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Summary

The somatic gonad of the nematode Caenorhabditis elegans exhibits highly regulated contractility

during ovulation, which is essential for successful reproduction. Non-striated actin filament

networks in the myoepithelial sheath at the proximal ovary provide contractile forces to push a

mature oocyte for ovulation, but the mechanism of assembly and regulation of the contractile actin

networks is poorly understood. Here, we show that actin-interacting protein 1 (AIP1) is essential

for the assembly of the contractile actin networks in the myoepithelial sheath. AIP1 promotes

disassembly of actin filaments in the presence of actin depolymerizing factor (ADF)/cofilin. C.

elegans has two AIP1 genes, unc-78 and aipl-1. Mutation or RNA interference of a single AIP1

isoform causes only minor impacts on reproduction. However, simultaneous depletion of the two

AIP1 isoforms causes sterility. AIP1-depleted animals show very weak contractility of the

myoepithelial sheath and fail to ovulate a mature oocyte, which results in accumulation of

endomitotic oocytes in the ovary. Depletion of AIP1 prevents assembly of actin networks and

causes abnormal aggregation of actin as well as ADF/cofilin in the myoepithelial sheath. These

results indicate that two AIP1 isoforms have redundant roles in assembly of the contractile

apparatuses necessary for C. elegans reproduction.
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Introduction

Gonads are essential parts of animal reproductive systems. Somatic gonads provide

environment for proper maintenance and development of germline and support transport of

gametes and subsequent fertilization. In the nematode Caenorhabditis elegans,

hermaphroditic somatic gonads exhibit highly coordinated contractile activities during

ovulation, a process to expel a mature oocyte out of the ovary (McCarter et al. 1997;

McCarter et al. 1999). Parts of the somatic gonad, the myoepithelial sheath and the

spermatheca, have highly differentiated contractile actin cytoskeletal structures (Ardizzi and
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Epstein 1987; Ono et al. 2007; Strome 1986). The myoepithelial sheath cells surround

oocytes at the proximal ovary. These cells have lattice-like networks of actin and myosin

filaments. When oocytes are premature, the myoepithelial sheath cells show only minimal

contraction. Upon maturation of an oocyte, they initiate intense contraction and push the

oocyte into the spermatheca (McCarter et al. 1997; McCarter et al. 1999). The spermatheca

is a highly elastic tube-like tissue where sperm are stored. During ovulation, it dilates and

allows entry of an ovulated oocyte, which then fertilizes with sperm. A fertilized egg is then

expelled to the uterus by contraction of the spermatheca (Kovacevic and Cram 2010;

Kovacevic et al. 2013). Malfunction of these contractile tissues often results in sterility:

defective contraction of the myoepithelial sheath causes retention of oocytes in the ovary

(Myers et al. 1996; Obinata et al. 2010; Ono and Ono 2004), and uncoordinated

spermathecal dilation and contraction cause retention or rupture of an oocyte (Clandinin et

al. 1998; Kovacevic et al. 2013; Wissmann et al. 1999). Therefore, proper assembly and

function of contractile actin cytoskeleton in these cells are essential for reproduction of C.

elegans.

Actin networks in the myoepithelial sheath are morphologically similar to contractile

apparatuses in smooth muscle (Strome 1986). Nonetheless, several contractile proteins are

expressed commonly in the myoepithelial sheath and the body wall muscle, which has

obliquely striated sarcomeric structures. Two myosin heavy chains, UNC-54 and MYO-3,

and paramyosin UNC-15 are common components of thick filaments in the myoepithelial

sheath (Ardizzi and Epstein 1987; Ono et al. 2007; Rose et al. 1997) and the body wall

muscle (Epstein et al. 1985; Miller et al. 1983). In addition, troponin components (PAT-10

troponin C, UNC-27 troponin I, TNI-1 troponin I, and MUP-2 troponin T) are expressed in

the myoepithelial sheath and function with tropomyosin as an actin-linked regulatory system

for contraction (Myers et al. 1996; Obinata et al. 2010; Ono and Ono 2004), and these are

also known to control contraction of the body wall muscle (Burkeen et al. 2004; Terami et

al. 1999). However, how oocyte maturation and sheath contraction are precisely coordinated

are not well understood.

