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During sexual reproduction in most animals, oocytes arrest in meiotic prophase and resume meiosis (meiotic
maturation) in response to sperm or somatic cell signals. Despite progress in delineating mitogen-activated
protein kinase (MAPK) and CDK/cyclin activation pathways involved in meiotic maturation, it is less clear
how these pathways are regulated at the cell surface. The Caenorhabditis elegans major sperm protein (MSP)
signals oocytes, which are arrested in meiotic prophase, to resume meiosis and ovulate. We used DNA
microarray data and an in situ binding assay to identify the VAB-1 Eph receptor protein–tyrosine kinase as an
MSP receptor. We show that VAB-1 and a somatic gonadal sheath cell-dependent pathway, defined by the
CEH-18 POU-class homeoprotein, negatively regulate meiotic maturation and MAPK activation. MSP
antagonizes these inhibitory signaling circuits, in part by binding VAB-1 on oocytes and sheath cells. Our
results define a sperm-sensing control mechanism that inhibits oocyte maturation, MAPK activation, and
ovulation when sperm are unavailable for fertilization. MSP-domain proteins are found in diverse animal taxa,
where they may regulate contact-dependent Eph receptor signaling pathways.
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Sexual reproduction requires meiosis to generate haploid
(1n) gamete nuclei, which unite after fertilization to
form the diploid (2n) totipotent embryo. Despite this
universal requirement, meiosis is regulated differently in
sperm and oocytes. Whereas sperm proceed through the
meiotic divisions uninterrupted, oocytes almost invari-
ably arrest during one, and sometimes two stages follow-
ing premeiotic DNA replication and meiotic recombina-
tion, depending on the species. Therefore, the comple-
tion of meiosis in oocytes must be coordinated with
development and fertilization to ensure successful repro-
duction. To achieve this coordination, sperm and so-
matic cell signals regulate oocyte meiotic progression by
activating downstream cyclin-dependent kinase regula-
tory pathways, which mediate cell cycle transitions in
eukaryotes (for review, see Ferrell 1999; Masui 2001).
The oocytes of most animals, including the early-di-

verging sponges and cnidarians (Masui 1985), arrest dur-
ing meiotic prophase, suggesting that this regulatory
mechanism represents a fundamental metazoan repro-

ductive strategy. Human oocytes can remain arrested in
prophase for several decades, and aberrant regulation of
the first meiotic division is a major cause of infertility,
miscarriage, and chromosomal nondisjunction (for re-
view, see Jacobs 1992; Hunt and LeMaire-Adkins 1998).
In most animals examined, meiosis resumes in response
to nonautonomous signals through a process termed
meiotic maturation, which prepares the oocyte for fer-
tilization and embryogenesis. The hallmarks of meiotic
maturation include nuclear envelope breakdown, corti-
cal cytoskeletal rearrangement, and meiotic spindle as-
sembly. Studies of Xenopus have identified two key
intracellular enzymes, maturation-promoting factor
(MPF), a complex consisting of the regulatory protein
cyclin B and CDK1 protein kinase, and mitogen-acti-
vated protein kinase (MAPK), that control meiotic pro-
gression (for review, see Ferrell 1999). Although consid-
erable progress has been made in characterizing the in-
tracellular cascades that activate these enzymes during
maturation, it is less clear how meiotic progression is
regulated at the oocyte cell surface.
The nonautonomous signaling mechanisms that con-

trol meiotic maturation fall into sperm-dependent and
sperm-independent classes (Masui 1985). The sperm-de-
pendent class is more common among invertebrates, in-
cluding many species of sponges, nematodes, annelids,
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and molluscs. In contrast, the sperm-independent class
is more common among vertebrates. In this class, oo-
cytes undergo maturation in response to somatic cell
signals, but arrest again at a later stage in meiosis. Sperm
nonetheless trigger release from these secondary arrests
by a process called egg activation, which occurs during
fertilization (for review, see Runft et al. 2002). Thus,
sperm signal the resumption of meiosis in most animal
oocytes at the maturation or egg activation stage.
To complement studies in vertebrate systems and de-

fine ancestral and derived regulatory features, we have
been studying meiotic maturation in Caenorhabditis el-
egans (for review, see Hubbard and Greenstein 2000).
Oocyte development and fertilization occur in an assem-
bly line-like fashion, which can be viewed in the intact
animal in real time (Ward and Carrel 1979; McCarter et
al. 1999). Oocytes in diakinesis of meiotic prophase are
located in the proximal gonad arm adjacent to the sperm
storage compartment or spermatheca (Fig. 1). Smooth
muscle-like gonadal sheath cells surround the develop-
ing oocytes (Fig. 1) and form gap junctions with them
(Hall et al. 1999). Sperm promote meiotic maturation
and sheath cell contraction, which act in concert to fa-
cilitate ovulation (McCarter et al. 1999). Fertilization
then occurs as ovulating oocytes enter a sperm storage
compartment called the spermatheca. When sperm are
absent, oocytes can arrest in meiotic prophase for days
(McCarter et al. 1999). Because the C. elegans hermaph-
rodite gonad produces about 300 sperm prior to oogen-
esis, maturation and ovulation occur constitutively in
adults until sperm are depleted. In mutant hermaphro-
dites that do not produce sperm, and related nematode
species with separate male and female sexes, oocytes ar-
rest in meiotic prophase until insemination occurs and
sperm migrate to the spermatheca.

C. elegans sperm promote oocyte meiotic maturation
and sheath cell contraction using the major sperm pro-
tein (MSP) as a signaling molecule (Miller et al. 2001).
MSPs are members of a highly conserved gene family
(Miller et al. 2001) that are abundantly expressed in
nematode sperm (Klass and Hirsh 1981). Proteins with
related MSP domains are found in diverse eukaryotes,

including humans, raising the possibility that these pro-
teins also have signaling functions. MSP signals the ac-
tivation of the conserved MAPK cascade in oocytes
(Miller et al. 2001), which has been linked to the estab-
lishment of protein asymmetries in early embryos (Page
et al. 2001). Null mutations in mpk-1 MAPK, mek-2
MAPKK, and lin-45/raf MAPKKK cause germ cells to
arrest in the pachytene stage of meiosis (Church et al.
1995; Hsu et al. 2002). Thus, the functional role of the
MAPK cascade during later meiotic events remains to be
determined in C. elegans. Here we show that MSP sig-
nals oocyte meiotic maturation and MAPK activation by
acting as an antagonist of the VAB-1 Eph receptor pro-
tein–tyrosine kinase and a sheath cell-dependent signal-
ing pathway, defined by the POU-class homeoprotein
CEH-18. Together, the vab-1 and ceh-18 pathways define
a sperm-sensing checkpoint mechanism that inhibits oo-
cyte meiotic maturation and ovulation when sperm are
unavailable for fertilization.

