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  Abstract   In sexually reproducing animals, oocytes arrest at diplotene or diakinesis 
and resume meiosis (meiotic maturation) in response to hormones. Chromosome 
segregation errors in female meiosis I are the leading cause of human birth defects, 
and age-related changes in the hormonal environment of the ovary are a suggested 
cause.  Caenorhabditis elegans  is emerging as a genetic paradigm for studying hor-
monal control of meiotic maturation. The meiotic maturation processes in  C. ele-
gans  and mammals share a number of biological and molecular similarities. Major 
sperm protein (MSP) and luteinizing hormone (LH), though unrelated in sequence, 
both trigger meiotic resumption using somatic G a  

s
 -adenylate cyclase pathways and 

soma–germline gap-junctional communication. At a molecular level, the oocyte 
responses apparently involve the control of conserved protein kinase pathways and 
post-transcriptional gene regulation in the oocyte. At a cellular level, the responses 
include cortical cytoskeletal rearrangement, nuclear envelope breakdown, assembly 
of the acentriolar meiotic spindle, chromosome segregation, and likely changes 
important for fertilization and the oocyte-to-embryo transition. This chapter focuses 
on signaling mechanisms required for oocyte growth and meiotic maturation in 
 C. elegans  and discusses how these mechanisms coordinate the completion of meiosis 
and the oocyte-to-embryo transition.  
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    10.1   Overview 

    10.1.1   Meiosis and the Meiotic Maturation Divisions 

 Cells of the germ line form gametes and establish an unbroken chain between 
 generations. The physical links in this chain, forged by the union of gametes at fer-
tilization, are dependent on the faithful execution of meiosis. Meiosis ensures the 
formation of euploid embryos by halving the number of chromosomes contributed 
by each gamete (see Chap.   6    , Lui and Colaiácovo  2012  ) . Despite this universal 
requirement in the sexual reproduction of eukaryotic organisms, meiosis is regu-
lated differently in oocytes and spermatocytes. Whereas spermatocytes proceed 
through the meiotic divisions uninterrupted (see Chap.   7    , Chu and Shakes  2012  ) , 
oocytes almost invariably arrest once, and sometimes twice following premeiotic 
DNA replication and meiotic recombination, depending on the species. This unique 
characteristic of oocyte meiosis, as well as its close temporal association with fertil-
ization, was recognized early by developmental biologists, who coined the term 
“meiotic maturation” for the nuclear and cytoplasmic changes occurring in oocytes 
just before zygote formation (Wilson  1925 ; Masui and Clarke  1979  ) . Oocyte mei-
otic maturation is de fi ned by the transition between diakinesis and metaphase of 
meiosis I and is accompanied by nuclear envelope breakdown, rearrangement of the 
cortical cytoskeleton, and meiotic spindle assembly (Fig.  10.1 ). The timing of the 
meiotic divisions with respect to fertilization varies among species (Fig.  10.1 ). 
Despite these differences in timing, molecular underpinnings of oocyte meiotic 
maturation are conserved among different animals. The discovery of Maturation 

  Fig. 10.1    Oocyte meiotic maturation and egg activation. The oocytes of most animals arrest in 
meiotic prophase I (primary arrest), and resume meiosis (meiotic maturation) in response to hor-
monal stimulation (star fi sh, 1-methyladenine;  Xenopus , progesterone;  C. elegans , MSP; humans, 
LH). Meiotic maturation is accompanied by germinal vesicle breakdown (GVBD), cortical 
cytoskeletal reorganization, and meiotic spindle assembly ( blue circles  are polar bodies). The point 
of fertilization is species dependent—in  C. elegans , fertilization happens when the mature oocyte 
enters the spermatheca at ovulation. Oocytes of many species undergo secondary arrests before 
fertilization, which triggers egg activation, as indicated       
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promoting factor (MPF; Masui and Markert  1971 ; Masui  2001  )  in studies of meiotic 
maturation in amphibian oocytes provides a prime example. Genetic and biochemi-
cal analysis of the cell cycle, together with MPF puri fi cation, demonstrated that 
cyclin-dependent protein kinases are universal regulators of meiotic and mitotic cell 
cycle progression in eukaryotes (Morgan  2007  ) .  

 This review, like its antecedent chapters, focuses on the regulation of key devel-
opmental events in the germ line, here oocyte growth and meiotic maturation, in the 
nematode  Caenorhabditis elegans . As an experimental system,  C. elegans  is a rela-
tive newcomer to this area of reproductive and developmental biology, yet the worm 
offers a number of advantages, including the ability to observe the events of oocyte 
growth and meiotic maturation in intact living animals and the potential to perturb 
normal development by mutational analysis and RNA interference. Intercellular 
signaling between gametes, and between the soma and germ line, regulates oocyte 
meiotic maturation and is a focal point of current research in this  fi eld.  

