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Abstract
During C. elegans ovulation, the somatic gonad integrates signals from germ cells and propels a
mature oocyte into the spermatheca for fertilization. Previous work suggests that phosphoinositide
signaling plays important roles in C. elegans fertility. To fully understand inositol-1,4,5-
trisphosphate (IP3) signaling in ovulation, we have examined the function of phosphatidylinositol-4-
phosphate 5′ kinase (PIP5K) in C. elegans. Our results show that the C. elegans PIP5K homolog,
ppk-1, is essential for ovulation in C. elegans; ppk-1 is mainly expressed in somatic gonad, and
depletion of ppk-1 expression causes defective ovulation, reduced gonad sheath contractility, and
sterility. Increased IP3 signaling compensates for ppk-1 (RNAi)-induced sterility, suggesting that
ppk-1 is linked to IP3 signaling. These results demonstrate that ppk-1 plays an essential role in IP3
signaling and cytoskeleton organization in somatic gonad.
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Introduction
The C. elegans gonad is composed of two U-shaped tubular gonad arms, connecting to the
uterus in the ventral center of the animal. The distal gonad is filled with mitotic germ cells,
which differentiate into sperm or oocytes. In contrast, germ cells in the proximal gonad undergo
meiosis and become arrested at prophase I after oogenesis. In a process called oocyte
maturation, the arrested oocyte will subsequently complete the rest of meiosis I to mature and
achieve capability for fertilization [1–3]. General indications of oocyte maturation include
nuclear envelope break down (NEBD) and oocyte cell rounding. The sperm-oocyte interaction
is known to promote oocyte maturation. A major sperm protein (MSP) binds to VAB-1 on the
oocyte surface by antagonizing the effect of VAB-1/Ephrin receptor (EphR) on the oocyte
[4,5]. In contrast, MSP binds to VAB-1/EphR on gonad sheath cells and stimulates basal gonad
contraction [4].
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During maturation, the proximal gonad rapidly contracts in response to signals from the
maturing oocyte, reaching peak contraction levels concurrently with completion of oocyte
maturation. As a result, the distal constriction (spermathecal valve) of the spermatheca dilates,
allowing a mature oocyte to be propelled by contraction into the spermathecal lumen for
fertilization, a process called ovulation [2]. Inositol-1,4,5-trisphosphate (IP3) signaling plays
essential roles in regulating sheath cell contraction during C. elegans ovulation [6–8]. The
maturing oocyte secretes LIN-3/EGF to gonad sheath cells [9]. Upon binding of LIN-3/EGF
to its receptors, sheath cells produce IP3 by hydrolysis of phosphatidylinositol-4,5-
bisphosphate (PIP2), which is mediated by PLC-3/phospholipase Cγ. In turn, IP3 binds to its
receptor (IP3R) on the surface of the ER, causing the release of intracellular calcium ions into
the cytosol [6,7]. Released calcium ions then interact with other signaling molecules to control
cellular organization and cytoskeletal assembly [10].

Phosphatidylinositol-4-phosphate 5′ kinase (PIP5K) is an essential kinase enzyme,
phosphorylating the fifth hydroxyl of phosphatidylinositol-4-phosphate (PIP) to synthesize
PIP2, a signaling molecule that interacts with cytoskeleton regulatory proteins such as profilin,
cofilin, and gelsolin [11]. Cells lacking PIP2 generally display defective cytoskeleton
organization that is similar to the phenotype observed after depletion of PIP5K [12]. In fact,
mutations in S. cerevisiae Mss4/PIP5K results in defective actin cytoskeleton organization
during polarized cell growth [13–15]. Studies on skittles (sktl) in Drosophila have revealed
that sktl/PIP5K is required for cytoskeletal regulation during sensory structure development
[16,17]. Biochemical analyses have also indicated that PIP5K interacts with Rho family
GTPases to modulate actin cytoskeletal dynamics and organization, suggesting a role for
PIP5K and PIP2 in cytoskeletal organization [18,19].

The simple C. elegans gonad structure serves as a robust model system to explore the
relationship between cytoskeleton organization and phosphoinositide signaling [3]. We report
that depletion of ppk-1/PIP5K causes defective ovulation and gonad contractility,
demonstrating that ppk-1/PIP5K is important for regulating cytoskeleton organization in C.
elegans somatic gonad. We also have found that ITR-1/IP3R mediates interaction between
ppk-1/PIP5K and the cytoskeleton and have elucidated that UNC-54/myosin B is also
responsive to ppk-1 (RNAi).

Materials and Methods
Nematode and RNAi Analysis

All strains were maintained at room temperature (RT) on NGM agar seeded with E. coli OP50.
The following strains used in this study were obtained from the Caenorhabditis Genetics
Center, St. Paul, MN: wild-type N2, lfe-2 (sy326) I, rrf-1(pk1417) I, itr-1 (sy290) IV, ipp-5
(sy605) X, and unc-54 (e190) I.