Results

MSP binds to oocyte and sheath cell membranes
of the proximal gonad

To determine how MSP signals, we analyzed in situ
binding of fluorescein-labeled MSP-6His (MSP-FITC) to
dissected gonads. One-hundred nanomolar MSP-FITC
promotes oocyte maturation and gonadal sheath cell
contraction when microinjected into fog-2(q71) females,
which lack sperm due to a sex determination defect
(Schedl and Kimble 1988). MSP-FITC binds to oocyte and
proximal sheath cell membranes at low nM concentra-
tions in wild-type hermaphrodites and fog-2(q71) fe-
males (Figs. 2a, 3a–c). Preincubation with a 25-fold molar
excess of unlabeled MSP outcompetes labeled MSP-FITC
(Fig. 2b), and binding intensity plateaus above concen-
trations of 50 nM (Fig. 3c), indicating that MSP-FITC
binding is specific and saturable. Binding is not observed
to male gonads, spermatozoa, distal gonads, and other
cells of the reproductive tract (Fig. 2b–e). Also, BSA-FITC
does not bind cells specifically in this assay (data not

Figure 1. Oocyte meiotic maturation in the adult hermaphrodite gonad. The anterior (left) and posterior (right) gonad arms are drawn
to depict the germ line and somatic gonadal sheath cells, respectively. Sperm are stored in the spermatheca and use MSP to signal
oocyte meiotic maturation and sheath cell contraction, which act together to facilitate ovulation. Meiotic maturation and ovulation
occur in an assembly line-like fashion in the proximal gonad. Nuclear envelope breakdown of the maturing oocyte is indicated by
dotted lines. The oocyte is fertilized during ovulation as it enters the spermatheca, and embryos develop in the uterus until they are
laid through the vulva (not labeled). In hermaphrodites, spermatogenesis takes place in the gonad arms and sperm enter the sper-
matheca during the first ovulation. Spermatogenesis does not occur in fog-2(q71) females, so mating is required for reproduction.
Sperm are inseminated through the vulva during mating and then crawl to the spermatheca.
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shown). The dose response for MSP signaling using an in
vivo bioassay (Miller et al. 2001) is consistent with the
concentration range over which in situ binding is ob-
served (Fig. 3c). To test whether MSP binds a receptor on
oocytes, we examined binding to emo-1(oz1) gonads,
which have impaired germline secretory function due to
a mutation in a SEC61p � homolog (Iwasaki et al. 1996).
MSP-FITC binds to oocytes and sheath cells in control
emo-1(oz1)/+ heterozygotes (Fig. 2e), but binding to oo-
cytes is reduced or eliminated in emo-1(oz1) homozy-
gotes (Fig. 2f). In contrast, binding to somatic sheath
cells, which retain secretory function in the emo-1(oz1)
background (Iwasaki et al. 1996), is not eliminated (Fig.
2f). Taken together, these results indicate that MSP

binds a receptor(s) on oocyte and proximal sheath cell
plasma membranes.

Identification of an MSP receptor

We reasoned that mRNA encoding the MSP receptor(s)
was likely to be highly enriched in oocytes. Therefore,
we searched the DNA microarray data set of Reinke et
al. (2000) for oocyte-enriched genes with the potential to
span the lipid bilayer and regulate MAPK or cell-cycle
progression. RNA interference (RNAi) and loss-of-func-
tion mutants were used in conjunction with the MSP
binding assay to test receptor candidates. Out of 258 oo-
cyte-enriched genes, only the VAB-1 Eph receptor pro-
tein–tyrosine kinase (George et al. 1998), the GLP-1 LIN-
12/Notch-family receptor (Austin and Kimble 1987; Yo-
chem and Greenwald 1989), and the TSP-12 (T14G10.6)
tetraspanin fit our criteria. The GLP-1 Notch receptor
was not tested because anti-GLP-1 antibodies do not
stain oocytes (Crittenden et al. 1994). The CAM-1 Ror-
class receptor tyrosine kinase (Forrester et al. 1999), the
RME-2 yolk receptor (Grant and Hirsh 1999), the CAV-1
caveolin homolog (Scheel et al. 1999), and the GEX-3
HEM2/NAP1 homolog (Soto et al. 2002) were also tested
as each protein fit a subset of criteria. Only RNAi of the
VAB-1 Eph receptor results in a reduction in MSP-FITC
binding (data not shown). To verify that VAB-1 is re-
quired for complete MSP binding, vab-1 mutants were
analyzed for binding in situ (Fig. 3a–c). Compared to the
wild type, a significant reduction in MSP-FITC binding
is observed in gonads from vab-1(dx31) null mutants
(Fig. 3a,c; P < 0.001), which result from a deletion of ex-
ons 1–4, including the translation start site (George et al.
1998). MSP-FITC binding does not require VAB-1 cata-
lytic activity because binding intensity is not reduced in
vab-1(e2) mutants (Fig. 3a), which contain a missense
mutation (G917E) in the intracellular kinase domain im-
pairing catalysis (George et al. 1998; Wang et al. 1999).
Also, binding intensity is not reduced in vab-1(ju8) or
vab-1(e699) mutants (Fig. 3b), which contain missense
mutations at adjacent sites (E62K and T63I) in the extra-
cellular ephrin binding domain, impairing signaling by
ephrin ligands (George et al. 1998; Chin-Sang et al. 1999;
Wang et al. 1999). vab-1 mRNA was independently de-
termined to be highly enriched in hermaphrodite gonads
by in situ hybridization analysis (Y. Kohara, unpubl.;
data available at http://nematode.lab.nig.ac.jp). These re-
sults indicate that the binding of MSP to a subset of
receptor sites requires VAB-1, but not its catalytic activ-
ity or its ability to interact with ephrins. The residual
binding in vab-1(dx31) gonads (Fig. 3a,c) is likely due to
an additional receptor(s) because it is eliminated when
gonads are preincubated with a 25-fold molar excess of
unlabeled MSP (data not shown).
To determine whether VAB-1 is sufficient for MSP

binding, we analyzed MSP-FITC binding to live COS-7
cells transiently transfected with a VAB-1 expression
plasmid (Wang et al. 1999). Surface MSP-FITC binding is
observed in approximately 20%–40% of these cells (Fig.
3d), consistent with the transfection efficiency. Binding

Figure 2. In situ binding of MSP-FITC. (a) Two-hundred nano-
molar MSP-FITC binds to oocyte and sheath cell membranes of
the proximal gonad arms of mated fog-2(q71) females. (b) Bind-
ing to membranes in the proximal gonad following preincuba-
tion with a 25-fold molar excess of unlabeled MSP is not ob-
served. (c,d) Binding is not observed in the male gonad (c) or the
distal hermaphrodite gonad (d). (e,f) MSP-FITC binds to oocytes
and sheath cell membranes in control emo-1(oz1)/+ heterozy-
gotes (e), but binding to oocyte membranes is significantly re-
duced or eliminated in emo-1(oz1) mutants (f), which have im-
paired germline secretory function. Binding to sheath cells,
which have normal secretory function, is not eliminated (f, ar-
rows). pg, proximal gonad; mg, male gonad; dg, distal hermaph-
rodite gonad; sp, spermatheca. Bars, 15 µ.
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is not observed following control transfections using a
mouse n-Src tyrosine kinase expression plasmid (Fig.
3d) or in untransfected cells (data not shown). We also
transfected COS-7 cells with a plasmid encoding a
VAB-1�DsRed fusion protein to monitor VAB-1 expres-
sion. COS-7 cells expressing VAB-1�DsRed bind MSP-
FITC, whereas binding is not observed in cells that do
not express VAB-1�DsRed (Fig. 3e). COS-7 cells visibly
expressing VAB-1�DsRed had a rounder and more com-
pact morphology (Fig. 3e) compared to nonexpressing
cells, which may be due to ligand-independent receptor
activation caused by overexpression. These results indi-
cate that VAB-1 expression is sufficient for MSP binding
to COS-7 cells.
MSP-FITC binding to oocytes and sheath cells is re-

duced in vab-1(dx31) and vab-1 RNAi gonads (Fig. 3a,c;
data not shown). Therefore, VAB-1 is predicted to be ex-
pressed on oocyte and sheath cell membranes. To in-
vestigate the VAB-1 expression pattern in gonads, we
examined the juIs24 transgenic reporter strain, which
contains a translational fusion of the vab-1 locus to
green fluorescent protein (GFP; George et al. 1998).

VAB-1�GFP likely reflects the endogenous expression
pattern, because vab-1 null mutant somatic (George et
al. 1998) and gonadal (see below) phenotypes are rescued
in this strain. Although VAB-1�GFP fluorescence is dif-
ficult to detect in all expressing cell types in intact her-
maphrodites, it is detectable in dissected gonads using
sensitive optical techniques (see Materials and Meth-
ods). VAB-1�GFP is observed in oocytes and sheath cells
of the proximal gonad arm in transgenics (Fig. 4b,c), but
not in controls (Fig. 4a). GFP fluorescence appeared en-
riched between oocytes, and in the thin sheath cells sur-
rounding them, in a pattern similar to that observed in
wild-type gonads incubated with MSP-FITC (Figs. 2, 3).
This result, taken together with our binding data,
strongly supports the hypothesis that MSP binds VAB-1
on oocyte and sheath cell membranes.