    10.1.2   Maturation-Promoting Factor 

 In  C. elegans , as for all examined species, MPF is a master regulator of cell cycle 
progression during oocyte meiotic maturation (Boxem et al.  1999 ; Burrows et al. 
 2006  ) . Because studies in vertebrate systems established the foundation for the mei-
otic maturation  fi eld, these studies are brie fl y reviewed to provide context for dis-
cussion of the  C. elegans  system. Classic studies of amphibian oocyte meiotic 
maturation by Yoshio Masui  fi rst led to the discovery of MPF (Masui and Markert 
 1971 ; Tunquist and Maller  2003  ) . MPF consists of the Cdk1 catalytic subunit and 
the cyclin B regulatory subunit (Dunphy et al.  1988 ; Gautier et al.  1988 ; Lohka et al. 
 1988 ; Gautier et al.  1990  ) . The cyclin B/Cdk1 protein kinase is inactive in immature 
oocytes due to inhibitory CDK phosphorylations at Thr14 and Tyr15 catalyzed by 
the Wee1 or Myt1 kinases (Fig.  10.2 ; Kornbluth et al.  1994 ; Mueller et al.  1995  ) . In 
 Xenopus , these inhibitory phosphorylations are removed by the conserved Cdc25 
phosphatase following stimulation with progesterone (Kumagai and Dunphy  1991  ) , 
which leads to nuclear envelope breakdown. An initial signal for MPF activation is 
ampli fi ed by a positive feedback loop in which the active CDK promotes the inacti-
vation of its inhibitors, Wee1 and Myt1 (Walter et al.  2000 ; Peter et al.  2002  ) , and 
stimulates its activator, Cdc25 (Kumagai and Dunphy  1996  ) . The Greatwall kinase 
is a new component of the pathway for MPF activation (Yu et al.  2006 ; Zhao et al. 
 2008  ) . Itself an MPF substrate, Greatwall inhibits protein phosphatase 2A (PP2A) 
activity, which in turn is an inhibitor of Cdc25. Greatwall exerts its effects by phos-
phorylating the PP2A inhibitor  a -endosul fi ne (Castilho et al.  2009 ; Mochida et al. 
 2010  ) , which is required for meiotic maturation in  Drosophila  (Von Stetina et al. 
 2008  ) . Since Greatwall is not found in  C. elegans , but other pathway components 
are conserved (Fig.  10.2 ) another kinase might contribute to MPF activation loop in 
this organism. In fact, the  C. elegans , polo-like kinase PLK-1 is required for timely 
germinal vesicle breakdown (GVBD) and the completion of meiosis (Chase et al.  2000  ) . 



280 S. Kim et al.

Active MPF phosphorylates substrates that function in key cellular processes of 
meiotic maturation including nuclear envelope breakdown, chromosome condensa-
tion, and spindle assembly. Subsequently, M-phase exit and anaphase chromosome 
segregation require the function of a multi-subunit E3 ubiquitin ligase called the 
anaphase promoting complex or cyclosome (APC/C; Peters  2002  ) , which promotes 
cyclin B degradation and MPF inactivation.   

    10.1.3   Translational Regulation and Meiotic Maturation 

 The regulation of translation is a critical aspect of meiotic maturation (Mendez and 
Richter  2001  ) . The oocytes of most animals possess translationally repressed or 
“masked” mRNAs that are translated upon meiotic resumption or following fertil-
ization. Progesterone-induced oocyte meiotic maturation in frogs requires new pro-
tein synthesis but not new transcription (Smith and Ecker  1969  ) . Translation of 
several key regulatory proteins promotes meiotic progression, including the MPF 
subunit cyclin B (Hochegger et al.  2001 ; Haccard and Jessus  2006  ) , the novel cyclin 
Ringo/Speedy (Ferby et al.  1999 ; Lenormand et al.  1999  ) , and Mos, which func-
tions as a mitogen-activated protein kinase kinase kinase (MAPKKK; Sagata et al. 
 1988 ; Dupre et al.  2002 ; Haccard and Jessus  2006  ) . In  Xenopus , mitogen-activated 
protein kinase (MAPK) activates Cdc25 to promote meiotic maturation (Wang et al. 
 2007  ) , and there is evidence for positive feedback, ensuring an all-or-none response 
(Liang et al.  2007  ) . Members of the Aurora A family of serine/threonine protein 
kinases also play critical roles during oocyte maturation. The Eg2 aurora family 
kinase is phosphorylated and activated soon after progesterone stimulation in 

  Fig. 10.2    Pathways regulating MPF activity. Activation loops resulting in ampli fi ed MPF activation 
and meiotic maturation are in  red . Regulators inhibiting MPF activation, and inhibited by the 
MPF-dependent feed-forward activation loops, are in  black . The Greatwall kinase is not conserved 
in  C. elegans , but other components are conserved: the PP2A catalytic subunit is LET-92; the 
PP2A structural subunit is PAA-1; there are several PP2A regulatory subunits (PPTR-1, PPTR-2, 
RSA-1, SUR-6, C06G1.5, F47B8.3, T22D1.5); and  a -endosul fi ne is K10C3.2       
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 Xenopus  oocytes (Andresson and Ruderman  1998  ) . The Eg2 kinase phosphorylates 
the cytoplasmic polyadenylation element binding protein (CPEB) on Ser174 to pro-
mote polyadenylation and translation of  mos  mRNA (Mendez et al.  2000  ) . 
Biochemical studies in the  Xenopus  system suggest that functionally redundant 
translational regulatory pathways control MPF activation in response to the meiotic 
maturation hormone (Haccard and Jessus  2006  ) . The ability to conduct genetic 
analysis in the  C. elegans  system might prove helpful in teasing apart functional 
redundancies in meiotic maturation regulatory pathways. 