By contrast, for assembly of contractile apparatuses in the myoepithelial sheath and the body

wall muscle, different isoforms of actin depolymerizing factor (ADF)/cofilin are required.

ADF/cofilin enhances actin filament dynamics by severing and depolymerizing actin

filaments and involved in actin reorganization in a variety of cells (Ono 2007). C. elegans

has two ADF/cofilin isoforms: UNC-60A with weak actin-filament severing and strong

actin-monomer sequestering activities and UNC-60B with strong actin-filament severing

and negligible actin-monomer sequestering activities (McKim et al. 1994; Ono and Benian

1998; Yamashiro et al. 2005). UNC-60A is required for assembly of actin networks in the

myoepithelial sheath (Ono et al. 2008), whereas UNC-60B is required for sarcomeric

organization of actin filaments in the body wall muscle (Ono et al. 2003; Ono et al. 1999).

Thus, differential regulation of actin dynamics by ADF/cofilin isoforms might be a key to

understanding how actin cytoskeleton is differentiated into non-striated and striated

contractile apparatuses in these muscles. Although sarcomeres in striated muscle appear

stable, dynamic regulation of actin filaments is required for assembly and maintenance of

organized sarcomeric structures (Ono 2010). Likewise, actin filaments in non-striated
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muscle, including smooth muscle, might be regulated dynamically, but the mechanism of

assembly of non-striated contractile apparatuses is poorly understood.

In this study, we examined roles of actin-interacting protein 1 (AIP1) in the C. elegans

somatic gonad. AIP1 is a conserved actin regulatory protein with WD-repeats, which

promotes disassembly of ADF/cofilin-bound actin filaments (Ono 2003). C. elegans has two

AIP1 isoforms, UNC-78 and AIPL-1, and these have similar activities to disassemble actin

filaments in the presence of UNC-60B (Mohri and Ono 2003; Mohri et al. 2004; Ono et al.

2004; Ono et al. 2011). In the body wall muscle, mutation in unc-78 causes severe

disorganization of sarcomeric actin filaments (Mohri et al. 2006; Ono 2001), whereas

mutation in aipl-1 does not cause detectable phenotypes (Ono et al. 2011). However,

simultaneous depletion of UNC-78 and AIPL-1 causes embryonic lethality with primary

defects in sarcomeric actin organization in embryonic muscle and failure of body elongation

(Ono et al. 2011), indicating that UNC-78 and AIPL-1 have partially redundant functions. In

vitro, both UNC-78 and AIPL-1 preferentially cooperate with UNC-60B for actin

disassembly but not with UNC-60A (Mohri and Ono 2003; Ono et al. 2011). Since

UNC-60A is the ADF/cofilin isoform essential in the somatic gonad (Ono et al., 2008),

whether either UNC-78 or AIPL-1 play any role in the somatic gonad has been unclear. Our

study shows that the two AIP1 isoforms have redundant functions in actin organization in

the gonad and are essential for reproduction, suggesting that the AIP1 isoforms cooperate

with UNC-60A under in vivo conditions.

Results and Discussion

The Two AIP1 Isoforms, UNC-78 and AIPL-1, Are Redundantly Required for Ovulation in C.
elegans

Simultaneous depletion of the two AIP1 proteins, UNC-78 and AIPL-1, causes ~100 %

embryonic lethality (Ono et al. 2011), which precludes us to examine adult phenotypes. To

investigate their functions in adult worms, we treated newly hatched L1 larvae with RNAi of

the AIP1 isoforms and examined their phenotypes when they grow up to adult worms. We

found that depletion of the two AIP1 isoforms caused sterility in adult hermaphrodites.