Negative regulation of oocyte meiotic maturation
and MAPK activation

We hypothesized that VAB-1 signaling negatively regu-
lates oocyte maturation and MAPK activation in the ab-

Figure 3. MSP binds to the VAB-1 Eph recep-
tor. (a) Compared to wild-type gonads, MSP
binding (200 nM MSP-FITC) is reduced in vab-
1(dx31) null mutant gonads, but not in vab-
1(e2) kinase-impaired gonads. Proximal is to
the right. (b) MSP binding is not reduced in the
ephrin signaling mutants vab-1(ju8) and vab-
1(e699). (c) The binding intensity of vab-
1(dx31) gonads is significantly lower than wild-
type (*; P < 0.001). Binding intensity was mea-
sured at three MSP-FITC concentrations using
arbitrary units that correspond to fluorescent
intensity. vab-1(dx31) null mutants exhibit a
reduction in saturable MSP binding. Because of
the thinness of the sheath cells (∼ 0.2–1 µm), we
were unable to separately quantify the reduc-
tion in sheath cell binding. Error bars indicate
S.D. (d,e) Expressing VAB-1 in COS-7 cells is
sufficient to confer MSP binding activity. (d)
Two-hundred nanomolar MSP binds to the sur-
face of live COS-7 cells (arrow) expressing
VAB-1 (upper panel), but not n-Src (lower
panel). (e) COS-7 cells expressing VAB-
1�DsRed bind MSP (arrows), whereas those
that do not express VAB-1�DsRed do not bind.
Arrows in d and e indicate specific binding, and
arrowheads indicate internal autofluorescence
caused by the transfection procedure. Bars, 10 µ.
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sence of MSP. This is supported by the observation that
oocyte maturation still occurs in emo-1(oz1) oocytes
(Iwasaki et al. 1996; data not shown), which have im-
paired secretory function and fail to bindMSP effectively
(Fig. 2f). Further, a monoclonal antibody against the ac-
tivated, diphosphorylated form of MAPK (MAPK-YT)
stains oocytes from unmated emo-1(oz1) females (Fig.
5a) and emo-1(oz1) hermaphrodites (data not shown), in-
dicating that MAPK activation is not dependent on MSP
in the emo-1(oz1) genetic background. These results sup-
port the hypothesis that MSP promotes oocyte matura-
tion and MAPK activation by acting as an antagonist of
VAB-1 signaling.
To test whether VAB-1 negatively regulates oocyte

maturation and MAPK activation, we analyzed vab-1
mutant hermaphrodites. Time-lapse video microscopy of
vab-1mutant gonads indicates that vab-1 is not required
for oocyte maturation, ovulatory sheath cell contrac-
tions, ovulation, or fertilization. However, vab-1 is re-
quired for the normal sperm-dependent increase in the
basal gonadal sheath cell contraction rate (Table 1, cf.
lines 1–4; P < 0.001), a response mediated by MSP (Miller
et al. 2001). In wild-type hermaphrodites, the oocyte

maturation rate is high when sperm are abundant, but
decreases as sperm are depleted, ensuring that oocytes
are not wasted when fertilization is not possible. If
VAB-1 negatively regulates oocyte maturation as hy-
pothesized, then oocytes should continue to mature and
ovulate in old vab-1 hermaphrodites that have run out of
sperm. We counted the number of unfertilized oocytes
laid by wild-type and vab-1 mutant hermaphrodites dur-

Figure 5. VAB-1 and CEH-18 negatively regulate MAPK acti-
vation. The MAPK-YT antibody recognizes the diphosphory-
lated, active form of MAPK (red). Staining is not observed in
mpk-1(ga117)MAPK null mutant gonads or unmated fog-2(q71)
female gonads. (a) MAPK activation is not dependent on sperm
in unc-24(e138) fem-3(e1996);emo-1(oz1) oocytes, which have
impaired secretory function. (b) In wild-type hermaphrodites,
MAPK activation is dependent on sperm, but activation occurs
in the most proximal one to three oocytes. (c) In contrast, sev-
eral oocytes contain activated MAPK in vab-1(dx31) hermaph-
rodites. (d,e) MAPK activation occurs in the absence of sperm in
unmated fog-2(q71);ceh-18(mg57);vab-1 (RNAi) females (d), but
not in unmated fog-2(q71);vab-1(dx31) females (e). (f,g) Un-
mated fog-2(q71);ceh-18(mg57) female gonads contain low lev-
els of activated MAPK, but rarely in the most proximal oocytes
(f). However, activation is observed following mating (g). (h,i)
MAPK-YT staining in fog-2(q71);ceh-18(mg57);vab-1(dx31)/+
heterozygous females (h) is not affected by mating (i) to wild-
type males. (j) efn-2(ev658) hermaphrodites exhibit slightly en-
hanced levels of MAPK-YT staining compared to wild-type her-
maphrodites (b). Proximal is to the right. Bars, 20 µ.

Figure 4. VAB-1�GFP is expressed in oocytes and sheath cells.
(a) Fluorescence is not observed in dissected, wild-type gonads.
(b,c) VAB-1�GFP expression is detectable in oocytes (b) and
sheath cells (c) in gonads dissected from the transgenic strain
juIs24. Images were processed using deconvolution software
(see Materials and Methods). Bars, 25 µ.

VAB-1 and CEH-18 regulate oocyte meiotic maturation

GENES & DEVELOPMENT 191



ing a 7-d time period following the L4 larval stage. vab-
1(dx31), vab-1(e2), vab-1(ju8), and vab-1(e699) her-
maphrodites lay significantly more unfertilized oocytes
than the wild type (Table 1, cf. lines 2–7; P < 0.001).
However, the number of unfertilized oocytes laid during
the first 60 h is not significantly different than the num-
ber laid by the wild type, indicating that this disparity
results from older sperm-depleted hermaphrodites
(P > 0.01). To determine whether vab-1 negatively regu-
lates MAPK activation, we stained wild-type and vab-
1(dx31) hermaphrodites with the MAPK-YT antibody
(Miller et al. 2001). One to three of the most proximal
oocytes stain with this antibody in wild-type animals
(Fig. 5b). In contrast, three to eight oocytes stain in vab-
1(dx31) hermaphrodites (Fig. 5c). Thus, phenotypic
analysis of vab-1 mutant hermaphrodites suggests that
VAB-1 is a negative regulator of oocyte maturation and
MAPK activation, and a positive regulator of MSP-medi-
ated gonadal sheath cell contractions.
Two genetic criteria should be satisfied to conclude

that MSP is an antagonist of VAB-1 signaling in oocytes.
First, VAB-1 should be required for the inhibition of oo-
cyte maturation in unmated females. Second, females
containing loss-of-function mutations in genes in the
MSP signaling pathway should not respond to MSP. We
tested these criteria by examining the oocyte maturation
rates in mated and unmated vab-1 mutant fog-2(q71)
females. The maturation rate of unmated vab-1(dx31)
females is significantly higher than that of unmated fe-
males (Table 2, cf. lines 2, 4; P < 0.001). During these
maturations, ovulation is frequently delayed following
M-phase entry. BecauseMSP likely binds multiple recep-
tors (Fig. 3c) and the maturation rate in unmated vab-
1(dx31) females is lower than in wild-type hermaphro-
dites, mated females, or vab-1(dx31) hermaphrodites,