 While the regulation of meiotic maturation in the  Xenopus  system is still being 
actively investigated, the current view is that cytoplasmic polyadenylation of 
mRNAs promotes translation by promoting a conformation in which the initiation 
factors eIF4E and eIF4G are productively engaged (Richter  2007  ) . In mice, inacti-
vation of CPEB using oocyte-speci fi c RNAi reduced fertility and led to a variety of 
defects including premature meiotic maturation, parthenogenesis, and defective fol-
liculogenesis (Racki and Richter  2006  ) . It is clear that other translational control 
factors, besides CPEB, are critical for oocyte meiosis. For example,  Xenopus  
Pumilio-2 is required for Ringo/Speedy translation in response to progesterone, 
which in turn results in the activation of CPEB and  mos  mRNA translation 
(Padmanabhan and Richter  2006  ) . 

 In addition to the control of translation by the regulation of cytoplasmic polyade-
nylation, studies of mouse oocytes suggest the involvement of small RNA pathways 
in the completion of meiosis. An analysis of fertility defects of Dicer-de fi cient and 
Argonaute 2-de fi cient oocytes was reported in the mouse (Murchison et al.  2007 ; 
Tang et al.  2007 ; Kaneda et al.  2009  ) . These studies suggest that translational regu-
lation by microRNAs in the germ line is important for normal oocyte meiotic matu-
ration and zygotic development. While there has been considerable progress in 
elucidating the biochemistry of kinase cascades and translational control, it is less 
clear how hormonal signaling and soma–germline interactions tie into these intrac-
ellular processes to regulate meiotic maturation. The following section reviews 
studies that establish  C. elegans  as a genetic model system for studying the regula-
tion of oocyte meiotic maturation by hormonal signaling.   

    10.2   Meiotic Maturation in  C. elegans  

    10.2.1   Timing of Events 

 Oocyte meiotic maturation can be viewed by time-lapse videomicroscopy of living 
animals (Ward and Carrel  1979  ) . The timing of landmark events during meiotic 
maturation (McCarter et al.  1999  )  and the ultrastructure of the proximal gonad (Hall 
et al.  1999 ; Hall and Altun  2008  )  have been described. The nuclear envelope of the 
most proximal oocyte breaks down ~5 min prior to ovulation as it enters meiotic 
M-phase from prophase (Fig.  10.3 ; McCarter et al.  1999  ) . During maturation, the 
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oocyte also undergoes a structural change termed cortical rearrangement (McCarter 
et al.  1999  ) . These changes within the oocyte coincide with a reproducible sequence 
of somatic motor events mediated by the contractile proximal sheath cells and the 
distal spermatheca resulting in ovulation. As the nuclear envelope breaks down, 
microtubules gain access to the highly condensed bivalents and the acentriolar mei-
otic spindle begins to assemble (Yang et al.  2003  ) . Fertilization appears to occur 
rapidly upon oocyte entry into the spermatheca (Ward and Carrel  1979 ; Samuel 
et al.  2001  ) . The fertilized embryo enters the uterus approximately 4 min after ovu-
lation and the meiotic divisions are completed there within approximately 30 min of 
nuclear envelope breakdown, with the MI division taking approximately 20 min and 
the MII division taking approximately 10 min (McCarter et al.  1999  ) .   

    10.2.2    C. elegans  Sperm Use Major Sperm Proteins to Promote 
Meiotic Maturation 

 In a landmark study, McCarter et al.  (  1999  )  showed that a sperm-associated signal 
promotes oocyte meiotic maturation and contraction of the follicle-like gonadal 
sheath cells, prior to and independent of fertilization. In females (genetically altered 
XX animals that produce no sperm), oocytes mature and are ovulated at low rates 
(<0.1 maturations per gonad arm per hour). Mating of spermless females to wild-
type males, or fertilization incompetent sperm-defective ( spe ) mutant males, restores 
a normal rate of oocyte maturation (~2.5 maturations per gonad arm per hour; 
McCarter et al.  1999  ) . Oocytes also appear to exhibit an increase in metabolic activ-
ity in the presence of sperm (Yang et al.  2010  ) . A gonad arm in a female produces 

  Fig. 10.3    A model for the control of germline proliferation, oocyte growth, and meiotic maturation by 
GLP-1/Notch and MSP signaling. One of the two adult hermaphrodite gonad arms is depicted (indicated 
are:  DTC  distal tip cell;  TZ  transition zone; and proximal oocytes, –1 to −3). Arrows indicate cytoplasmic 
 fl ow for oocyte growth. p-rMLC is shown in  brackets  to indicate that MSP signaling is suf fi cient to 
promote rMLC phosphorylation in the germline, whereas the  glp-1  pathway appears dispensable       
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~15 diakinesis arrested oocytes. Thus, sperm signaling is not required for germline 
development up to the diakinesis stage. However, in the absence of sperm, the 
assembly-line production of oocytes halts. The continued presence of sperm is 
required for continued oogenesis. As explained below, in addition to promoting 
meiotic maturation, sperm stimulate the cytoplasmic  fl ows that drive oocyte growth. 