Wild-type worms treated with control RNAi produced 284 ± 26 progeny per worm (brood

size) (n=7) (Fig. 1). unc-78(RNAi) in wild-type slightly reduced the brood size (171 ± 62

progeny per worm, n=7). The aipl-1(null) mutant with control RNAi also produced less

progeny (211 ± 48 progeny per worm, n=7) than wild-type with control RNAi. When the

two AIP1 isoforms are simultaneously depleted in aipl-1(null); unc-78(RNAi), no progeny

(0 ± 0 progeny per worm, n=7) were produced from examined animals. Therefore, the two

AIP1 isoforms function redundantly and are essential for reproduction of C. elegans.

To determine the cause of sterility, we examined the gonads in these worms by staining

whole worms by tetramethylrhodamine-phalloidin for filamentous (F-) actin and DAPI for

DNA, which allowed us to examine morphology and locations of the somatic gonad,

oocytes, and embryos (Fig. 1). In wild-type worms with control RNAi (Fig. 1A–C), each

oocyte in the ovary had condensed chromosomes (Fig. 1B, arrows), and normal embryos

were present in the uterus (data not shown). The gonads did not show detectable phenotypes

by depletion of a single AIP1 isoform by aipl-1(RNAi) (Fig. 1D–F) or unc-78(RNAi) (Fig.

Ono and Ono Page 3

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



1G–I) in wild-type, or single mutation by aipl-1(null) with control RNAi (Fig. 1J–L) or

unc-78(null) with control RNAi (Fig. 1P–R). However, simultaneous depletion of both AIP1

isoforms by unc-78(RNAi) in aipl-1(null) (Fig. 1M–O) or aipl-1(RNAi) in unc-78(null) (Fig.

1S–U) caused accumulation of abnormal oocytes with excessive DNA in the proximal ovary

(Fig. 1N and T, arrowheads) and depletion of embryos from the uterus in 100 % of

examined animals (n=100 each). These are typical Emo (endomitotic oocytes in gonadal

arms) phenotypes when ovulation is defective (Iwasaki et al. 1996). During normal

ovulation, oocyte maturation is coupled with enhanced contraction of the myoepithelial

sheath, which expels a mature oocyte into the spermatheca for fertilization. However, when

ovulation does not occur, a mature oocyte remains in the proximal ovary and undergoes

endomitotic replication of chromosomal DNA (McCarter et al. 1997; McCarter et al. 1999).

Thus, these results strongly suggest that the AIP1 isoforms have redundant functions that are

required for ovulation. Since simultaneous depletion of the two AIP1 isoforms by

unc-78(RNAi) in aipl-1(null) or aipl-1(RNAi) in unc-78(null) caused indistinguishable

phenotypes, not all combinations of RNAi/mutation are shown in the subsequent figures.

Normal ovulation in C. elegans involves several processes including intense contraction of

the myoepithelial sheath, dilation of the spermatheca, and exit of a fertilized egg from the

spermatheca (McCarter et al. 1997). To determine which process(es) of ovulation is

disturbed by AIP1 depletion, ovulation in live worms was observed by time-lapse imaging

(Fig. 2). Wild-type worms showed normal ovulation processes (13/13) (Fig. 2A–D,

Supplemental Movie 1). Single mutants, aipl-1(null) (16/16) (Fig. 2E–H, Supplemental

Movie 2) and unc-78(null) (with control RNAi) (16/16) (Fig. 2I–L, Supplemental Movie 3)

also showed normal ovulation. However, when the two AIP1 isoforms were simultaneously

depleted in unc-78(null); aipl-1(RNAi) worms, worms were not successful in ovulation

(18/18) (Fig. 2M–P, Supplemental Movie 4): contractile activity of the myoepithelial sheath

was significantly weaker and less frequent than wild-type and insufficient to push an oocyte

into the spermatheca (Fig. 2M–P, Supplemental Movie 4). Spermatheca did not appear to

dilate, but this could be due to lack of oocyte entry. The oocyte, which was retained in the

ovary, underwent nuclear envelope breakdown (Fig. 2N, arrow), which is an indication of

oocyte maturation as observed during normal ovulation (Fig. 2B, F, and J, arrows). This

suggests that oocyte maturation was not affected by the depletion of the AIP1 isoforms. The

retained oocyte reformed the nuclear envelope (Fig. 2P, arrow), indicating that endomitotic

cycles are repeated. Together, the live imaging demonstrates that lack of strong contractility

in the myoepithelial sheath is the major cause of the ovulation defect in AIP1-depleted

worms.