(Table 2, cf. lines 4 and 1,3,5; P < 0.001), we hypothesized
that MSP also signals through a vab-1-independent path-
way. To test this hypothesis, we microinjected 100 nM
MSP into the uterus of unmated vab-1(dx31);fog-2(q71)
females. MSP still promotes oocyte maturation in these
mutant females [1.5 maturations/h (n = 8) vs. 0.4 matu-
rations/h for control vab-1(dx31);fog-2(q71) females].
Collectively, these results strongly support the hypoth-
esis that MSP signals through vab-1-dependent and vab-
1-independent pathways.

vab-1 and ceh-18 define parallel signaling pathways

Somatic follicle cells negatively regulate oocyte matura-
tion in many mammalian species (Pincus and Enzmann
1935; Edwards 1965). By analogy, we considered the hy-
pothesis that the somatic gonadal sheath cells negatively
regulate oocyte maturation in C. elegans. Consistent
with this hypothesis, the sheath cell-expressed POU-ho-
meoprotein CEH-18 (Greenstein et al. 1994) is required
for the complete inhibition of maturation (Table 2, cf.
lines 2 and 8; P < 0.001). ceh-18(mg57) null gonads, like
vab-1(dx31) null gonads, still respond to sperm, indicat-
ing that they receive MSP signals (Table 2, cf. lines 8 and
9). CEH-18 is not expressed in oocytes (Greenstein et al.
1994) and is not required for MSP-FITC binding to oo-
cytes (data not shown). Therefore, the null mutation ceh-
18(mg57) defines a somatic gonad-dependent pathway
that inhibits oocyte maturation. Consistent with this
possibility, ceh-18 mutants are fertile and oocyte devel-
opment is largely normal.
To determine whether VAB-1 and CEH-18 act in par-

allel, we inactivated both genes in unmated females (Fig.
6; Table 2). The oocyte maturation rate in unmated ceh-
18(mg57) vab-1(RNAi) females is significantly higher

Table 1. Fertility of vab-1 and efn-2 mutants

Genotype
Sperm
(yes/no)

Sheath cell
contractions/min

N
(gonads)

Fertilized
eggs laid

Unfertilized
oocytes laid

N
(animals)

1. fog-2(q71) No 3.1 ± 2.3 11 0 N.D.a >200
2. Wild-type Yes 9.9 ± 1.3 10 268.8 ± 13.3 24.2 ± 15.2 13
3. vab-1(dx31) Yes 4.2 ± 2.1b 11 246.8 ± 33.8 111.5 ± 44.0b 11
4. vab-1 (RNAi) Yes 3.0 ± 1.7b,c 11 183.5 ± 20.8 76.5 ± 27.2b 10
5. vab-1(e2) Yes 7.1 ± 1.9b 10 260.2 ± 19.4 66.0 ± 31.6b 9
6. vab-1(e699) Yes 9.3 ± 1.9c 9 120.3 ± 12.5 59.9 ± 10.9b 7
7. vab-1(ju8) Yes 9.6 ± 2.1c 9 163.0 ± 25.2 63.1 ± 21.5b 9
8. vab-2(e96) Yes 10.3 ± 1.6c 7 176.9 ± 37.2 19.6 ± 12.6c 12
9. efn-2(ev658) Yes 10.4 ± 1.8c 7 79.7 ± 14.1d 169.3 ± 57.9b 12
10. rrf-1(pk1417) Yes 10.3 ± 1.6 10 220.9 ± 27 33.9 ± 31 11
11. vab-1 (RNAi); rrf-1(pk1417) Yes 10.5 ± 1.4f 11 143.2 ± 25.7 109.7 ± 56.9c 10
12. efn-2 (RNAi); rrf-1(pk1417) Yes N.D. N.D. 160.7 ± 23.3 145.6 ± 71.3e 9

Basal sheath contraction rates and brood sizes were measured at 25°C as described.
Brood sizes were measured at 22°C for rrf-1(pk1417) mutants.
aDue to the low maturation rate in fog-2(q71) females, unfertilized oocytes disintegrate or clump in the uterus before they can be laid.
Thus, the number of oocytes laid by fog-2(q71) females was not determined (N.D.), but is estimated to be <20 based on maturation rate
measurements (see Table 2).
bP < 0.001 or cP > 0.01 compared to the wild-type value using student’s t-test.
defn-2(ev658) mutants produce fewer sperm than the wild type.
eP < 0.001 or fP > 0.01 compared to the rrf-1(pk1417) value using student’s t-test.
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than in unmated vab-1(dx31) and ceh-18(mg57) females
(Table 2, cf. lines 10 and 4,8; P < 0.001). Further, the rate
is not significantly different in the presence of sperm,
indicating that oocyte maturation is independent of MSP
signals in gonads lacking VAB-1 and CEH-18 function
(Table 2, cf. lines 10 and 11; P > 0.05). RNAi of the
CAM-1 receptor tyrosine kinase (Forrester et al. 1999), or
that of CLR-1 receptor tyrosine phosphatase (Kokel et al.
1998) does not affect the maturation rate of unmated
ceh-18(mg57) females (data not shown), indicating that
the VAB-1 RNAi phenotype is specific. To confirm that
vab-1 and ceh-18 interact genetically, we constructed
ceh-18(mg57) female animals lacking VAB-1 kinase ac-
tivity [ceh-18(mg57);vab-1(e2)] or VAB-1 function [ceh-
18(mg57);vab-1(dx31)], respectively. VAB-1 kinase ac-
tivity is necessary for inhibiting oocyte maturation, be-
cause the maturation rate in unmated vab-1(e2);ceh-
18(mg57) females is significantly higher than that of
unmated ceh-18(mg57) females (Table 2, cf. lines 12 and
8; P < 0.001). The oocyte maturation rate in unmated
vab-1(dx31);ceh-18(mg57) females is also high, although
these mutants are too sick for quantitative compari-
son. Unmated ceh-18(mg57);vab-1(dx31)/+ and ceh-
18(mg57);vab-1(e2)/+ heterozygotes have significantly
higher maturation rates than unmated ceh-18(mg57) fe-
males (Table 2, cf. lines 14–16 and 8; P < 0.001), indicat-
ing that the VAB-1 pathway is sensitive to gene dosage in
the absence of CEH-18. MSP-FITC binding to oocytes is
not reduced in these heterozygotes compared to the wild

type (data not shown). These genetic studies indicate
that VAB-1 and CEH-18 define parallel and partially re-
dundant pathways required for the inhibition of oocyte
maturation.

vab-1 and ceh-18 negatively regulate MAPK activation

To determine whether VAB-1 and CEH-18 act together
to negatively regulate oocyte MAPK activation, we in-
activated vab-1 using RNAi in unmated ceh-18(mg57)
females and stained their gonads with the MAPK-YT an-
tibody. MAPK-YT staining is observed in the first one to
three oocytes of the proximal gonad arm in these females
(Fig. 5d), but is not observed in unmated vab-1 female
gonads (Fig. 5e). Unmated ceh-18(mg57) female gonads
are weakly stained by MAPK-YT, but rarely in the most
proximal oocytes (Fig. 5f). In contrast, the most proximal
oocytes stain intensely when ceh-18(mg57) females are
mated (Fig. 5g). MAPK activation in oocytes is not
sperm-dependent in vab-1(RNAi); ceh-18(mg57) females
or ceh-18(mg57);vab-1(dx31)/+ heterozygous females,
because mating does not affect MAPK-YT staining (Fig.
5h,i; data not shown). However, we observed a qualita-
tive reduction in the maximal MAPK-YT staining inten-
sity of oocytes in ceh-18(mg57);vab-1(dx31)/+ heterozy-
gous females relative to wild-type and vab-1(RNAi) ceh-
18(mg57) females (Fig. 5b,d,h,i), suggesting that high
levels of MAPK activation are not necessary for high
oocyte maturation rates. These results indicate that