For RNAi, N2 or mutant animals were cultured on RNAi plates, NGM agar supplemented with
ampicillin (50 μg/ml) and β-lactose (0.02% w/v) and seeded with RNAi bacteria, E. coli HT115
(DE3). RNAi bacteria were cultured in Luria-Bertani (LB) broth, supplemented with ampicillin
(50 μg/ml) before being seeded on RNAi plates. Plates were then incubated overnight at RT
to induce the expression of dsRNA. Sterility and endomitotic (Emo) phenotypes of RNAi
animals were examined using methods described in previous studies [8,20,21]. Well number
I-2K18 of the C. elegans chromosome I RNAi library was the source of the ppk-1 (RNAi)
bacterial clone. The individual bacterial clone was purchased from the UK HGMP Resources
Center (Hinxton, UK). The plasmid from the bacterial clone was sequenced and verified to
contain a ppk-1 gene fragment.
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GFP constructs
To generate a ppk-1::GFP reporter construct, nucleotide sequences upstream of the ppk-1 gene
(−2070 to +6, where +1 is the first base of ATG) were amplified from N2 genomic DNA using
PCR and cloned into the SphI and BamHI sites of the GFP expression vector pPD95.77
(purchased from Addgene, CA). To generate a ppk-1::pat-10::GFP translation fusion
construct, 1.1 kb (from ATG to TAA) of the nematode pat-10 gene was amplified from N2
genomic DNA by PCR and cloned into a pGEM-T Vector (Promega, Madison, WI). Then
pat-10 (as a BglII - KpnI fragment) and the ppk-1 promoter (as a SphI - BamHI fragment) were
cloned into the SphI and KpnI sites of GFP expression vector pPD95.77 to generate the
ppk-1::pat-10::GFP construct.

A transgenic line, kqEx51[ppk-1::gfp, pRF4], carrying extrachromosomal arrays was
generated by microinjecting 10 μg/ml of ppk-1::GFP into the gonad arm of adult N2
hermaphrodites along with 100 μg/ml of pRF4 [22], containing a dominant rol-6
(su1006dm) mutant gene, as a co-injection marker for transformation. A transgenic line,
kqEx61[ppk-1::pat-10::gfp, pRF4], carrying extrachromosomal arrays to express
pat-10::GFP translational fusion proteins was also generated similarly by microinjecting 50
μg/ml of ppk-1::pat-10::GFP with pRF4 (50 μg/ml).

In vivo analysis of sheath contraction and ovulation
Worms grown on ppk-1 or pPD129.36 (RNAi) bacteria for 48 hours were collected in M9 buffer
containing 0.1% tricaine and 0.01% tetramisole (w/v, Sigma-Aldrich Chem. Co, St. Louis,
MO) for 30 min at RT [4]. When body movements stopped, animals were transferred onto 2%
agarose pads and observed on a Nikon TE2000-U inverted microscope with a 40X Plan Fluor
objective lens. Ovulation images were captured using a CoolSnap cf monochrome camera
(Roper Scientific, CA) at RT and recorded every 15 s for 60–120 min using MetaVue (version
5) software. Time-lapse DIC images of the proximal gonad and oocytes were captured from
the beginning of oocyte maturation, several minutes before the rounding of the first oocyte, to
the entrance of the fertilized egg into the uterus. For ppk-1 (RNAi) animals, at least one hour
of ovulation sequence was observed, and movies were generated from the beginning of oocyte
maturation.

To measure the contractility of each gonad, ovulation sequences were captured using a
CoolSnap cf monochrome camera in the video mode of RS Image software (version 1.6; Roper
Scientific, Tucson, AZ) and recorded in an SSC-960 time-lapse VCR (Samsung Electronics,
S. Korea), 72 hr record mode. To score the number of proximal gonad contractions, the video
was played in 6 hr playback mode. Lateral displacement of the proximal gonad was scored as
‘contraction.’ Basal sheath contractions were counted for a 15-min interval before the onset of
oocyte maturation. Contractions that occurred within one minute following oocyte maturation
were scored as ovulatory sheath contractions.

Fluorescence microscopy of C. elegans
To visualize cytoskeletal organization in the gonad sheath, ppk-1 or control RNAi treated
worms were collected in M9 buffer containing 1% sodium azide (NaN3, w/v). Using two 26-
gauge needles, worms were decapitated and the gonad extruded [23,24]. These dissected
gonads were placed on poly-L-lysine (1 mg/ml, w/v) coated slides and fixed with methanol
and acetone at −20°C, followed by treatment with LS25, anti-UNC-54 monoclonal antibody
ascites fluid (1:1,000 dilution in M9 buffer with 1% goat serum) [25,26], overnight at RT. The
samples were then treated with a secondary goat anti-mouse IgG FITC conjugated antibody,
(Sigma-Aldrich Chem. Co., St. Louis, MO) (1:10,000 dilution in M9 buffer with 1% goat
serum), for 2–3 hrs at RT. The samples were washed and mounted on a Nikon TE2000-U
inverted microscope for fluorescence microscopy. To observe the distribution of PAT-10 in
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the gonad, kqEx61 animals were anesthetized in M9 buffer containing 1% (w/v) sodium azide,
and their gonads were extruded with 26-gauge syringe needles. Dissected gonads were
mounted on 2% agarose pads and observed on the Nikon TE2000-U inverted microscope.
Images were captured using a CoolSnap cf monochrome camera (Roper Scientific, Tucson,
AZ) and analyzed with Metavue imaging software (version 5, Molecular Devices Co,
Downingtown, PA).