The AIP1 isoforms are Essential for Assembly of Contractile Actin Networks in the
Myoepithelial Sheath and Spermatheca

Non-striated actin networks in the myoepithelial sheath are responsible for contractility of

the C. elegans ovary (Ono et al. 2007). Therefore, we dissected the gonads out of the body

and examined organization of actin filaments in the myoepithelial sheath (Fig. 3). In wild-

type worms with control RNAi, actin filaments were organized into normal non-striated

networks in the myoepithelial sheath (Fig. 3A–C). Single AIP1 depletion by aipl-1(RNAi)

(Fig. 3D–F) or unc-78(null) with control RNAi (Fig. 3G–I) did not cause detectable
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alterations in the actin organization in the myoepithelial sheath. However, simultaneous

depletion of the two AIP1 isoforms by unc-78(null); aipl-1(RNAi) caused severe

disorganization of the actin networks in the myoepithelial sheath (Fig. 3J–L). In these AIP1-

depleted cells, fine actin networks were absent, and most of actin filaments were found in

thick bundles and aggregates (Fig. 3J). This phenotype is consistent with the lack of

contractile activity during ovulation as shown by live imaging (Fig. 2M–P). These results

indicate that the two AIP1 isoforms have redundant functions and are essential for

organization of the contractile actin networks in the myoepithelial sheath.

The spermatheca is adjacently located to the myoepithelial sheath in the somatic gonad, and

its dilation is required for successful ovulation (Clandinin et al. 1998). We found that

simultaneous depletion of the two AIP1 isoforms also disrupted the actin organization in the

spermatheca (Fig. 4). In wild-type with control RNAi, thin actin bundles were aligned in a

nearly parallel manner (Fig. 4A). This pattern of actin filaments was not altered by single

AIP1 depletion by aipl-1(RNAi) (Fig. 4B) or unc-78(null) with control RNAi (Fig. 4C).

However, simultaneous depletion of the two AIP1 isoforms by unc-78(null); aipl-1(RNAi)

caused formation of gaps among actin bundles, accumulation of actin into thick bundles, and

reduction in thin parallel actin fibers (Fig. 4D). Therefore, the two AIP1 isoforms are also

redundantly required for proper organization of actin filaments in the spermatheca.

Live observation of ovulation processes strongly suggested that weak contraction of the

myoepithelial sheath in AIP1-depleted worms is the major cause of ovulation defects (Fig.

2). This is consistent with disorganized actin networks in the myoepithelial sheath of AIP1-

depleted worms (Fig. 3). In these cells, most of the actin filaments were found in abnormal

thick bundles and were very unlikely to produce coordinated contractile activity of the

myoepithelial sheath. Likewise, actin filaments in the spermatheca were also disorganized in

AIP1-depleted worms (Fig. 4). Although dysfunction of the spermatheca is probably not the

major cause of ovulation defects, it may enhance the phenotype by not allowing entry of an

oocyte into the spermatheca. The spermatheca is composed of a single layer of highly elastic

epithelial cells and undergo repeated dilation and contraction during ovulation (Kovacevic et

al. 2013). Although the mechanism of regulation of the contractile activities of the

spermatheca is not well understood, contractility or elasticity of the spermatheca should be

affected when the actin organization is disrupted as observed in AIP1-depleted worms.

Although different sets of cytoskeletal proteins are expressed in the myoepithelial sheath

and the spermatheca (Ardizzi and Epstein 1987; Ono et al. 2007; Rose et al. 1997), the two

AIP1 isoforms are essential factors for assembly of contractile actin cytoskeleton in both

parts of the somatic gonad.