Table 2. Oocyte meiotic maturation rate measurements

Genotype
Sperm
(yes/no)

Oocyte maturations per
gonad arm per hr

N
(animals)

1. Wild-type hermaphrodite Yes 2.52 ± 0.41 16
2. Female, unmated No 0.09 ± 0.08 25
3. Female, mated Yes 2.27 ± 0.48 20
4. vab-1(dx31) female, unmated No 0.42 ± 0.20 12
5. vab-1(dx31) hermaphrodite Yes 2.24 ± 0.46 11
6. vab-1(e2) female, unmated No 0.14 ± 0.11 11
7. vab-1(e2) hermaphrodite Yes 2.43 ± 0.22 10
8. ceh-18(mg57) female, unmated No 0.75 ± 0.32 18
9. ceh-18(mg57) female, mated Yes 1.89 ± 0.31 11
10. vab-1(RNAi); ceh-18(mg57) female, unmated No 2.18 ± 0.32 14
11. vab-1(RNAi); ceh-18(mg57) female, mated Yes 2.25 ± 0.52 13
12. vab-1(e2); ceh-18(mg57) female, unmated No 1.70 ± 0.35 10
13. vab-1(e2); ceh-18(mg57) female, mated Yes 2.36 ± 0.48 7
14. vab-1(e2)/+; ceh-18(mg57) female, unmated No 2.17 ± 0.45 15
15. vab-1(e2)/+; ceh-18(mg57) female, mated Yes 2.32 ± 0.55 13
16. vab-1(dx31)/+; ceh-18(mg57) female, unmated No 2.05 ± 0.44 10
17. vab-1(e699); ceh-18(mg57) female, unmated No 1.24 ± 0.30 9
18. efn-2(ev658) female, unmated No 0.23 ± 0.16 12
19. efn-2(ev658); ceh-18(mg57) female, unmated No 1.60 ± 0.60 15
20. rrf-1(pk1417) fog-3(q443) female, unmated No 0.18 ± 0.23 12
21. vab-1 (RNAi); fog-3(q443) female, unmated No 0.52 ± 0.26 10
22. vab-1 (RNAi); rrf-1(pk1417) fog-3(q443) female, unmated No 0.48 ± 0.26 12

Maturation rates were measured in hermaphrodites and fog2(q71) females containing mutations in vab-1, efn-2, and ceh-18 or
following RNAi. Where indicated, fog-3(q443) females were used. vab-1(dx31) is a null mutant, vab-1(e2) is a kinase-deficient hypo-
morph, and vab-1(e699) is an ephrin signaling hypomorph. ceh-18(mg57) deletes the POU domain and homeodomain, whereas
efn-2(ev658) deletes most of the protein coding region. Spermwere introduced into females by mating as indicated. Standard deviations
are shown.
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VAB-1 and a parallel signaling pathway(s), which is de-
pendent on the sheath cell transcription factor CEH-18,
negatively regulate oocyte MAPK activation.

The ephrin efn-2 negatively regulates
oocyte maturation

Stimulation of mammalian EphA receptor kinase activ-
ity by ephrin-A1 inhibits the Ras/MAPK cascade in cul-
tured cells (Elowe et al. 2001; Miao et al. 2001). The
VAB-1 extracellular ephrin binding domain and intracel-
lular kinase domain are necessary for the inhibition of
oocyte maturation inC. elegans hermaphrodites and fog-
2(q71) females (Table 1, cf. lines 5–7 and 2; Table 2, cf.
lines 17 and 8; P < 0.001), suggesting that maturation
may be negatively regulated by an interaction between
VAB-1 and ephrins. TheC. elegans genome contains four
ephrins that bind VAB-1 (Chin-Sang et al. 1999; Wang et
al. 1999). To determine whether ephrins negatively regu-
late maturation, we examined ephrin null mutant her-

maphrodites (Chin-Sang et al. 1999; Wang et al. 1999).
Although we did not detect oocyte maturation defects in
vab-2(e96) (Table 1, cf. lines 8 and 2), efn-3(ev696), or
efn-4(bx80) hermaphrodites (data not shown), efn-
2(ev658) hermaphrodites continue to lay unfertilized oo-
cytes after sperm are depleted (Table 1, cf. lines 9 and 2).
Also, efn-2(ev658) hermaphrodite gonads exhibit slightly
enhancedMAPK-YT staining compared to wild-type her-
maphrodite gonads (Fig. 5b,j). Analysis of efn-2(ev658)
hermaphrodites indicates that they are defective in in-
hibiting oocyte maturation and ovulation when sperm
numbers are low (<15 sperm per gonad arm) or sperm
have been depleted. Consistent with this idea, efn-
2(ev658) hermaphrodites and efn-2(ev658);fog-2(q71)
males produce functional sperm with wild-type mor-
phology, although efn-2(ev658) hermaphrodites generate
fewer sperm than the wild type. Unmated efn-2(ev658)
and efn-2(ev658);ceh-18(mg57) females have signifi-
cantly higher oocyte maturation rates than unmated fe-
males and ceh-18(mg57) females, respectively (Table 2,
cf. lines 18 and 2, 19 and 8; P < 0.001). Additional VAB-1
ligands may be involved because the oocyte maturation
rate in efn-2(ev658) null females is not as high as that in
vab-1(dx31) null females. These results are consistent
with the hypothesis that an interaction between EFN-2
and VAB-1 inhibits oocyte maturation.
VAB-1 is required for the MSP-mediated increase in

the basal gonadal sheath cell contraction rate (Table 1,
cf. lines 1–4). vab-1(e2) hermaphrodites exhibit a slight
reduction in the basal contraction rate relative to the
wild type, indicating that this response is largely inde-
pendent of VAB-1 kinase activity (Table 1, cf. lines 2–5).
To determine whether an ephrin/VAB-1 interaction is
required for MSP-mediated contractions, we examined
vab-1(ju8), vab-1(e699), vab-2(e96), efn-2(ev658), efn-
3(ev696), and efn-4(bx80) mutant hermaphrodites. The
sheath cell contraction rate in these strains is not sig-
nificantly different than the wild-type rate (Table 1, cf.
lines 6–9 and 2; data not shown; P > 0.05). Therefore,
MSP-mediated sheath cell contractions require VAB-1,
but not ephrins.

vab-1 functions in the germ line and somatic gonad

VAB-1�GFP is expressed in oocytes and sheath cells in
the juIs24 reporter strain (Fig. 4). Analysis of oocyte mei-
otic maturation and sheath cell contraction in these her-
maphrodites indicates that this strain is rescued for de-
fects observed in vab-1 loss-of-function alleles. To deter-
mine whether vab-1 function is required in both
germline and somatic cells of the gonad, we used rrf-
1(pk1417) mutants, which are sensitive to RNAi in the
germ line, but resistant to RNAi in the soma (Sijen et al.
2001). vab-1 RNAi of wild-type hermaphrodites results
in an impaired ability to inhibit oocyte maturation and
ovulation following the depletion of self-derived sperm
(Table 1, cf. lines 4 and 2). This function is required in
the germ line, because vab-1 (RNAi); rrf-1(pk1417) her-
maphrodites lay significantly more unfertilized oocytes
than rrf-1(pk1417) hermaphrodites (Table 1, cf. lines 11