 In nematodes, the ancestral mating system appears to be male–female, whereas 
hermaphroditism and parthenogenesis are derived alternative reproductive strate-
gies (Cho et al.  2004 ; Kiontke et al.  2004 ; Kiontke and Fitch  2005 ; Woodruff et al. 
 2010  ) . The regulation of meiotic maturation by sperm in many nematodes might 
function to preserve germline resources, for if oocytes undergo meiotic maturation 
in the absence of sperm, they rapidly lose competence for fertilization, become 
endomitotic, and are expelled from the animal through the vulva. The stimulation of 
meiotic resumption by sperm provides an ef fi cient means for uniting developmen-
tally fertilization-competent sperm and oocyte. 

 The sperm signal for oocyte meiotic maturation was identi fi ed biochemically 
(Miller et al.  2001  ) . The surprising result was that the major sperm proteins (MSPs), 
central cytoskeletal elements required for the actin-independent motility of nema-
tode spermatozoa (Bottino et al.  2002  ) , have a dual role in  C. elegans  reproduction, 
functioning as hormones for oocyte meiotic maturation and gonadal sheath cell 
contraction (Miller et al.  2001  ) . An in vivo bioassay was used in which sperm-
conditioned medium or sperm lysates were injected into the uterus of unmated 
 fog-2  female animals, and oocyte meiotic maturation and gonadal sheath cell 
contraction were monitored by time-lapse videomicroscopy. Using meiotic matura-
tion as a functional readout, the bioactive factors were puri fi ed to homogeneity 
with reversed-phase high-performance liquid chromatography and shown to contain 
only the MSPs by mass spectrometry. Injection of anti-MSP antibodies into the 
uterus of hermaphrodites results in a reduction in ovulation rates (Miller et al.  2001  ) , 
consistent with the hypothesis that MSPs function as endogenous signals. A multi-
gene family of 28 genes encodes MSP proteins that share approximately 97–100% 
identity (Burke and Ward  1983 ; Klass et al.  1984 ; Ward et al.  1988  ) . Several MSP 
isoforms, including MSP-38, MSP-77, and MSP-142, have been expressed in 
bacteria, either with or without N-terminal 6His-Tags, and shown to induce meiotic 
maturation and sheath cell contraction when injected into the uterus at a range of 
concentrations (25–100 nM) (Miller et al.  2001 ; Govindan et al.  2009  ) . The actual 
concentration range for signaling is likely considerably lower because the initial 
volume of injected MSP solution (~50 pl) subsequently diffuses within the uterus, 
spermatheca, and gonad arm. 

 The identi fi cation of a signaling role for MSP raised the question of how sperma-
tozoa, devoid of ribosomes, endoplasmic reticulum (ER), and Golgi, release a 
cytoskeletal protein lacking a signal sequence. Non-motile spermatids and motile 
spermatozoa appear to bud MSP-containing vesicles to signal sheath cells and 
oocytes (Kosinski et al.  2005  ) . MSP vesicles appear to be labile structures, which 
provide a potential basis for release of MSP in an extracellular form that exhibits a 
graded distribution in the gonad. 

 MSP is a bipartite signal for meiotic maturation and sheath cell contraction 
because a synthetic peptide consisting of evolutionarily conserved C-terminal 21 
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amino acids stimulates sheath cell contraction at normal levels, but not meiotic 
maturation (Miller et al.  2001 ; Yin et al.  2004  ) . By contrast, an MSP deletion deriva-
tive lacking this C-terminal region can promote meiotic maturation, but is less 
ef fi cient in its ability to promote sheath cell contraction (Miller et al.  2001  ) . 
This result suggests that MSP possesses two separable signaling functions and there-
fore likely activates distinct signal transduction pathways for meiotic maturation and 
sheath contraction (Miller et al.  2001  ) . Consistent with this prediction and as described 
below, meiotic maturation requires G a  

s
 -adenylate cyclase-protein kinase A (PKA) 

signaling in the gonadal sheath cells, whereas sheath cell contraction requires EGL-
30/G a  

q
  signaling (Govindan et al.  2009  ) . Divergent MSP-related proteins, called 

VAPs (for VAMP-associated protein) share only ~20% amino acid identity with 
nematode MSP yet fold into similar seven-stranded immunoglobulin  b  sandwich-like 
structures (Kaiser et al.  2005  ) . Human,  Drosophila  and  C. elegans  VAPs are able to 
signal meiotic maturation and sheath contraction using the  C. elegans  bioassay 
(Tsuda et al.  2008  ) . A phylogenetic analysis of MSP domain-containing proteins 
indicates that the VAP clade is widely distributed among plants, animals, and protists, 
but that three additional clades are largely nematode speci fi c (Tarr and Scott  2005  ) . 
Recent results in  Drosophila ,  C. elegans , and mammals suggest that some VAP family 
members can function as extracellular signals (Tsuda et al.  2008  ) .  