AIP1 Is Expressed in the Myoepithelial Sheath and the Spermatheca and Localized in the
Diffuse Cytoplasm

Our previous analysis of the promoters of aipl-1 and unc-78 shows that both AIP1 isoforms

are expressed in the somatic gonad (Ono et al. 2011). Here, we determined localization of

AIP1 in the myoepithelial sheath and the spermatheca by immunofluorescence microscopy.

We have not been successful in generating a specific antibody against AIPL-1. Therefore,

we only examined localization of the UNC-78 protein using rabbit polyclonal anti-UNC-78
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antibody (Mohri and Ono 2003) in the myoepithelial sheath and the spermatheca. This

antibody did not cross-react with AIPL-1 (data not shown). In dissected gonads, the anti-

UNC-78 antibody stained diffuse cytoplasm of the myoepithelial sheath, the spermatheca,

and oocytes (Fig. 5A, Supplemental Fig. 1). These fluorescent signals were not detected in

the same tissues from unc-78(null) mutant worms (Supplemental Fig. 1), indicating that the

antibody specifically recognized the UNC-78 protein. In Fig. 5, agonad was fixed when a

mature oocyte was being ovulated and located at the junction between the myoepithelial

sheath and the spermatheca. Such an oocyte is often impermeable and provides a clear

background for better observation of immunofluorescent signals in the surrounding somatic

gonad. These micrographs showed that UNC-78 is diffusely distributed in the cytoplasm in

both myoepithelial sheath and spermatheca lacking nuclear enrichment (Fig. 5A). This

localization pattern suggests that UNC-78 functions in the soluble cytoplasm as a regulator

of actin dynamics rather than a structural component of the actin networks. Given the

redundant functions of UNC-78 and AIPL-1, AIPL-1 is expected to localize to the diffuse

cytoplasm in a similar manner to UNC-78.

Depletion of AIP1 Causes Abnormal Aggregation of UNC-60A (ADF/Cofilin) and Actin in
the Myoepithelial Sheath

AIP1 functions closely with ADF/cofilin to promote disassembly of actin filaments (Ono

2003). C. elegans has two ADF/cofilin isoforms: UNC-60A and UNC-60B with distinct

activities (McKim et al. 1994; Ono and Benian 1998), and UNC-60A is an isoform that is

expressed in the somatic gonad and essential for organization of the actin networks in the

myoepithelial sheath (Ono et al. 2008). Indeed, the AIP1-depletion phenotypes in the actin

organization in the somatic gonad were very similar to the UNC-60A-depletion phenotypes

(Ono et al. 2008), suggesting that UNC-60A functions together with AIP1. In wild-type

worms, UNC-60A was present in the diffuse cytoplasm in the myoepithelial sheath (Fig.

6A). Similar pattern of UNC-60A was observed in aipl-1(null) (Fig. 6D) and unc-78(null)

with control RNAi (Fig. 6G). However, when the two AIP1 isoforms were simultaneously

depleted by unc-78(null); aipl-1(RNAi), UNC-60A was mislocalized to aggregates (Fig. 6J)

where actin was also accumulated (Fig. 6K and L). Interestingly, UNC-60A was not

accumulated in all actin aggregates but rather concentrated in a subset of aggregates (Fig.

6J–L), showing heterogeneous nature of actin aggregates in AIP1-depleted cells. Similar

abnormal accumulation of UNC-60A in aggregates was also detected in the AIP1-depleted

spermatheca (Ono and Ono, unpublished data). Overall levels of UNC-60A did not appear

different. These phenotypes suggest that UNC-60A-bound actin filaments are excessively

accumulated in the absence of UNC-78 and AIPL-1 because their normal function is to

promote disassembly of ADF/cofilin-bound actin filaments. These results provide genetic

evidence that UNC-60A, UNC-78, and AIPL-1 cooperate to assemble contractile actin

networks in the myoepithelial sheath.