Figure 6. VAB-1 and CEH-18 inhibit oocyte meiotic matura-
tion and ovulation. DIC micrographs of unmated fog-2(q71) (a)
and fog-2(q71);ceh-18(mg57); vab-1(RNAi) (b) females. (a) The
oocyte maturation and ovulation rate is very low in unmated
fog-2(q71) females (see Table 2 for rate measurements). Oocytes
are arrested in meiotic prophase and accumulate in the proxi-
mal gonad arm (pg) until insemination occurs and sperm mi-
grate to the spermatheca (sp). Unfertilized oocytes do not accu-
mulate in the uterus (ut). (b) In contrast, the oocyte maturation
and ovulation rates are high and independent of sperm in un-
mated fog-2(q71); ceh-18(mg57); vab-1(RNAi) females. Oocytes
do not accumulate in the proximal gonad arm in these mutants.
Instead, the uterus fills with unfertilized oocytes. Bar, 10 µ.
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and 10; P < 0.001). Similar results were obtained for efn-
2, suggesting that it also functions in the germ line
(Table 1, cf. lines 12 and 10; P < 0.001). In these experi-
ments, unfertilized oocytes are not observed until sperm
are few in number (<25 per gonad arm) or have been
depleted. These results support the hypothesis that
EFN-2 and VAB-1 function in the hermaphrodite germ
line to inhibit oocyte maturation and ovulation when
the supply of self-derived sperm becomes low. To deter-
mine whether VAB-1 functions in the germ line of fe-
males that have never received MSP signals, we exam-
ined the oocyte maturation rate of unmated vab-1
(RNAi); rrf-1(pk1417) fog-3(q443) females. The matura-
tion rate of unmated vab-1 (RNAi); rrf-1(pk1417) fog-
3(q443) females is not significantly different than that of
unmated vab-1 (RNAi); fog-3(q443) females, but is sig-
nificantly different than those of unmated rrf-1(pk1417)
fog-3(q443) females (Table 2, cf. lines 20–22; P < 0.001)
and unmated fog-3(q443) females. Therefore, these re-
sults support the hypothesis that VAB-1 functions au-
tonomously in oocytes to negatively regulate oocyte
maturation and ovulation.
To determine whether VAB-1 is required in somatic

sheath cells for modulating the contraction rate, we
compared the contraction rates of vab-1 (RNAi); rrf-
1(pk1417) hermaphrodites to those of rrf-1(pk1417) and
vab-1 (RNAi) hermaphrodites. These results indicate
that VAB-1 is required in somatic cells for sheath con-
traction (Table 1, cf. lines 10,11 and 4; P < 0.001). This is
consistent with data of McCarter et al. (1999), who
showed that the sperm-dependent increase in the basal
sheath cell contraction rate requires sperm and sheath
cells, but not oocytes. Therefore, the data support the
hypothesis that an interaction between MSP and VAB-1
on sheath cell membranes modulates the basal sheath
cell contraction rate.

Discussion

Oocytes prepare for fertilization and embryogenesis by a
process called meiotic maturation, which is character-
ized by nuclear envelope breakdown (M-phase entry),
cortical cytoskeletal rearrangement, MAPK activation,
and meiotic spindle assembly. In this study, we describe
the MSP signaling mechanism used to control oocyte
meiotic maturation and ovulation in C. elegans. Our re-
sults, together with those of previous studies (McCarter
et al. 1999; Miller et al. 2001), are consistent with the
following model (Fig. 7a). Signaling by the VAB-1 Eph
receptor and a CEH-18-dependent pathway(s) negatively
regulate oocyte maturation and MAPK activation in her-
maphrodite and female gonads. Sperm disrupt these in-
hibitory pathways by releasing MSP, which binds to
VAB-1 and an unidentified receptor(s). Binding antago-
nizes both VAB-1- and CEH-18-dependent signaling,
thereby promoting the resumption of meiosis, MAPK ac-
tivation, and ovulation. In the absence of CEH-18, VAB-
1-mediated inhibition is dosage-sensitive, suggesting
that small MSP-induced attenuations in signaling are
sufficient to trigger a response. Eliminating VAB-1 and

CEH-18 function removes the dependence of meiotic
maturation and ovulation on the presence of sperm.
Therefore, this meiotic control mechanism resembles a
cell-cycle checkpoint (Hartwell and Weinert 1989) and
may confer a selective advantage to hermaphrodites and
females by conserving metabolically costly oocytes
when sperm are unavailable for fertilization.
As in other animals, positive regulators of oocyte mei-

otic maturation have been identified in C. elegans, in-
cluding the cyclin-dependent kinase homolog CDK-1
(Boxem et al. 1999) and the polo-like kinase homolog
PLK-1 (Chase et al. 2000). In addition, the zinc finger
domain-containing proteins OMA-1 and OMA-2 are re-
dundantly required for oocyte maturation and ovulation
(Detwiler et al. 2001). MSP signals are apparently re-
ceived in oma-1(te33); oma-2(te51) mutant oocytes, but
MAPK activation is not sustained and nuclear envelope
breakdown does not occur. OMA-1 and OMA-2 may
function upstream of two conserved cell-cycle regula-
tors, the MYT1-related kinase WEE-1.3 and CDK-1 (Det-
wiler et al. 2001). Therefore, MSP signals are likely trans-

Figure 7. A sperm-sensing control mechanism regulates oo-
cyte meiotic maturation and MAPK activation. (a) Sperm re-
lease MSP, which binds to VAB-1 and another receptor(s) on
oocytes and sheath cells. MSP promotes oocyte M-phase entry
(maturation), MAPK activation, and ovulation by antagonizing
ephrin/Eph receptor (EFN-2/VAB-1) and sheath cell-dependent
(CEH-18) inhibitory circuits (see Discussion for details; drawing
modified with permission from Villeneuve 2001). (b) In sheath
cells, MSP stimulates the basal contraction rate by acting as a
VAB-1 agonist.
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mitted through a complex hierarchy of negative and
positive intracellular regulators, which together com-
prise a sperm-sensing control mechanism.
Our results support the hypothesis that VAB-1-depen-

dent pathways function in both oocytes and sheath cells
(Fig. 7a,b). VAB-1 and EFN-2 are required in the germ line
for the inhibition of oocyte maturation and ovulation. In
somatic sheath cells, VAB-1 is required for MSP-medi-
ated contractions (Fig. 7b). Ephrins are not required for
this response, which is consistent with data indicating
that MSP-FITC binding and the sheath contraction rate
(Table 1) are not affected in ephrin ligand binding do-
main mutants vab-1(ju8) and vab-1(e699) (Fig. 3b).
Therefore, VAB-1 has an ephrin-dependent function in
the germ line and an ephrin-independent function in
sheath cells. We showed previously that the C-terminal
21 amino acids of MSP are sufficient to promote sheath
contraction (Miller et al. 2001). Preincubation of gonads
with a 25-fold molar excess of this C-terminal peptide
does not reduce MSP-FITC binding, suggesting that the
contribution of this domain to total binding is minimal
(M. Miller and D. Greenstein, unpubl.). We currently fa-
vor the hypothesis that the MSP C-terminal domain
functions by modulating an interaction between VAB-1
and another protein, possibly a channel. More compre-
hensive structure and function relationships will be pos-
sible when other MSP signaling mediators are identified.

Soma–germline interactions and the control of meiotic
maturation and ovulation

The smooth muscle-like sheath cells surrounding the
oocytes play a complex role in regulating meiotic matu-
ration and ovulation. Sheath cells contract to facilitate
ovulation, but also negatively regulate maturation and
ovulation in the absence of MSP. ceh-18 is expressed in
the sheath cells, but not in the oocytes (Greenstein et al.
1994), and is required for normal sheath cell differentia-
tion and function (Rose et al. 1997). CEH-18may directly
regulate MSP-responsive components needed to estab-
lish or maintain inhibition. Alternatively, ceh-18 muta-
tions may alter differentiated sheath cell features that
directly or indirectly impair signaling to oocytes. For ex-
ample, signaling through gap junctions could negatively
regulate maturation. Gap junctions are observed be-
tween sheath cells and oocytes in wild-type gonads (Hall
et al. 1999). In contrast, transmission electron micros-
copy reveals that ceh-18 mutant sheath cells are not
closely apposed to oocytes and sheath/oocyte gap junc-
tions are rare or absent (Rose et al. 1997). In mammals,
the somatic cumulus cells surrounding the oocytes are
thought to negatively regulate meiotic maturation, pos-
sibly by signaling through gap junctions (for review, see
Wickramasinghe and Albertini 1993). cAMP has been
proposed to mediate this inhibition by diffusing from
cumulus cells to oocytes through these junctions (Webb
et al. 2002). Studies in Xenopus and starfish do not sup-
port a role for somatic gonadal cells in inhibiting meiotic
maturation. However, several Xenopus signaling pro-

teins have been identified that negatively regulate MPF
(CD1/cyclin B) activation, including cAMP-dependent
protein kinase A and p21-activated kinase (Maller and
Krebs 1977; Faure et al. 1999). Thus, the extent to which
the signaling mechanisms regulating meiotic matura-
tion are conserved among animals with different repro-
ductive strategies is still not clear. However, the simi-
larities in the regulatory features shared by C. elegans
and mammalian species are provocative.