RESULTS
Expression pattern and RNA interference (RNAi) phenotype of ppk-1

In order to identify the tissues where ppk-1 is localized, we examined its expression pattern in
C. elegans. A ppk-1::GFP transcriptional reporter construct (see Materials and Methods) was
microinjected into wild-type C. elegans, and transgenic lines expressing ppk-1::GFP were
generated. ppk-1::GFP expression was observed in such somatic tissues as gonad sheath
(Figure 1F) and spermatheca (Figure 1D), distal tip cells (Figure 1B), and uterine and vulva
muscles (Figure 1D). ppk-1::GFP also showed extensive expression in such neuronal cells as
ventral nerve cord (Figure 1C), neuronal cell bodies near the nerve ring, and tail neurons (data
not shown).

To investigate the role of IP3 signaling in fertility, ppk-1/PIP5K expression [27,28] was
depleted in postembryonic wild-type C. elegans by RNAi. Ninety three percent of ppk-1
(RNAi) animals produced no progeny (n=100) (Table 1). Since the observed sterility phenotype
of ppk-1 (RNAi) animals could result either from defective germ cell development or structural
defects in the somatic gonad, we repeated the RNAi experiment in the background of the rrf-1
(pk1417) allele, which carries a mutation that inhibits RNAi in somatic cells, but not the
germline [29]. In the rrf-1 (pk1417) background, the ppk-1 (RNAi) phenotype is significantly
reduced (n=55) (Table 1), suggesting that ppk-1 (RNAi) causes defects in soma. Additionally,
we found additional PIP5K homologs, ppk-2 and ppk-3 from a Wormbase search [30,31].
However, RNAi of ppk-2 or ppk-3 failed to show overt fertility defects (data not shown).

ppk-1 is essential for proximal gonad contractility
Previous work has suggested that decreased IP3 signaling causes defective ovulation by
reducing proximal gonad contractility during ovulation [7,8,32]. Thus, we reasoned that loss
of ppk-1/PIP5K expression might inhibit proximal gonad contractility by decreasing IP3
synthesis. C. elegans gonad alternates between two contractile modes in the sheath: 1)
ovulatory contraction: increased and accelerating contractile activity triggered by oocyte
maturation, and 2) basal contraction: constitutive contractile activity between ovulations.
Gonad sheath routinely contracts at the basal rate but contractions increase to ovulatory rates
during oocyte maturation and reach peak activity right before ovulation. Increased contractile
activity returns to basal levels after ovulation is completed, suggesting that oocyte maturation
is required for triggering ovulatory contraction of gonad sheath [2].

In order to define the role of ppk-1 in gonad contraction, ovulation of ppk-1 (RNAi) animals
was monitored by time-lapse differential interference contrast (DIC) microscopy [21,33]. In
all control RNAi worms monitored, the proximal oocyte underwent maturation, marked by
NEBD and cell rounding (Table 2) [1,2,4,5]. Maturation was followed by dilation of the
spermathecal valve then by the entrance of the matured oocyte into the spermatheca for
fertilization (Movie 1, Figure 2A–D). During this process, mean basal and ovulatory sheath
contraction rates of control RNAi were scored at 8.5 ± 0.46 (n=5) and 16.2 ± 0.72 (n=5)
contractions/min, respectively (Figure 3).
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In all ppk-1 (RNAi) worms examined, the proximal oocyte completed typical maturation
processes, including nuclear disappearance and cortical rearrangement (cell rounding) [1,2]
(Table 2). However, neither intense contraction of gonad sheath nor dilation of the
spermathecal valve occurred during maturation (Table 2). Instead, due to defective somatic
gonad contraction, matured oocytes were trapped in the proximal gonad with no propulsion
into the spermatheca. Trapped oocytes appeared to regain nuclear morphology and undergo
several rounds of incomplete cell division (Movie 2, Figure 2E–H). In extended observations,
the second and third oocytes continued to proceed through the maturation process,
demonstrating that ppk-1 (RNAi) caused defects in somatic gonad contractile capability, but
did not affect oocyte maturation per se (Table 2). Mean basal and ovulatory contraction rates
of ppk-1 (RNAi) gonad were measured at 4.8 ± 0.23 (n=6) and 6 ± 0.55 (n=5) contractions/min
(Figure 3), suggesting that ppk-1 (RNAi) significantly reduced the contractility of the proximal
gonad in both contraction modes.

Genetic interaction of ppk-1
PPK-1/PIP5K is an enzyme that phosphorylates phosphatidylinositol-4-phosphate on the cell
membrane inner leaflet to yield phosphatidylinositol-4,5-bisphosphate (PIP2) [27,28]. PIP2 in
turn further reacts with phospholipase C (PLC) or phosphatidylinositol-3 kinase (PI-3-kinase).
Particularly, PLC hydrolyzes PIP2 into IP3 and diacylglycerol. IP3 binds to IP3 receptor
(itr-1/IP3R) on the ER surface and triggers release of intracellular calcium ions into the cytosol
[34–36]. We previously reported that increased IP3 signaling mutants such as gain-of-function
(gf) itr-1/IP3R, reduction-of-function (rf) lfe-2/IP3K [6], and loss-of-function (lf) ipp-5/type I
5′ phosphatase [9] were able to suppress the sterility of pat-3/integrin β or plc-3/PLCγ
(RNAi) [8].

