. In the pod-1 mutant, these flows are largely lack-
ing and cytoplasmic P granules, which may be carried by
these flows, are inhibited in their movement to the pos-
terior. We hypothesize that membrane trafficking drives
these flows. For example, a balance between exocytosis
at the posterior end of the embryo and endocytosis at the
anterior end of the embryo, where pod-1 is enriched,
would set up such a flow. In the absence of pod-1 and
pod-1-mediated trafficking, such a flow, and hence a-p
polarity, would be compromised.

Studies of embryonic polarity in the past have largely
relied on genetic screens and selections for mutations
that strictly affect the developmental process. As such,
an impressive list of genes has been identified that are
required for establishing asymmetry, but we understand
relatively little as to the cellular processes involved.
Genes like pod-1, because of their more complicated
phenotypes, have been relatively understudied. Yet, ul-
timately, these genes are likely to provide critical in-
sights into the physical mechanisms underlying polarity
establishment.

Materials and methods

Strains and genetics

Culture and manipulation of C. elegans strains were done using
standard techniques (Brenner 1974). The following mutant
alleles were used: LGI emb-14(g43), emb-20(g27), par-6(zu222)
unc-101(m1)/hln1; LGIII unc-32(e189), plg-1(e2001), dpy-18(e364)
unc-64(e246), unc-32(e189) par-3(it71)/qC1, unc-32(e189) pod-
1(ye11)/qC1, unc-32(e189) tDf8/(qC1), par-2(lw32) unc45(e286ts)/
sC1, unc-32(e189) ooc-4(e2078)/eDf2 eT1(III;V); LGIV par-
1(b274) rol-4(sc8)/nT1(IV;V), dpy-20(e1282) par-5(it55)/DnT1;
LGV par-4(it47 ts). The alleles of par-1, par-2, par-3, and par-4
used are likely null or strong reduction-of-function alleles
(Kirby et al. 1990; Levitan et al. 1994; Cheng et al. 1995).

For the zygotic test of pod-1 function, the total progeny pro-
duced from hermaphrodites of the genotype unc-32(e189) pod-
1(ye11)/qC1 were counted; 155 of 607 were Unc Pod and de-
veloped into adults. To test the maternal requirement, pod-1(+);
plg-1(e2001) males were mated to unc-32(e189) pod-1(ye11)
hermaphrodites (the plg-1(e2001) mutation allows verification
of mating success; Hodgkin and Doniach 1997).

Cloning and molecular analysis of the pod-1 locus

CABP11 antibodies were used to screen a lgt11 embryo library.
A clone was isolated that contained the 38 end of the pod-1
transcript. This clone was shown to encode the CABP11 protein
as antibodies made against two nonoverlapping polypeptides
encoded by this clone behaved like CABP11 antibody on fixed
embryos and Western blots (Fig. 3B; data not shown). The 58 end
was cloned by PCR of reverse transcribed total RNA using oli-
gonucleotides specific for the lambda clone and the SL1 splice
leader (Zorio et al. 1994). The predicted protein sequence of our
complete cDNA is identical to that predicted by the genome
project. The complete cDNA and predicted protein sequences
have been deposited in Genbank (accession no. AF129126).
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RNAi

RNAs were used to deplete maternal POD-1 protein from em-
bryos as described (Fire et al. 1998). Templates for RNA synthe-
sis were prepared from pod-1 partial and full-length cDNAs
cloned into pBluescript (Stratagene) using the T3 and T7 sites of
the vector or, for coronin, by PCR of reverse-transcribed RNA
using coronin-specific oligonucleotides with attached T3 and
T7 sites (available upon request). RNAs were prepared using
RNA synthesis kits (AMBION) and microinjected (1 mg/ml)
into both arms of the gonad. Coronin RNAs were coinjected
with unc-22 RNAs (Fire et al. 1998) to verify that the injection
had worked (all hatched animals exhibited the Unc-22 pheno-
type). With pod-1 RNAs, fully penetrant embryo lethality is
reached by 16–20 hr after injection, and depletion of POD-1
protein was confirmed by immunofluorescence.