Eph receptors as negative regulators of MAPK
activation and cell-cycle progression

Many receptor protein–tyrosine kinases (RPTKs), such as
the epidermal growth factor receptor and insulin recep-
tor, transmit signals through a canonical pathway that
stimulates MAPK activation and cell-cycle progression
(for review, see van der Geer et al. 1994). One exception
to this rule is the Eph receptors, which comprise the
largest family of RPTKs in vertebrates (for review, see
Klein 2001). Activation of mammalian Eph receptors by
their ephrin ligands down-regulates the Ras/MAPK cas-
cade in cultured cells (Elowe et al. 2001; Miao et al. 2001)
and inhibits proliferation in vivo (Conover et al. 2000).
We show that VAB-1, the only Eph receptor in C. el-
egans, negatively regulates oocyte M-phase entry and
MAPK activation. This inhibitory mechanism requires
the VAB-1 catalytic domain, the ephrin EFN-2, and a
parallel signaling pathway(s) defined by the homeopro-
tein ceh-18. Our studies, together with those in mam-
mals, suggest that the negative regulation of MAPK ac-
tivation and cell-cycle progression is an ancestral feature
of ephrin/Eph receptor signal transduction. Antagonistic
Eph receptor ligands, like MSP, may mediate the mito-
genic effects commonly seen with ligands for other
RPTKs.

MSP domain proteins and signal transduction

The primary structure of the MSP immunoglobulin-like
fold (Bullock et al. 1996) has been conserved throughout
eukaryotic evolution. Proteins with MSP domains fall
into soluble and membrane-spanning classes (Miller et
al. 2001). Members of the membrane-spanning class are
collectively referred to as the VAPs (vesicle-associated
membrane protein–associated proteins), which are type
II integral membrane proteins. Although studies of the
soluble members have been limited to nematodes, the
VAPs have been characterized in yeast (Kagiwada et al.
1998), plants (Laurent et al. 2000), Drosophila (Pennetta
et al. 2002), Aplysia (Skehel et al. 1995), and mammals
(Nishimura et al. 1999; Skehel et al. 2000). However,
their biochemical functions are not well defined and
they have been localized to a variety of subcellular com-
partments, including the endoplasmic reticulum (ER),
Golgi network, and plasma membrane.
In C. elegans, the MSPs comprise a large multigene

family of soluble, sperm-specific proteins. Within the
MSP domain are sequences that mediate extracellular
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signaling (Miller et al. 2001) and intracellular cytoskel-
etal functions (for review, see Bottino et al. 2002). One
possibility is that these are ancestral functions shared
with some of the membrane-spanning VAPs. Alterna-
tively, these may be novel functions acquired during the
evolution of the nematode reproductive system. We
show that MSP signals oocyte maturation and MAPK
activation by transmitting signals through multiple re-
ceptors, including the VAB-1 Eph receptor. An Eph re-
ceptor homolog has been found in the sponge Ephydatia
fluviatilis (Suga et al. 2001), placing these RPTKs with
the MSP domain in the earliest metazoans. In Dro-
sophila, mutations in two VAPs have been isolated;
farinelli was localized to the sperm plasma membrane
and is required for male fertility (accession no.
AF280798). DVAP-33A is broadly expressed and has a
role in bouton formation at the neuromuscular junction
(Pennetta et al. 2002). Genetic analysis indicates that
DVAP-33A functions as a dosage-dependent instructive
signal for bouton number and size. Although DVAP-33A
predominantly localizes to intracellular membranes,
some protein is found at the plasma membrane. The
presence of VAPs at synapses (Skehel et al. 1995; Pen-
netta et al. 2002) is interesting because Eph receptors
have been localized to neurons and synapses in many
animals (for review, see Klein 2001). Therefore, it is pos-
sible that MSP domain-containing proteins function in
an extracellular signaling capacity in other animals.

Evolution of nematode reproduction

Species in highly competitive, dynamic environments
require robust reproductive mechanisms that efficiently
turn nutritional resources into viable offspring. Three
reproductive modes are utilized in the Nematoda. The
most common is the gonochoristic mode (male/female),
where reproduction occurs exclusively by out-crossing.
Hermaphroditic species reproduce by selfing, although
out-cross progeny are possible in facultative hermaphro-
dites (male/hermaphrodite) such as C. elegans. Parthe-
nogenetic species also reproduce by selfing, but in the
absence of sperm altogether. Phylogenetic analysis sug-
gests that both hermaphroditic and parthenogenetic re-
productive modes have been repeatedly derived in nema-
todes, and that gonochorism represents the ancestral
mode (Blaxter et al. 1998; Fitch 2000). MSP is highly
conserved in diverse nematodes. C. elegans MSP pro-
motes oocyte maturation and ovulation in its gonocho-
ristic sister species, C. remanei (Miller et al. 2001), and
MSP from the pig parasite Ascaris suum promotes matu-
ration and ovulation in C. elegans (M. Kosinski and D.
Greenstein, unpubl.). Therefore, MSP’s role as a repro-
ductive signal likely evolved in gonochoristic nematodes
or their ancestors and has been conserved in facultative
hermaphrodites like C. elegans. The sperm-sensing con-
trol mechanism described here may confer a strong se-
lective advantage to gonochoristic and hermaphroditic
nematode species by enhancing their reproductive effi-
ciency.

Materials and methods

C. elegans genetics and strains

Culture and genetic manipulations of C. elegans strains were
carried out (Brenner 1974) at 20°C except where indicated oth-
erwise. All fog-2(q71)V (Schedl and Kimble 1988) strains were
maintained as male/female stocks. vab-1 alleles (George et al.
1998) were maintained as homozygous strains or were balanced
in male/female stocks using the inversion mIn1[dpy-10(e128)
mIs14(myo-2�gfp + pes-10�gfp)]II (Edgley and Riddle 2001),
which is dominantly marked with gfp. The strains and genetic
markers used or generated were as follows: DG620 [unc-13(e51)
fog-3(q443)/hT2I] (Ellis and Kimble 1995), PD8488 [rrf-
1(pk1417)I], DG1743 [fog-3(q443)/hT2(qIs48)I], DG1744 [rrf-
1(pk1417) fog-3(q443)/hT2(qIs48)I], CB2 [vab-1(e2)]II, CZ337
[vab-1(dx31)II], CZ414 [vab-1(e699)II], CZ479 [vab-1(ju8)II],
DG1610 [vab-1(e2)/mIn1II; fog-2(q71)V], DG1612 [vab-
1(dx31)/mIn1II; fog-2(q71)V], DG1635 [vab-1(e2)/mIn1II; fog-
2(q71)V; ceh-18(mg57)X], DG1650 [vab-1(dx31)/mIn1II; fog-
2(q71)V; ceh-18(mg57)X], DG1669 [vab-1(e699)/mIn1II; fog-
2(q71)V; ceh-18(mg57)X], CZ793 {vab-1(e2027)II; lin-
15(n765ts)X; juIs24[vab-1�gfp + lin-15(+)]}, cam-1(gm105 and
gm122)II (Forrester et al. 1999), DG1695 [cam-1(gm122)/
mIn1II; fog-2(q71)V], DG1696 [cam-1(gm105)/mIn1II; fog-
2(q71)V], CZ1743[efn-2(ev658)IV] (Wang et al. 1999), DG1633
[efn-2(ev658)IV; fog-2(q71)V], DG1647 [efn-2(ev658)IV, fog-
2(q71)V; ceh-18(mg57)X], BS980 [unc-24(e138) fem-3(e1996)/
nT1IV; emo-1(oz1)/nT1V] (Iwasaki et al. 1996), BS939 [emo-
1(oz1)/DnT1V], WM43 [gex-3(zu196)/DnT1IV] (Soto et al.
2002), DH1390 [rme-2(b1008)IV] (Grant and Hirsh 1999),
DG1621 [cav-1(ok270)IV], DG1623 [tsp-12(T14G10.6ok239)IV],
CB96 [vab-2(e96)IV], EM305 [efn-4(bx80)IV; him-5(e1490)],
DG1737 [lip-1(zh15)IV; fog-2(q71)V], CB4108 [fog-2(q71)V],
DG1604 [fog-2(q71)V; ceh-18(mg57)X], NW1389 [efn-
3(ev696)X] (Wang et al. 1999), and GR1034 [ceh-18(mg57)X]
(Greenstein et al. 1994).
For marker scoring, ceh-18(mg57)X was scored by gonadal