To test whether ppk-1 is also linked to IP3 signaling, we performed ppk-1 (RNAi) in increased
IP3 signaling backgrounds. We used a gain-of-function (gf) allele of itr-1 (sy290) carrying a
missense mutation in the IP3 binding domain of ITR-1/IP3R [6]. The ppk-1 (RNAi) displayed
2.5% (n= 77) sterility in the itr-1 (sy290) background, whereas the percentage of sterility was
higher in lfe-2 (sy326) or ipp-5 (sy605) backgrounds, 75% (n=60) and 62 % (n=50),
respectively (Table 1). These data indicate that ppk-1 (RNAi) sterility was virtually completely
suppressed by the gain-of-function itr-1, whereas the removal of lfe-2 and ipp-5 partially
suppressed ppk-1 (RNAi) sterility (Table 1). Moreover, ovulation monitoring of ipp-5 (sy605);
ppk-1 (RNAi) animals by time-lapse DIC video microscopy revealed a relatively low
percentage of defective ovulation (33%, n=6). In accordance with the sterility data, ovulation
defects resulting from ppk-1 (RNAi) were suppressed incompletely in ipp-5 (sy605) (Table 2).
To verify ppk-1 depletion in the itr-1 (sy290) background, reverse transcription PCR (RT-PCR)
was performed, and the level of ppk-1 expression was assessed. In itr-1 (sy290); ppk-1
(RNAi) animals, similar to the ppk-1 (RNAi) in N2 background worms, ppk-1 expression was
significantly decreased (Figure S1). Taken together, these data demonstrate that gain-of-
function IP3R activity can overcome the effect of ppk-1 depletion and that itr-1 is a downstream
effector of ppk-1.

To investigate whether itr-1 (gf) suppression of the ppk-1 (RNAi) fertility defect correlates with
suppression of ppk-1 (RNAi) contractility defects, basal and ovulatory contraction rates of
ppk-1 (RNAi) in the itr-1 (gf) background were assessed using time-lapse DIC video
microscopy (Table 2). Like the fertility defects, reduced contractility of ppk-1 (RNAi) was also
suppressed in the itr-1 (sy290) background. In all itr-1 (sy290); ppk-1 (RNAi) worms, no
abnormality in maturation or ovulation was observed (Table 2). Dilation of the spermathecal
valve and oocyte entrance into the spermatheca appeared normal as compared to control RNAi
(Movie 3, Figure 2M–P). Mean basal and ovulatory levels of control RNAi in the itr-1
(sy290) background were scored at 7.2 ± 0.13 (n=5) and 10.8 ± 0.46 (n=5) contractions/min
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(Figure 2I–L), whereas basal and ovulatory contraction rates in ppk-1 (RNAi) animals were
scored at 6.8 ± 0.25 (n=5) and 13.5 ± 0.82 (n=5) contractions/min (Figure 3), respectively.
These data demonstrate that ppk-1 also influences gonad contractility via activity of ITR-1/
IP3R.

ppk-1 (RNAi) causes Emo phenotype in oocytes and cytoskeletal defects in the proximal
gonad

In C. elegans, the proximal gonad contains developing oocytes, which are arranged in a linear
sequence of advancing stages of oogenesis as they move closer to the spermatheca [1,2].
Control RNAi animals showed a typical assembly line pattern of developing oocytes in a linear
arrangement in the proximal gonad (Figure 4A). In contrast, the proximal gonad of ppk-1
(RNAi) animals showed no such regular arrangement (Figure 4C). Oocytes accumulated and
piled on top of each other in the proximal gonad. In order to characterize gonad morphological
defects in these worms, ppk-1 (RNAi) animals were stained with 4′,6-diamidino-2-phenylindole
(DAPI) to visualize the nuclear morphology of accumulated oocytes (Figure 4B, D, and F)
[23]. In all ppk-1 (RNAi) animals, proximal gonads displayed large clumps of DNA staining,
which is indicative of endomitotic nuclei (Emo) (Figure 4C and D) (Table 2). Defective
ovulation resulted in the Emo phenotype, due to failure of oocytes to proceed into the
spermatheca for fertilization [20,26,37]. Sperm nuclei were located in the area proximal to the
vulva and did not appear to overlap with the Emo oocytes (Figures 4D and 5C), suggesting
that these oocytes are accumulated in the proximal gonad rather than in the spermatheca.

The reduced contractility (Figure 3) and Emo appearance (Figure 4C and D) of ppk-1
(RNAi) animals led us to investigate proximal gonad contractile machinery. Sheath cells, a
group of contractile myoepithelial cells with non-striated and randomly distributed actomyosin
filaments, comprise the proximal gonad tube structure [38]. ppk-1 (RNAi) worms were stained
with anti-UNC-54/myosin B monoclonal antibody [25,39,40] to visualize myosin filaments in
the proximal gonad (Figure 5A and B). In contrast to control RNAi animals, which displayed
evenly distributed myosin filaments in the proximal gonad, the myosin filaments of ppk-1
(RNAi) animals appeared fewer in number and disorganized (Figure 5C and D), suggesting
that ppk-1 is required for organization of myosin filaments in the gonad sheath or that an
abnormal myosin expression pattern likely contributes to the observed defective phenotype.