Isolation and characterization of pod-1 deletion allele

The pod-1 deletion allele ye11 was isolated by a PCR-based, F1

screen of 575,000 EMS-mutagenized worms using an estab-
lished protocol (http://snmc01.omrf.uokhsc.edu/revgen/Rev-
Gen.html). Screening for pod-1 deletions was done using pod-
1-specific oligonucleotides (11F2: GCACTGGTTTCACTAC-
GGTAAGAAGC; 2R4: TCGACAGCCATCACGTTAC). The
deletion was outcrossed 10 times and linked to the unc-32(e189)
allele by mating to unc-32(e189) tDf8/qC1 and isolating Unc F2

progeny. The pod-1(ye11) allele was then placed over the chro-
mosome III balancer qC1, which balances pod-1 (unpublished
data).

For deficiency testing, the pod-1(ye11) chromosome was first
marked with the dpy-18 mutation by isolating Dpy non-Unc
progeny from dpy-18(e364) unc-64(e2078)/pod-1(ye11) her-
maphrodites. pod-1(ye11)/eDf2 hermaphrodites were obtained
by mating dpy-18(e364) pod-1(ye11)/eT1 males into eDf2 het-
erozygotes and picking Dpy F1 progeny (eDf2 spans both dpy-18
and pod-1).

Microscopy of embryos

For observing live embryos, embryos were dissected from gravid
hermaphrodites in isotonic medium [150 mM KCl, 5 mM HEPES
(pH 7.5)] or embryonic blastomere growth medium (Shelton and
Bowerman 1996) and mounted on slides. Coverslips were sup-
ported at the edges by petroleum jelly to prevent pressure being
applied to the embryos. Embryos were observed from pro-
nuclear migration through the 6- to 7-cell stage using DIC op-
tics and recorded using a time-lapse VCR or CCD camera. Ob-
servations were done at 16–18°C.

The symmetry of the first cleavage was determined by mea-
suring [using National Institutes of Health (NIH) Image v1.61]
the cross sectional area of the anterior and posterior blastomeres
at the completion of the first cytokinesis. Cleavage was judged
symmetric if the relative area of the anterior blastomere was
<53% [wild-type area of AB, 56.7 ± 1.4% (n = 5)], a conservative
upper limit consistent with that reported for par mutant em-
bryos (Kemphues et al. 1988). Using this value, embryos fell into
two classes: symmetric and asymmetric with average AB sizes
of 51 ± 1% and 57 ± 3%, respectively.

Osmotic sensitivity of embryos was determined by mounting
embryos in 5 mM HEPES-buffered media (pH 7.5) with 50 mM

increments of KCl. Swelling of blastomeres indicated hypotonic
conditions and shrinking of blastomeres was scored as hyper-
tonic. Dye staining of live embryos was done by inclusion of 10
ng/µl DAPI or 32 µM FM 4-64 (Molecular Probes) in the me-
dium. For comparison to other osmotic mutants, emb-14(g43)

and emb-20(g27) (Cassada et al. 1981) were grown at permissive
temperature and shifted as fourth larval stages to nonpermissive
temperature overnight. The shrinking and swelling of emb-14
and emb-20 embryos in different salt concentrations and per-
meability to FM 4-64 and DAPI were tested. Both mutants be-
haved the same as pod-1. Eleven emb-14 and 13 emb-20 mutant
embryos that progressed from pronuclear migration of the one-
cell stage to the two-cell stage in EBGM at 25°C were lineaged
and the relative sizes of the blastomeres measured as above.

Permeabilization of pod-1(+) eggshells

The outer eggshell layer was removed from wild-type embryos
by treatment with 150 mM NaOCl for 3–5 min followed by one
to two washes in excess fetal bovine serum to quench the hy-
pochlorite. Removal of the chitinous layer from hypochlorite-
treated embryos was accomplished by washing embryos twice
in 150 mM KCl followed by 5 min in chitinase [20 mg/ml chiti-
nase, 130 mM KCl, 2.5 mM MgCl2, 2.5 mM CaCl2, 5 mM HEPES
(pH 7.5)]. Successful removal of both layers of the outer eggshell
was judged by the absence of a visible eggshell at 1000× mag-
nification. Permeablization of all three layers of the eggshell
was accomplished by puncturing the eggshell with a laser pulse
(Schierenberg and Junkersdorf 1992) or by isolation of individual
blastomeres (Shelton and Bowerman 1996).