Our previous in vitro analysis showed that both UNC-78 and AIPL-1 promote actin filament

disassembly in the presence of UNC-60B but not in the presence of UNC-60A (Mohri and

Ono 2003; Ono et al. 2011). However, in the somatic gonad, UNC-60A, but not UNC-60B,

is required for assembly of actin networks (Ono et al. 2008). Our current study shows that

the two AIP1 isoforms are also required for actin organization in the somatic gonad, as well
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as for proper localization of UNC-60A, suggesting strongly that UNC-78 and AIPL-1

cooperate with UNC-60A in vivo. Expression of UNC-60B was not altered in the gonad

when the two AIP1 isoforms were depleted (Ono and Ono, unpublished observation). The

discrepancy between the in vitro and in vivo results suggests the presence of an unknown

factor that mediates cooperative action of UNC-60A and UNC-78 or AIPL-1. AIP1

preferentially interacts with ADF/cofilin-bound actin filaments (Ono 2003). Since UNC-60B

can stay bound to actin filaments, UNC-60B-bound actin filaments are rapidly disassembled

by UNC-78 or AIPL-1 (Mohri and Ono 2003; Ono et al. 2004; Ono et al. 2011). A C-

terminal truncation of UNC-60B only abolishes its F-actin binding but not G-actin binding

(Ono et al. 2001), and UNC-78 is not able to promote actin disassembly in the presence of

UNC-60B with this truncation (Mohri and Ono 2003). Similarly, UNC-60A poorly binds to

F-actin in vitro (Ono and Benian 1998; Yamashiro et al. 2005), and this is a probable reason

why UNC-60A does not cooperate with AIP1 in vitro. Therefore, a factor that can stabilize

association of UNC-60A with F-actin may promote actin disassembly by UNC-60A and an

AIP1 isoform. In AIP1-depleted cells, UNC-60A is accumulated to actin aggregates,

implying the presence of such a factor. Coronin is known to enhance F-actin binding of

cofilin in mammals and yeast (Brieher et al. 2006; Gandhi et al. 2009). C. elegans has a gene

encoding coronin (cor-1) (Yonemura and Mabuchi 2001), but genome-wide RNAi studies

did not find a detectable phenotype for cor-1(RNAi) (Kamath et al. 2003; Sonnichsen et al.

2005), and its function is currently unknown. Thus, additional studies are required to

understand how ADF/cofilin and AIP1 work together in the somatic gonad.

Conclusion

AIP1 genes are not essential in relatively simple organisms such as the budding yeast

Saccharomyces cerevisiae (Iida and Yahara 1999; Rodal et al. 1999), the slime mold

Dictyostelium discoideum (Aizawa et al. 1999; Konzok et al. 1999), and moss

Physcomitrella patens (Augustine et al. 2011). However, AIP1 is essential for development

of more complex organisms, and knockout or knockdown of AIP1 has been shown to be

lethal in the fruit fly Drosophila melanogaster (Ren et al. 2007), the nematode C. elegans

(Ono et al. 2011), the green plant Arabidopsis thaliana (Ketelaar et al. 2004), and mouse

(Kile et al. 2007). Here, our study revealed another essential function of AIP1 in the

reproductive system by promoting assembly of the contractile actin cytoskeleton in the

somatic gonad. Somatic tissues within gonads support development of gametes and are

essential for reproduction in multicellular organisms, and some of them require contractile

actin cytoskeleton. The Drosophila ovaries contain highly branched striated muscles, which

provide contractile forces for ovulation (Hudson et al. 2008; Middleton et al. 2006;

Rodriguez-Valentin et al. 2006). Mammalian ovaries also contain smooth muscle cells

(Espey 1978), and their endothelin-induced contraction promotes ovulation (Bridges et al.

2011). However, regulation of assembly and contraction of these actin cytoskeletal

structures is poorly understood. The studies in C. elegans strongly suggest that ADF/cofilin

and AIP1 are important molecules for understanding how cell contractility is generated and

utilized in animal reproduction.
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Materials and Methods

Nematode Strains

Wild-type strain N2 and VC701 aipl-1(ok1019) were obtained from the Caenorhabditis

Genetics Center (Minneapolis, MN). aipl-1(ok1019) was described previously (Ono et al.