One explanation of a requirement for ppk-1 in UNC-54 organization is that accumulation of
Emo oocytes in the proximal gonad promotes mechanical damage to the sheath cells, resulting
in the myosin disorganization. To address this possibility, we examined the UNC-54/myosin
B distribution patterns in non-Emo gonads from RNAi L4 larvae or young adults, a
developmental stage at which such mechanical damage would presumably have not yet
occurred. Although the gonads did not exhibit an Emo phenotype, UNC-54/myosin B filaments
in these ppk-1 (RNAi) animals appeared to be less organized than in the control RNAi (Figure
5E and F), albeit with a lesser degree of disorganization than that seen in the Emo phenotype
worms (Figure 5C and D). Compared to the gonad of control RNAi worms in Figure 5B, these
gonads contained filaments which were more randomly organized (Figure 5F). To examine
actomyosin filament organization further, a construct containing a PAT-10/troponin::GFP
fusion under control of a ppk-1 promoter was used to express protein in gonad sheath and GFP
expression was examined. PAT-10/troponin C is a calcium binding protein that interacts with
myosin filaments and is expressed in body wall muscle and gonad sheath cells [33, 41]. In
control RNAi worms, the distribution of PAT-10::GFP protein in the sheath was similar to the
UNC-54 distribution of control RNAi animals in N2 background (Figure 5B and I). By contrast,
in ppk-1 (RNAi), the proximal gonad showed a less well-organized PAT-10::GFP distribution
pattern (Figure 5J), indicating that ppk-1 (RNAi) resulted in cytoskeleton disorganization in
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sheath cells prior to the onset of Emo defects and presumably prior to any resultant possible
mechanical damage to the gonad sheath.

Since we have demonstrated that both sterility and gonad contractility resulting from ppk-1
(RNAi) (Table 1, Figures 2 and 3) are suppressed by the itr-1 (gf) mutation, we also investigated
the consequence of this genetic interaction to gonad morphology (Figures 4 and 5). In itr-1
(gf); ppk-1 (RNAi) worms, oocyte arrangements in the proximal gonad appeared normal as
compared to the control RNAi. The proximal gonad displayed the typical linear arrangement
of oocytes with graded development (Figure 4E and F) in both RNAi conditions. To examine
whether the itr-1 mutation also rescued the UNC-54/myosin B filament disorganization
phenotype, ppk-1 (RNAi) was performed in the itr-1 (sy290) background. Animals were stained
with anti-UNC-54/myosin B antibodies and examined by fluorescence microscopy.
Concordant with the gonad morphology results, staining patterns of UNC-54/myosin B also
appeared normal in itr-1 (sy290) animals, with either the control or the ppk-1 (RNAi) (Figure
5G and H), confirming that PPK-1 regulates cytoskeleton organization of myoepithelial gonad
sheath via ITR-1/IP3R.

ppk-1 is related to the function of UNC-54/myosin B
A role for UNC-54/myosin B in ovulation has been reported previously [42]. In that study,
unc-54 (e190), a null allele of unc-54, resulted in weaker sheath contraction than wild-type.
The disruption of UNC-54/myosin B organization in ppk-1 (RNAi) prompted us to assess the
effect of ppk-1 depletion in an unc-54 (e190) background.

In the control RNAi, unc-54 (e190) animals appeared to have significantly reduced proximal
gonad contractility with a basal rate of 2.13 ± 0.2 contractions/min (n=6) and an ovulatory rate
of 5.25 ± 0.4 contractions/min (n=6) (Figure 3). Although 33% (n=6) of these animals exhibited
defective ovulation, the proximal oocyte underwent maturation and ovulation (Table 2). To
assess genetic interaction, ppk-1 expression was depleted in the unc-54 (e190) background.
unc-54 (e190); ppk-1 (RNAi) animals had similar basal and ovulatory sheath contraction rates
to those of the control unc-54 (e190) animals, a basal rate of 2.29 ± 0.12 (n=5) and an ovulatory
rate of 5.33 ± 0.21 (n=5). The similar sheath contraction rate of ppk-1 and control RNAi animals
within the context of the unc-54 (e190) background suggest that ppk-1 activity is linked to
unc-54 in C. elegans sheath cell contractility.

DISCUSSION
Our results demonstrate that ppk-1 expression is essential for ovulation of C. elegans. Although
ppk-1 expression was seen in neuronal tissues, we found ppk-1 expression in such somatic
tissues as gonad sheath, distal tip cells, spermatheca, and uterine and vulva muscles (Figure
1), indicating that it likely plays a major role in gonad activities. Functional studies of ppk-1
revealed that depletion of ppk-1 expression caused sterility (Table 1), defective ovulation
(Figures 2 and 4, Table 2), reduced contractility of the gonad sheath (Figure 3), and disrupted
myosin filament organization (Figure 5). In addition, this study reports that ppk-1 is genetically
linked to itr-1 and unc-54 (Figures 2 and 3, Table 1), suggesting that ppk-1 may play an
important role in calcium signaling and that ppk-1 is connected to the function of unc-54/
myosin B, contributing to cytoskeletal organization in the gonad sheath.