Antibodies and immunofluorescence of embryos

Polyclonal antibodies recognizing POD-1 were generated by im-
munization of rabbits (Berkeley Antibody Co., Richmond, CA)
with POD-1 fragments 11-1 and 11-9 (corresponding to residues
452–592 and 933–1055, respectively) fused to GST. The 11-1
antibody was affinity purified by depletion of GST antibodies
then by purification over a column of 11-1 protein. 11-9 anti-
body was affinity purified over a column of 11-9 protein fused to
maltose-binding protein.

Wild-type embryos were fixed and costained in solution with
POD-1 and actin antibodies and DAPI as described (Aroian et al.
1997), except sucrose was used at 8%. The new POD-1 antibod-
ies (mostly 11-1) were used at 1:1000–1:2000. Actin staining is
used to control for preservation of the cortex, and POD-1 stain-
ing was judged relative to actin. For staining of par mutants,
where it is more difficult to obtain enough embryos using in-
solution techniques, we used standard freeze fracture (see be-
low) and fixation in methanol for 4 min. This procedure gives
less robust and less consistent actin staining and, in our hands,
is inferior to in-solution fixation. Using freeze fracture, 66/73
wild-type embryos between pronuclear meeting and metaphase
showed some enrichment of POD-1 in the anterior cortex and
cytoplasm. Although it is not possible to determine unambigu-
ously whether the anterior-most cortex of P1 contains POD-1 as
it abuts the posterior cortex of AB, we believe it does (see Aroian
et al. 1997).

Fixation of pod-1 mutant embryos and staining with PAR-1,
PAR-3, and germ-line granule antibodies (K76) were done ac-
cording to published protocols (Etemad-Moghadam et al. 1995;
Guo and Kemphues 1995), except the embryos were released in
isotonic buffer. Staining with FITC-labeled tubulin antibody
(DM1a; Sigma) was included to aid in unambiguous determina-
tion of cell cycle state. For POD-1 and actin costainings, em-
bryos were fixed in 4% formaldehyde, 75% MeOH, 3% sucrose,
1× cytoskeletal buffer for 15 min followed by 5 min of fixation
in 100% MeOH.

Immunofluorescence of embryos was observed with a decon-
volution system (DeltaVision 2.10, Applied Precision) using an
Olympus IX-70 inverted microscope (60× 1.40 NA objective)
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and a Micromax camera (Princeton Instruments, Inc.). Image
stacks were collected with 0.1- to 0.7-µm sections and decon-
volution performed according to the Agard & Sedat inverse ma-
trix algorithm.

EM

Adult worms containing embryos were prepared for EM by high
pressure freezing (HPF) followed by freeze–substitution (Dern-
burg et al. 1998; McDonald 1999). For HPF, 20–30 worms were
mixed with a paste made from dry baker’s yeast and 10%
methanol in distilled water to facilitate loading into a 100-µm
deep specimen carrier. Worms were cryofixed in a Bal-Tec HPM
010 high pressure freezer (Technotrade International, Manches-
ter, NH), freeze-substituted in 2% osmium tetroxide plus 0.1%
uranyl acetate in acetone for 2 days at −78°C, then warmed to
−20°C over a 12-hr period. After 12 hr at −20°C the samples
were warmed to room temperature over a 6-hr period, rinsed
five times in pure acetone, infiltrated with Epon-Araldite resin,
and then flat embedded (Howard and O’Donnell 1987). Samples
were remounted and 60-nm longitudinal sections cut on a Rei-
chert Ultracut E ultramicrotome. These were picked up on
Formvar-coated slots, post-stained with uranyl acetate and lead
citrate, and viewed in a JEOL 100CX EM operating at 80 kV.
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