2011). unc-78(gk27) was described previously (Ono 2001). These alleles were used as

homozygotes in this study and referred as aipl-1(null) and unc-78(null), respectively.

Nematodes were grown under standard conditions at 20 °C as described previously (Brenner

1974).

RNA Interference Experiments

RNAi experiments were performed by feeding with E. coli expressing double-stranded RNA

as described previously (Ono and Ono 2002) with modifications as described (Ono et al.

2007). RNAi clones for unc-78 (clone X-2A18) and aipl-1 (clone V-9L16) were obtained

from Source Bioscience (Kamath et al. 2003). To bypass embryonic lethality, embryos were

collected from gravid adults by treatment with hypochlorite/NaOH and cultured over night,

and newly hatched L1 larvae were transferred to plates that had been seeded with E. coli

strains expressing dsRNA. Phenotypes were characterized in the same generation when they

became adults.

Fluorescence Microscopy

Immunofluorescent staining of dissected gonads was performed as described previously

(Ono et al. 2007). Briefly, gonads were dissected by cutting adult hermaphrodites on

polylysine-coated slides. For staining for UNC-78 (Fig. 5), they were fixed with 4 %

paraformaldehyde in cytoskeleton buffer (138 mM KCl, 3 mM MgCl2, 2 mM EGTA, and 10

mM MES-KOH, pH 6.1) containing 0.32 M sucrose for 15 min at room temperature

followed by permeabilization by phosphate-buffered saline (PBS) containing 0.5 % Triton

X-100 and 30 mM glycine for 10 min at room temperature. For staining for UNC-60A and

actin (Fig. 6), they were fixed with methanol at −20 °C for 5 min. They were washed by

PBS for 10 min and stained with mouse anti-actin monoclonal (C4; MP Biomedicals), rabbit

anti-UNC-60A (Ono et al. 1999), or rabbit anti-UNC-78 (Mohri and Ono 2003) antibodies

diluted in 1 % bovine serum albumin in PBS. The primary antibodies were visualized by

staining with Alexa 488-conjugated goat anti-mouse IgG (Invitrogen) and Cy3-conjugated

donkey anti-rabbit IgG (Jackson ImmunoResearch).

Staining of whole worms with tetramethylrhodamine-phalloidin (Sigma-Aldrich) (Fig. 1)

was performed as described previously (Ono 2001). Staining of dissected gonads with

tetramethylrhodamine-phalloidin (Figs. 3 and 4) was performed as described previously

(Ono et al. 2008). 4’6-diamidino-2-phenylindole (DAPI) was mixed at 0.2 µg/ml with

primary antibody or tetramethylrhodamine-phalloidin solutions.

Samples were mounted with ProLong Gold (Invitrogen) and observed by epifluorescence

using a Nikon Eclipse TE2000 inverted microscope with a CFI Plan Fluor ELWD 40× (Dry;

NA 0.60) or Plan Apo 60× (oil; NA 1.40) objective. Images were captured by a SPOT RT
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monochrome CCD camera (Diagnostic Instruments) and processed by IPLab imaging

software (BD Biosciences) and Adobe Photoshop CS3.

Time-lapse Nomarski Microscopy

Worms were anesthetized in 0.1 % tricaine, 0.01 % tetramisole in M9 buffer for 30 min and

mounted on 2 % agarose pads (McCarter et al. 1997). Tricaine/tetramisole paralyzes body

wall movement but does not block several rounds of oocyte maturation and ovulation. They

were set on a Nikon Eclipse TE2000 inverted microscope and observed with a 40 × CFI

Plan Fluor objective (N.A. 1.4). Images were captured at room temperature by a SPOT Idea

CMOS camera (Diagnostic Instruments) and recorded at 30 frames per minute by the SPOT