PPK-1 is linked to IP3 signaling
PPK-1/PIP5K is an enzyme which converts phosphatidylinositol-4-phosphate (PIP) into
phosphatidylinositol-4,5-bisphosphate (PIP2) on the cell membrane. PIP2 is essential for proper
formation of the cellular actin cytoskeleton [10,43]. Reduced PPK-1 results in depleted PIP2.
Lack of PIP2 in turn halts production of IP3, consequently lowering intracellular calcium ion
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concentrations as a result of greatly reduced IP3 binding to ITR-1/IP3R on ER. Our data
showing the genetic interactions of ppk-1 are consonant with the biochemical function of ppk-1/
PIP5K.

ppk-1 (RNAi)-induced sterility was suppressed in the itr-1(sy290) background (Tables 1 and
2). The mutation in sy290 is a gain-of-function that makes ITR-1/IP3R constitutively active or
more sensitive to IP3 molecules than wild type [6]. Suppression of sterility by itr-1 (sy290)
confirms that IP3 increased the activity of ITR-1/IP3R. Depletion of ppk-1 removes or
significantly reduces PIP2 levels. The lack of PIP2 downregulates many downstream signaling
events, including IP3 production and activation of other phosphoinositides. The fact that itr-1
(sy290) is a gain-of-function mutation that causes calcium ion release leads us to suggest that
the increased intracellular calcium level is responsible for reversion of the sterility phenotype
of ppk-1 (RNAi) in the itr-1 (sy290) background. Calcium released from the smooth ER almost
certainly promotes an elevated cytoplasmic calcium concentration, which is mediated by active
ITR-1/IP3R. The increased calcium most likely contributes to gonad sheath contractions during
ovulation.

RNAi in a background of lfe-2 or ipp-5 loss-of-function alleles partially suppressed ppk-1
(RNAi) phenotypes (Tables 1 and 2). LFE-2 and IPP-5 are negative regulators of IP3, and the
removal of such negative regulators serves to increase IP3 levels [6,9]. In ppk-1 (RNAi), the
level of PIP2 has presumably been significantly decreased. Thus, the lfe-2 or ipp-5 mutation,
under conditions of ppk-1 (RNAi), may not result in adequate levels of IP3 to stimulate the full
release of intracellular calcium ions. An alternative explanation for the partial nature of the
phenotype suppression may be that lfe-2 and ipp-5 are expressed and functional only in the
spermatheca, whereas ppk-1 is functional in both gonad sheath and spermatheca. The
expression of lfe-2 and ipp-5 has been confined specifically to the spermatheca [6,9], whereas
we find ppk-1 is expressed both in the spermatheca and other parts of the somatic gonad.
Perhaps, in the spermatheca, loss-of-function lfe-2 or ipp-5 results in sufficient IP3 levels to
stimulate calcium release to repress ppk-1 (RNAi) sterility phenotypes.

PPK-1 is important for organization of UNC-54/myosin B in gonad sheath
Our data also indicate that ppk-1 is important for cytoskeleton organization in the gonad sheath
(Figure 5). Dissected gonads of ppk-1 (RNAi) animals displayed disorganized and patchy
distribution of UNC-54/myosin B, suggesting that IP3 signaling contributes to actomyosin
organization. Subsequent genetic analysis revealed that ppk-1 (RNAi) did not reduce gonad
contractility within the unc-54 (e190) background, suggesting that unc-54 may be epistatic to
ppk-1 (Figure 3). It is unlikely, however, that ppk-1 and UNC-54/myosin B physically interact.
Based on our data, it is reasonable to speculate that the interaction between ppk-1 and UNC-54/
myosin B may be mediated by ITR-1, supported by the suppression of ppk-1 (RNAi) phenotypes
in the itr-1 (gf) background (Figures 2 and 3, Tables 1 and 2). Walker et al. (2002) have shown
that ITR-1 directly interacts with myosin II, and this interaction is important for localized
activation of IP3-induced calcium signaling in the cell [44]. In addition, our preliminary results
show that unc-54 (RNAi) in the itr-1 (sy290) background results in a sterile phenotype (Xu and
Lee, unpublished data), suggesting that UNC-54/myosin B should be placed downstream of
ITR-1. We cannot, however, rule out the possibility that MYO-3, a major skeletal myosin
protein and known to be expressed in the proximal gonad [42,45], was also inactivated in the
observed unc-54 (RNAi) phenotype.

In contrast to wild type worms, ppk-1 (RNAi) animals in the unc-54 (e190) background were
sterile (Table 1), accumulated Emo oocytes in the proximal gonad, and evidenced no dilation
of the spermathecal valve upon oocyte maturation, suggesting that the role of UNC-54 in the
spermatheca is different from that in gonad sheath. In wild type gonad, contraction of sheath
cells depends on IP3 activity in response to LIN-3/EGF signals [7]. In turn, increased IP3 levels
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promote UNC-54/myosin B organization during gonad contraction. Interestingly, although
localization experiments have detected UNC-54/myosin B in the gonad sheath, none has been
identified in the spermatheca [1,46], suggesting that dilation of the spermathecal valve is
independent of UNC-54/myosin B. Aono et al. (2002) have shown that RNAi of par-3,
par-6, or pkc-3 causes an Emo phenotype and absence of spermathecal dilation. The par-3
(RNAi) defects were partially suppressed by ipp-5 (sy605) [47]. They suggest that a PAR-3/
PAR-6/PKC-3 complex may be involved in dilation of the spermatheca along with formation
of spermathecal cell polarity. We suggest that, in the absence of UNC-54/myosin B, one or
more myosin family members other than UNC-54 [48–50] may be linked to IP3 signaling in
the spermatheca.