phenotype and by PCR. efn-2(ev658)IV was scored using the
highly penetrant L1-stage head tip defect. mIn1 was scored us-
ing its recessive Dumpy (homozygotes) and dominant Green
(heterozygotes) phenotypes. vab-1 mutants (dx31, e2, e699, and
ju8) were scored using the notched-head phenotype and/or by
the absence of a Green phenotype in the progeny of mIn1-bear-
ing parents. rrf-1(pk1417) was scored by PCR (Sijen et al. 2001).
Maturation rates in rrf-1(pk1417); fog-3(q443) females were not
significantly different than fog-3(q443) females.
To construct strains of genotype vab-1(x)/mIn1II;fog-

2(q71)V, fog-2(q71) males were crossed to vab-1(x) hermaphro-
dites. The F1 males were then crossed to mIn1 hermaphrodites,
and cross-progeny were cultured individually. Females of geno-
type vab-1(x)/mIn1;fog-2(q71) were recovered and crossed to
fog-2(q71)males. In the next generation, a series of single male/
female matings were set up in which the female had a nonGreen
phenotype and the male had a Green phenotype (mIn1/+), as
assessed using a dissecting microscope equipped with indirect
fluorescence illumination optics. A final series of single male/
female matings were set up in which both mating partners had
a Green phenotype. From these matings, balanced vab-1(x)/
mIn1;fog-2(q71) male/female stocks were recovered.
To construct strains of genotype vab-1(x)/mIn1II;fog-

2(q71)V;ceh-18(mg57)X, vab-1(x)/mIn1;fog-2(q71) males were
crossed to fog-2(q71);ceh-18(mg57) females. The F1 ceh-
18(mg57) hemizygous males were crossed to fog-2(q71);ceh-
18(mg57) females. From these crosses, a series of single male/
female matings were set up in which the female had a nonGreen
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phenotype and the male had a Green phenotype. A final series of
single male/female matings were set up in which both mating
partners had a Green phenotype in order to recover vab-1(x)/
mIn1;fog-2(q71)V;ceh-18(mg57)X balanced male/female stocks.

Phenotypic analysis and cell biology

Standard protocols for analyzing oocyte meiotic maturation,
sheath contraction, and MAPK activation were used (Miller et
al. 2001). MAPK experiments were repeated two or more times
using 50–100 dissected gonads per experiment. Representative
images are shown. Gonadal sheath cell contraction rates were
determined from time-lapse video recordings prepared at room
temperature (23°C). Oocyte meiotic maturation rates were de-
termined by monitoring total ovulations in 1–4-h time periods.
Sheath contraction rates and oocyte meiotic maturation rates
were scored in animals 24–48 h after the mid-L4 stage. The
microinjection of MSP and MSP-FITC into unmated fog-2(q71)
females was described (Miller et al. 2001). RNAi was performed
in L4 and adult hermaphrodites using the feeding method (Ka-
math et al. 2001). The number of fertilized eggs and unfertilized
oocytes laid on plates was determined during a 7-d time course.
vab-1mutant hermaphrodites that died or those with egg-laying
defects were not scored. The uterus of old vab-1 mutant her-
maphrodites frequently clogs with unfertilized oocytes, which
we were unable to count. Incompletely penetrant gonadal de-
fects are observed in vab-1 and vab-1; ceh-18 mutants, includ-
ing the depletion of oocytes from the gonad and defective ovu-
lation. These defects typically occur in less than 20% of ani-
mals, which were not used for quantitating maturation rates.
Misshapen oocytes are observed more frequently. Oocytes are
occasionally small or missing (less than 20% of animals) in
adult efn-2(ev658);ceh-18(mg57) female gonad arms. These ani-
mals appear to ovulate oocytes faster than they generate them
and were not used for quantitation. We analyzed lip-1(zh15);
fog-2(q71) females as a control because a recent report suggested
that lip-1 is necessary for oocytes to arrest or maintain arrest at
diakinesis (Hajnal and Berset 2002). We observed that oocytes in
lip-1(zh15); fog-2(q71) females stacked in the gonad arm and did
not undergo maturation and ovulation at elevated rates (M.
Miller and D. Greenstein, unpubl.).

Receptor binding

MSP-6His was purified from E. coli (Miller et al. 2001) and la-
beled with NHS-Fluorescein (Pierce) at 23°C in the dark for 1–4
h, according to the manufacturer’s instructions. An excellulose
desalting column (Pierce) was used to remove unreacted NHS-
Fluorescein. Gonads were dissected in egg-salts solution (118
mM NaCl, 48 mM KCl) and incubated with 200 µL MSP-FITC
for 20 min. Gonads were then washed three times with 200 µL
or once with 1 mL egg-salts, fixed in 1% paraformaldehyde for
5 min, and mounted. MSP binding was quantified on an Axio-
vert 200M photomicroscope (Zeiss) equipped with an Orca ER
(Hamamatsu) charge-coupled device camera. Average pixel in-
tensity was measured in arbitrary fluorescent units from linear-
range exposures using MetaMorph software (Universal Imag-
ing). A 25µ2 region from the two most proximal oocytes of the
gonad arm was used for quantitation. Binding was measured by
subtracting nonspecific binding from specific binding to oo-
cytes. Each binding experiment was performed with and com-
pared to a parallel control group. COS-7 cells were transfected
with 2–6 µg of VAB-1 or Src control plasmids as described (Ruest
et al. 2001). Cells were grown on coverslips, incubated in 100–
200 nM MSP-FITC, washed with 50 mL phosphate-buffered sa-
line, and mounted.

VAB-1�GFP expression

The rescuing VAB-1�GFP transgenic reporter juIs24 was visu-
alized using an Axiovert 200M photomicroscope equipped with
a Orca ER charge-coupled device camera. For detection, gonads
were dissected, fixed for 10 min in 50% ethanol, and mounted.
To eliminate background fluorescence in oocytes, animals were
incubated in egg-salts solution for 3 h prior to dissection. Axial
scans were performed on wild-type and juIs24 gonads using step
sizes of approximately one micron. We used AutoDeblur (Au-
toQuant Imaging), the Blind Deconvolution software applica-
tion, to remove out-of-focus haze and blur from these 3D mi-
crographs. With this method, VAB-1�GFP is detectable in
25%–50% of dissected gonads. However, rescue of vab-1(0) oo-
cyte and sheath cell defects was observed in all juIs24 hermaph-
rodites examined (n > 25).
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