Imaging Software (Diagnostic Instruments). Movie files were saved in a compressed AVI

format at 20 frames per second (40 times as fast as real time), and phenotypes analyzed

later. Movie files were edited and converted to Quicktime files using Adobe Premire 6.5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Depletion of the two AIP1 isoforms causes accumulation of endomitotic oocytes in the
ovary
Adult worms with genotypes and RNAi treatments as indicated on the left were fixed and

stained with tetramethylrhodamine-phalloidin for F-actin (left column) and DAPI for DNA

(middle column), and regions of the ovary and the spermatheca are shown. The spermatheca

is on the right side of each micrograph, and its location indicated by “s” in merged images

on the right column (red: F-actin; blue: DNA). Arrows in B indicate condensed

chromosomes in normal oocytes. Asterisks in the left column show intense staining of F-

actin in the body wall muscle. Arrowheads in N and T indicate abnormal accumulation of

DNA in endomitotic oocytes. Bar, 100 µm.
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Fig. 2. Depletion of the two AIP1 isoforms causes ovulation defects
Ovulation processes in live worms with genotypes and RNAi treatments as indicated on the

left were recorded by time-lapse Nomarski microscopy. Snapshots at key steps are shown:

before oocyte maturation (A, E, I and M), at oocyte maturation (nuclear envelope

breakdown: NEBD) (B, F, J, and N), at entry of an oocyte into the spermatheca (C, G, K,

and O), and after fertilization (D, H, L, and P). Arrows indicate the most mature oocytes

being ovulated. Positions of the spermatheca are indicated by “s”. Note that the oocyte in

unc-78(null);aipl-1(RNAi) was not ovulated (M-P), and snapshots at equivalent timing to

wild-type worms are shown. Bar, 50 µm. See corresponding Supplemental Movies 1– 4 in

supplemental materials.
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Fig. 3. Depletion of the two AIP1 isoforms disrupts contractile actin networks in the
myoepithelial sheath
Gonads from worms with genotypes and RNAi treatments as indicated on the left were

dissected out and stained with tetramethylrhodamine-phalloidin for F-actin (left column) and

DAPI for DNA (middle column), and the regions of the myoepithelial sheath are shown.

Merged images are shown in the right column (red: F-actin; blue: DNA). Bar, 100 µm.
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Fig. 4. Depletion of the two AIP1 isoforms disturbs actin organization in the spermatheca
Gonads from worms with genotypes and RNAi treatments as indicated on the left were

dissected out and stained with tetramethylrhodamine-phalloidin for F-actin, and the regions

of the spermatheca are shown. Note that the spermatheca is a highly flexible tissue, and the

difference in the overall shape of the spermatheca is not a significant phenotype. Rather,

parallel actin fibers seen in wild-type with control RNAi (A), wild-type with aipl-1(RNAi)

(B), and unc-78(null) with control RNAi (C), were highly disorganized in unc-78(null) with

aipl-1(RNAi) (D). Bar, 10 µm.
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Fig. 5. UNC-78 is diffusely localized in the cytoplasm in the somatic gonad
Gonads from wild-type worms were dissected out and stained with anti-UNC-78 antibody

(A) and DAPI for DNA (B). Merged image is shown in C (red: UNC-78; blue: DNA).

UNC-78 was detected in oocytes, the myoepithelial sheath, and the spermatheca (also see

Supplementary Fig. 1). A mature oocyte is impermeable and was present at the junction

between the myoepithelial sheath and the spermatheca (A), providing a clear background to

show diffuse localization of UNC-78 in both myoepithelial sheath and spermathecal cells.

Bar, 10 µm.
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Fig. 6. UNC-60A (ADF/cofilin) is mislocalized to actin aggregates in AIP1-depleted myoepithelial
sheath
Gonads from worms with genotypes and RNAi treatments as indicated on the left were

dissected out and stained with anti-UNC-60A antibody (left column) and anti-actin antibody

(middle column), and the regions of the myoepithelial sheath are shown. Merged images are

shown in the right column (red: UNC-60A; green: actin). UNC-60A was expressed in both

oocytes and the myoepithelial sheath. Although the focuses were adjusted to the levels of the

myoepithelial sheath, staining of oocytes were also visible. Bar, 10 µm.
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