    10.2.3   Molecular Readouts of MSP Signaling 

 MSP promotes meiotic maturation and sheath cell contraction and activates signal-
ing pathways that are important for both processes. These readouts include activa-
tion of MAPK in the germ line, reorganization of oocyte microtubules, localization 
of the AIR-2 Aurora B kinase to chromatin, reorganization of ribonucleoprotein 
complexes in oocytes, and stimulation of actomyosin-based motility. Each of these 
readouts of MSP signaling is now discussed. 

    10.2.3.1   Activation of MPK-1 MAPK in the Germ Line 

 In  C. elegans , the MPK-1 MAPK pathway functions in multiple developmental 
processes in the germ line, including the speci fi cation of the male germline fate in 
males and hermaphrodites, progression through pachytene, the negative regulation 
of physiological apoptosis in the germ line, and the control of oocyte growth and 
meiotic maturation (Lee et al.  2007 ; Arur et al.  2009    ) . MPK-1 appears to have mul-
tiple targets that function in diverse cellular processes in the germ line, including 
morphogenesis and cellular organization of the gonad, oocyte growth control, and 
oocyte organization and differentiation (Lee et al.  2007 ; Arur et al.  2009  ) . Proximal 
oocytes exhibit MAPK activation in the presence of sperm, as detected using 
antibodies that speci fi cally recognize the diphosphorylated-activated form of 
MPK-1 MAPK (dpMPK-1; Miller et al.  2001 ; Page et al.  2001 ; Lee et al.  2007  ) . 
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Injection of MSP into the uterus of unmated females is suf fi cient to generate 
dpMPK-1 in oocytes within 40 min of injection (Miller et al.  2001 ; Jud et al.  2008  ) . 
MAPK activation plays critical roles in regulating cytoplasmic and nuclear events 
of meiotic maturation in invertebrates and vertebrates (Ferrell  1999a,   b ; Haccard 
and Jessus  2006 ; Liang et al.  2007  ) , presumably through phosphorylation of speci fi c 
targets. While the exact functions of MAPK in meiotic maturation are not fully 
de fi ned at a mechanistic level, the identi fi cation of MAPK substrates will provide 
multiple handles on this problem (Arur et al.  2009,   2011  ) .  

    10.2.3.2   Microtubule Reorganization Prior to Fertilization 

 The meiotic spindles of most animal oocytes are distinctive from mitotic spindles of 
somatic cells in terms of their mechanism of assembly, their function, and their 
modes of regulation. The female meiotic spindles of many species are both acen-
triolar and anastral (Albertson and Thomson  1993  ) . Instead of relying on cen-
trosomes for assembly of a bipolar spindle, the meiotic chromatin functions to 
nucleate microtubules, which self-organize through incompletely understood mech-
anisms that involve sorting by microtubule motors and microtubule dynamics (Heald 
et al.  1996 ; Matthies et al.  1996 ; Walczak et al.  1998 ; Skold et al.  2005  ) . Assembly 
of a bipolar meiotic spindle through chromatin-dependent mechanisms requires that 
the cytoplasmic microtubules gain access to the nuclear environment, which occurs 
upon GVBD during the meiotic maturation process. MSP causes GVBD, which as 
suggested by studies in other systems (Kalab et al.  2011  ) , might expose spindle 
assembly proteins to a RanGTP gradient, thereby driving spindle assembly. 

 Interestingly, MSP might promote meiotic spindle assembly through effects on 
microtubule dynamics that occur prior to GVBD. MSP is suf fi cient to trigger the 
reorganization of cytoplasmic microtubules in the oocyte prior to GVBD and fertil-
ization (Harris et al.  2006  ) . When MSP is absent, as in females or older hermaphro-
dites, microtubules are enriched at the proximal and distal cortices of oocytes. In 
mated females or younger hermaphrodites, microtubules are dispersed evenly in a 
net-like fashion throughout the cytoplasm of proximal oocytes. A quantitative assay 
for oocyte microtubule reorganization was used to show that puri fi ed MSP is 
suf fi cient to direct cytoskeletal remodeling in the oocyte. The presence of MSP 
affects the localization and density of growing plus ends, as well as their direction-
ality of movement.  