How does IP3 signaling regulate myosin organization?
This study has demonstrated that ppk-1 is linked to itr-1 and unc-54, suggesting that ITR-1/
IP3R mediates IP3 signaling to regulate cytoskeleton organization in the gonad. ITR-1 is
implicated in upregulated intracellular calcium levels in response to IP3 as well as interactions
with myosin II molecules [6,7,44,51]. It is unknown how ITR-1/IP3R modulates UNC-54/
myosin B organization in the gonad sheath. Our data suggest possible actions of ITR-1 in
actomyosin organization. For example, ITR-1 may physically interact with UNC-54/myosin
B to promote proper organization of myosin filaments [44]. However, additional experiments
are required to elucidate the nature of the interaction between ITR-1 and UNC-54/myosin B
within the context of gonad contraction and ovulation. Alternatively, effects of increased
calcium ion concentration downstream of itr-1 may result in the activities of calcium binding
proteins such as troponins [52,53], tropomyosin [54], or myosin light chain kinase [55,56].
Ono and Ono (2004) demonstrated that pat-10/troponin C (RNAi) caused ovulation defects and
cytoskeletal disorganization in the somatic gonad [33]. Our previous analyses have shown that
itr-1 (gf) fails to suppress the sterility phenotype of pat-10 (RNAi), suggesting that PAT-10/
troponin C [53] may be a downstream effector of itr-1 to regulate cytoskeletal organization in
somatic gonad.

Taken together, our data have shown that ppk-1 plays essential roles in C. elegans ovulation
and that PPK-1/PIP5K interacts genetically with ITR-1/IP3R and UNC-54/myosin B,
demonstrating that control of contractions in the gonad occurs via IP3 signaling.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of ppk-1 in the adult hermaphrodite
ppk-1::GFP transgenic animals were visualized by DIC and fluorescence microscopy. Bright
field DIC images (panels A, C, and E) show the mid-body of a representative transgenic C.
elegans hermaphrodite, including, panel A: distal tip (arrow) of the gonad and ventral mid-
body (arrowhead), panel C: spermatheca (s), uterus (ut), and vulva (v), and panel E: oocyte
(o), spermatheca (s), and gonad sheath (arrow with an asterisk). Fluorescence images (panels
B, D, and E) of the same animals indicate that ppk-1::GFP is expressed in the distal tip cell
(arrow), ventral neuron (arrowhead), spermatheca (s), vulval muscles (vm), and gonad sheath
(arrow with an asterisk). Bars = 20 μm.
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Figure 2. Time-lapse observation of ovulation in ppk-1 RNAi worms
Panels A – D: N2; control RNAi worms. The oocyte (asterisk) most proximal to the
spermatheca (s) undergoes maturation processes such as nuclear envelope breakdown and cell
rounding (panel B). Gonad sheath contractions propel the proximal oocyte into the spermatheca
for fertilization (panels C and D). Panels E – H: N2; ppk-1 (RNAi). The proximal oocyte
(asterisk) also undergoes maturation (panel F). However, it fails to ovulate into the spermatheca
due to loss of gonad sheath contraction and spermathecal dilation. Consequently, the nuclear
morphology fails to transition (asterisk, panel G), and a cleavage furrow appears following the
failed attempt at cell division (arrowhead, panel H). Panels I – L: Gain-of-function itr-1
(sy290) suppresses ppk-1 (RNAi). Control RNAi in itr-1 (sy290) shows a similar sequence of
events in ovulation as N2; control RNAi worms (panels A-D). Panels M – P: Gain of function
itr-1 (sy290); ppk-1 (RNAi). The gain in function of itr-1 rescues the ppk-1 (RNAi) phenotype.
Ovulation processes progress comparably to those of control RNAi animals in panels A – D
and I – L. Open arrowheads indicate the direction of oocyte movement.
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Figure 3. Gonad contractility of ppk-1 (RNAi) animals
Using video time lapse DIC video microscopy, gonad contractions were counted for 15
minutes. Solid black bars indicate basal contraction rates; diagonal striped bars indicate
ovulatory contraction rates. Samples noted by asterisks were treated with pPD129.26 control
bacteria: HT115 E. coli transformed with the blank plasmid L4440. Five to six worms were
monitored in each experimental group. Error bars indicate standard error of the mean (S. E.
M.).
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Figure 4. Proximal gonads of ppk-1 (RNAi) animals
Panels A, C, and E: DIC microscopy images. Panels B, D, and F: DAPI stained images. Panels
A and B: N2; control RNAi worm. A normal assembly line of developing oocytes (panel A,
asterisk) in the proximal arm of the gonad (PG) and typical diakinetic oocyte nuclei (panel B,
arrowheads) are visualized. Panels C and D: Control N2 worms treated with ppk-1 (RNAi).
Oocytes accumulate (arrows) in a non-linear arrangement. The proximal gonad of N2; ppk-1
(RNAi) animals is filled with endomitotic (Emo) oocyte nuclei (panel D, arrows). Panels E and
F: ppk-1 (RNAi) in the itr-1 (sy290) background. The gain-of-function itr-1 rescues oocyte
accumulation. Developing oocytes display a typical linear arrangement (panel E, asterisk) in
the proximal gonad. DAPI staining reveals no evidence of Emo oocytes and shows an organized
linear arrangement of diakinetic nuclei (panel F, asterisk). DG: distal gonad. PG: proximal
gonad. S: spermatheca.
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Figure 5. Myosin organization in the proximal gonad of ppk-1 (RNAi) animals
Gonad arms of RNAi animals were stained with DAPI (panels A, C, E, and G) and anti-
UNC-54/myosin B monoclonal antibodies (panels B, D, F, and H) to visualize nuclear
morphology and cytoskeletal myosin in gonad sheath cells. Panels A and B: Control RNAi.
The proximal gonad shows typical diakinetic nuclear morphology (panel A) and a randomly
but evenly distributed pattern of UNC-54 expression (panel B). Panels C and D: Adult ppk-1
(RNAi) in N2 background. The proximal gonad is filled with Emo oocytes (panel C) and patchy
myosin filaments (panel D). Panels E and F: L4 or young adult ppk-1 (RNAi) in N2 background.
These gonads exhibit a DAPI staining pattern with some normal punctuate patterns (panel E,
compare to panels A and C), but show less organized myosin distribution than those of control
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RNAi (compare to panel B), resembling the staining pattern in the adult stage ppk-1 (RNAi)
worms (compare to panel D). Panels G and H: ppk-1 (RNAi); itr-1 (sy290). Defects resulting
from ppk-1 (RNAi) are suppressed in the itr-1 (gf) background. Panels I and J: A GFP fusion
transgene confirms cytoskeletal distribution data. To verify the cytoskeleton distribution at the
stage of L4 or young adult stage, transgenic worms expressing pat-10/Troponin C::GFP driven
by the ppk-1 promoter in gonad sheath cells were subjected to ppk-1 (RNAi) and stained with
anti-UNC-54/myosin B antibody. Control RNAi (panel I) shows a well-organized cytoskeleton
pattern, whereas the gonad sheath of ppk-1 (RNAi) (panel J) shows more perpendicular
filaments and generally less organization than the control RNAi animals (panel I). Bars = 20
μm.
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Table 1
Sterility of ppk-1 (RNAi) animals