    10.2.3.3   Localization of the AIR-2 Aurora B Kinase to Oocyte Chromatin 

 The establishment, maintenance, and stepwise loss of sister chromatid cohesion are 
essential for faithful meiotic chromosome segregation. The AIR-2 Aurora B kinase 
provides a potential link between the sister chromatid cohesion maintenance appa-
ratus and MSP signaling. Chromatin localization of the AIR-2 to the meiotic chro-
mosomes of proximal oocytes depends on the presence of sperm (Schumacher et al. 
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 1998  )  and MSP is suf fi cient to promote AIR-2 chromatin localization (Govindan 
et al.  2009  ) . During anaphase I, sister chromatid cohesion at the short arm of the 
bivalent, which mediates interhomolog association, is selectively removed to allow 
separation of homologs. By contrast, sister chromatid cohesion at the long arm of 
the bivalent must be maintained until anaphase II.  C. elegans  has holocentric chro-
mosomes and microtubules appear to attach to both lateral and poleward ends of 
meiotic chromosomes (Albertson and Thomson  1993 ; Howe et al.  2001 ; Wignall 
and Villeneuve  2009  ) . The structure and function of holocentric  C. elegans  chromo-
somes depends on both conserved and novel factors (Maddox et al.  2004 ; Zetka 
 2009  ) . A novel protein, LAB-1 is required to protect sister chromatid cohesion dur-
ing meiosis I (de Carvalho et al.  2008  ) . LAB-1 binds to the long arm of the bivalent 
and excludes the AIR-2 Aurora B kinase. AIR-2 localizes to the interface between 
homologs where it phosphorylates the REC-8 meiosis-speci fi c cohesin kleisin sub-
unit promoting its cleavage by separase at anaphase I (Kaitna et al.  2000 ; Rogers 
et al.  2002  ) .  C. elegans  has three meiosis-speci fi c kleisin paralogs,  rec-8 ,  coh-3 , and 
 coh-4 , which are required for sister chromatid cohesion during meiosis yet carry out 
speci fi c functions (Severson et al.  2009  ) . Among these, REC-8 is uniquely required 
for maintaining sister chromatid cohesion after meiosis I (Severson et al.  2009  ) . 
Thus, when sperm are present for fertilization, oocytes prepare in advance to initiate 
chromosome segregation. MSP signaling might be integrated with oocyte intrinsic 
mechanisms to maintain a high  fi delity of chromosome segregation.  

    10.2.3.4   Reorganization of Ribonucleoprotein Particles 

 Cortically-localized aggregates of ribonucleoprotein particles (RNPs) form in the 
oocytes of unmated females or in older adult hermaphrodites that have depleted 
their self sperm (Schisa et al.  2001 ; Jud et al.  2007,   2008 ; Noble et al.  2008 ; Patterson 
et al.  2011  ) . The large RNPs that accumulate in arrested oocytes might function to 
translationally repress and preserve mRNAs that are needed for meiotic maturation 
and early embryo development. MSP was shown to be suf fi cient to promote the 
dissolution of large RNP foci in oocytes (Jud et al.  2008  ) .   

    10.2.4   The Gonadal Sheath Cells Regulate Oocyte 
Meiotic Maturation 

 The gonadal sheath cells function as the major determinant of all described ger-
mline responses to the MSP hormone (Miller et al.  2003 ; Govindan et al.  2006, 
  2009 ; Harris et al.  2006 ; Jud et al.  2008 ; Nadarajan et al.  2009  ) . A role for the 
gonadal sheath cells in regulating meiotic maturation was suggested from an analy-
sis of the POU-homeobox gene  ceh-18 , which is expressed in the gonadal sheath 
cells and required for their proper differentiation and function (Greenstein et al. 
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 1994 ; McCarter et al.  1997 ; Rose et al.  1997  ) . Oocytes in  ceh-18  mutant females 
exhibit a defect in meiotic arrest and undergo MAPK activation, meiotic matura-
tion, and ovulation despite the absence of sperm (Greenstein et al.  1994 ; Miller 
et al.  2003 ; Govindan et al.  2006 ; Suzuki and Han  2006  ) . 

    10.2.4.1   Antagonistic G a  s  and G a  o/i  Pathways Regulate Meiotic Maturation 

 Besides their essential mechanical role in the process of ovulation (see below), the 
gonadal sheath cells regulate meiotic maturation through both inhibitory and stimu-
latory pathways. In the absence of sperm, the sheath cells are critical for inhibiting 
meiotic maturation, thereby preventing maturation, ovulation, and ultimately wast-
age of metabolically costly oocytes. An RNAi screen in a  fog-2  female background 
was used to de fi ne negative regulatory pathways that inhibit meiotic maturation in 
the absence of sperm (Govindan et al.  2006  ) . This screen identi fi ed  goa-1 , which 
encodes G a  

o/i
 , as a strong negative regulator of meiotic maturation.  goa-1  is 

expressed in the germ line and somatic gonad, but the use of somatic gonad RNAi-
de fi cient strains indicates that  goa-1  functions in the somatic gonad to inhibit 
meiotic maturation in the absence of sperm (Govindan et al.  2006  ) . 

 The gonadal sheath cells also have an essential function in promoting meiotic 
maturation when sperm are present. This activation function is mediated by com-
ponents of the G a  

s
 -adenylate cyclase-protein kinase A pathway (Govindan et al. 