Strains % Sterile (N)

N2; ppk-1 (RNAi) 93 ± 3 (100)
rrf-1 (pk1417); ppk-1 (RNAi) 0 (55)
N2* 0 (40)
itr-1/lfe-1 (sy290); ppk-1 (RNAi) 2.5 ± 2 (77)
itr-1/lfe-1 (sy290)* 0 (40)
lfe-2 (sy326); ppk-1 (RNAi) 75 ± 2 (88)
lfe-2 (sy326)* 0 (40)
ipp-5 (sy605); ppk-1 (RNAi) 62 ± 2 (50)
ipp-5 (sy605)* 0 (30)
unc-54 (e190); ppk-1 (RNAi) 88 ± 4 (65)
unc-54 (e190)* 20 ± 6 (40)

N = number of animals. Each data entry represents the sum of at least 2–3 phenotypic scorings. The errors indicated in parentheses represent the standard
error of the mean.

*
Tested on pPD129.36 control bacteria: HT115 E. coli transformed with the empty plasmid L4440.

Exp Cell Res. Author manuscript; available in PMC 2008 July 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Xu et al. Page 20
Ta

bl
e 

2
Ex

am
in

at
io

n 
of

 th
e 

ov
ul

at
io

n 
pr

oc
es

s b
y 

tim
e-

la
ps

e 
re

co
rd

in
g

St
ra

in
R

N
A

i
Sh

ea
th

 C
on

tr
ac

t
Sp

er
m

. D
ila

tio
n

O
oc

yt
e 

m
at

ur
at

io
n*

A
be

rr
an

t c
yt

ok
in

.
O

vu
l.

N

N
2

co
nt

ro
l

10
0

10
0

10
0

0
10

0
9

N
2

pp
k-

1
10

0
0

10
0

10
0

0
10

itr
-1

 (s
y2

90
)

co
nt

ro
l

10
0

10
0

90
0

10
0

10
itr

-1
 (s

y2
90

)
pp

k-
1

10
0

10
0

80
0

10
0

8
ip

p-
5 

(s
y6

05
)

co
nt

ro
l

10
0

10
0

10
0

0
10

0
6

ip
p-

5 
(s

y6
05

)
pp

k-
1

10
0

66
10

0
33

66
6

un
c-

54
 (e

19
0)

co
nt

ro
l

10
0

66
10

0
33

.3
66

.6
6

un
c-

54
 (e

19
0)

pp
k-

1
10

0
0

10
0

10
0

0
6

* N
uc

le
ar

 d
is

ap
pe

ar
an

ce
 a

nd
 c

el
l r

ou
nd

in
g 

of
 a

n 
oo

cy
te

 w
er

e 
sc

or
ed

 a
s m

at
ur

at
io

n.

**
A

ll 
va

lu
es

 e
xc

ep
t c

ol
um

n 
‘N

’ i
nd

ic
at

e 
pe

rc
en

ta
ge

. C
ol

um
n 

‘N
’ i

nd
ic

at
es

 th
e 

nu
m

be
r o

f w
or

m
s o

bs
er

ve
d.

Exp Cell Res. Author manuscript; available in PMC 2008 July 1.