 2006,   2009  ) . RNAi to the stimulatory G a  
s
  protein, encoded by  gsa-1 , prevents 

oocytes from undergoing meiotic maturation despite the presence of sperm 
(Govindan et al.  2006  ) .  gsa-1  is an essential gene;  gsa-1  null mutants die as L1 
stage larvae (Korswagen et al.  1997  ) . Genetic mosaic analysis using a  gsa-1  null 
mutant demonstrated that  gsa-1  is required in somatic cells of the gonad for mei-
otic maturation (Govindan et al.  2009  ) . Importantly,  gsa-1  was shown to be dis-
pensable in germ cells for meiotic maturation, and there was no evidence for 
maternal contribution of  gsa-1  to early development.  acy-4 , which encodes one of 
four  C. elegans  adenylate cyclases, is required for meiotic maturation (Fig.  10.4 ). 
Genetic mosaic analysis established that  acy-4  functions in the gonadal sheath 
cells to promote meiotic maturation (Govindan et al.  2009  ) . Likewise, genetic 
mosaic analysis revealed that  kin-1 , which encodes the catalytic subunit of cAMP-
dependent PKA, is required in the gonadal sheath cells for meiotic maturation (S. 
Kim, J.A. Govindan, and D. Greenstein, unpublished results). As expected,  acy-4  
acts by regulating PKA activity because a mutation in  kin-2 , which encodes the 
cAMP-binding regulatory subunit of PKA, suppresses the sterility of  acy-4  null 
mutants (Govindan et al.  2009  ) .  

 In female animals, PKA activity must be kept off to prevent meiotic maturation. 
Constitutively-activated  gsa-1  alleles,  acy-4  over-expression, or inactivation of  kin-
2  all derepress meiotic maturation in female backgrounds (Govindan et al.  2006, 
  2009  ) . In the regulation of meiotic maturation, GOA-1/G a  

o/i
  appears to function as 

an inhibitory G protein because mutations in  gsa-1  and  acy-4  are epistatic to  goa-1  
(Govindan et al.  2009  ) . That  goa-1  can regulate meiotic maturation in the 
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 hermaphrodite background is established from experiments in which expression of 
a  constitutively-activated G a  

o/i
  protein under control of its endogenous promoter in 

a multi-copy array signi fi cantly reduced meiotic maturation rates (Govindan et al. 
 2006  ) . Thus, the antagonistic interaction between G a  

o/i
  and G a  

s
  might serve to cou-

ple meiotic maturation rates to sperm availability.  gsa-1  and  acy-4  are not required 
for sheath cell contractions; however, EGL-30/Gaq was shown to be necessary for 
sheath contractions (Govindan et al.  2009  ) . Thus, multiple sheath cell G protein 
pathways appear to be required for germline meiotic maturation responses to sperm 
(Fig.  10.4 ). 

 Two models were considered to explain the requirement for G a  
s
 -adenylate 

cyclase-PKA signaling in the gonadal sheath cells for MSP responses in the germ 
line (Govindan et al.  2009  ) . G a  

s
 -adenylate cyclase-PKA signaling might affect the 

competence of oocytes to respond to MSP. In this scenario, the G a  
s
  pathway would 

not directly sense the MSP gradient, but would enable oocytes or sheath cells to 
respond via other receptor pathways. This model is dif fi cult to reconcile with mul-
tiple lines of experimental evidence. Most importantly, activation of G a  

s
 -adenylate 

cyclase-PKA signaling in the sheath cells by multiple means is suf fi cient to drive 
meiotic maturation in the absence of MSP (Govindan et al.  2009  ) . The possibility 
that G a  

s
 -adenylate cyclase signaling has an earlier developmental role in the gonadal 

sheath cell lineages was excluded by the  fi nding that phosphodiesterase inhibitors 
suppress the sterility of  acy-4  mutant adults. The possibility that MSP is unavailable 
to bind MSP receptors or that the receptors themselves are not expressed was 

  Fig. 10.4    A model for the regulation of meiotic maturation by G protein signaling. Somatic G a  
s
 -

adenylate cyclase-protein kinase A signaling is required for oocyte meiotic maturation. EGL-30/
G a  

q
  promotes sheath cell contraction. G a  

o/i
  and sheath–oocyte gap junctions function as inhibitors 

of meiotic maturation.  Gray lines  are the lipid bilayers of the sheath cell and oocyte       
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excluded by MSP binding and localization studies. Thus, the model currently 
favored is one in which unidenti fi ed MSP receptors on gonadal sheath cells are G 
protein-coupled receptors (GPCRs). In this scenario, G a  

s
 -coupled receptors would 

trigger meiotic maturation, G a  
o/i

 -coupled receptors would inhibit meiotic matura-
tion in the absence of MSP, and G a  

q
 -coupled receptors would promote sheath cell 

contraction (Fig.  10.4 ). The identi fi cation of the sheath cell MSP receptors will 
represent a critical test of this model.  

    10.2.4.2   Gap-Junctional Communication and the Control 
of Meiotic Maturation 

 The conclusion that the gonadal sheath cells function as the major initial MSP sen-
sors raises the question of how this information is communicated to the germ line. 
Transmission electron microscopy and freeze-fracture analysis revealed that sheath 
cells form gap junctions with oocytes (Hall et al.  1999  ) . Gap junctions were observed 
at regions of extensive contact between sheath cell somata and oocytes. In addition, 
gap junctions were seen at sites where  fi nger-like sheath cell processes extended 
between oocytes. Proximal sheath cells are also connected to one another via gap 
junctions (Hall et al.  1999  ) . 

  inx-14  and  inx-22,  which encode innexin/pannexin gap junction proteins, nega-
tively regulate meiotic maturation, oocyte MAPK activation, oocyte microtubule 
reorganization, and the localization of AIR-2 to chromatin in the absence of MSP 
(Govindan et al.  2006,   2009 ; Harris et al.  2006 ; Whitten and Miller  2007  ) .  inx-14  
also regulates the assembly of RNP granules in arrested oocytes (J. Schisa, unpub-
lished results). INX-14 and INX-22 are expressed in the germ line and co-localize 
at plaque-like structures at the interface between oocytes and sheath cells (Govindan 
et al.  2009  ) , consistent with the possibility that they are components of sheath–
oocyte gap junctions. Recently, sheath cell components of sheath–oocyte gap junc-
tions have been identi fi ed as  inx-8  and  inx-9  (T. Starich and D. Greenstein, 
unpublished results).  inx-8  and  inx-9  promoter fusion constructs showed expression 
in the gonadal sheath cells (Starich et al.  2001 ; Altun et al.  2009  ) , and this observa-
tion has been con fi rmed using speci fi c antibodies and rescuing GFP protein fusions 
(T. Starich and D. Greenstein, unpublished results). INX-8 and INX-9 expression is 
also observed in the somatic gonad progenitors Z1 and Z4, the DTCs, and cells of 
the somatic gonadal primordium.  inx-8  and  inx-9  are found in the same operon and 
share approximately 87% identity at the protein sequence level. Deletion of either 
 inx-8  or  inx-9  produces no apparent mutant phenotype; however, inactivation of 
both genes causes sterility in both hermaphrodites and males. In the double mutant, 
few Z2/Z3 germ cell descendents are observed, which appears to re fl ect a defect in 
germ cell proliferation (T. Starich and D. Greenstein, unpublished results). A similar 
sterile phenotype is also observed in  inx-14  deletion alleles in both sexes (Govindan 
et al.  2009  ) . 

 The observation that a germline innexin,  inx-14 , and the somatic gonadal innexins, 
 inx-8/inx-9 , share a common sterile phenotype suggests that soma– germline gap 
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junctions may play a more global role in the gonad beyond mediating  communication 
between oocytes and gonadal sheath cells. Thus, there appears to be an early role 
for soma–germline gap junctions that are needed for germ cell proliferation and a 
later role that functions in the regulation of meiotic maturation. Apparently,  inx-22  
is not required for the early germ cell proliferation or survival role as a deletion 
allele is fertile (Whitten and Miller  2007  ) . However,  inx-22  is found in an operon 
with  inx-21 , which is also expressed in the germ line as detected using speci fi c 
antibodies, and  inx-21 ( RNAi ) in an  inx-22  mutant, but not a wild-type background, 
results in a sterile phenotype (T. Starich and D. Greenstein, unpublished results). 
It will be important to address whether speci fi c small molecules move through 
these gap junctions to control meiotic maturation and germ cell proliferation. 

 Genetic epistasis analysis was used to examine the relationship between  inx-
22 , which is a negative regulator of meiotic maturation and  gsa-1  and  acy-4 , which 
are positive regulators. Genetic mosaic analysis was used to reduce  gsa-1 ( + ) func-
tion in the somatic gonad in an  inx-22  background (Govindan et al.  2009  ) . The 
experimental observation was that an  inx-22  mutation suppresses the sterility 
defect caused by loss of  gsa-1 ( + ) function in the somatic gonad, suggesting that 
gap-junction proteins function downstream of G a  

s
  signaling. Neither  inx-22  nor 

 inx-14  and  inx-22  depletion suppresses  acy-4  null sterility. Possibly, unidenti fi ed 
targets of G a  

s
 -ACY-4 signaling might therefore regulate meiotic maturation in 

parallel with gap junction proteins. Alternatively, it might not be possible to elimi-
nate gap-junctional communication between oocytes and sheath cells with avail-
able genetic tools on account of the germline proliferation function of the gonadal 
innexins. 

 Remarkably, the meiotic maturation process in  C. elegans  and mammals share a 
number of molecular and biological similarities (see Govindan et al.  2009  for an 
in-depth discussion and complete references). For example, MSP and LH, though 
unrelated in sequence, both trigger meiotic resumption using somatic G a  

s
 -adenylate 

cyclase-PKA pathways and soma-to-germline gap-junctional communication. 
Mural granulosa cells on the periphery of the follicle express the LH receptor, which 
is a GPCR. Cumulus granulosa cells form gap junctions with the oocyte using spe-
cialized extensions, called transzonal projections, which penetrate the zona pellu-
cida and reach the oocyte cell surface. In both systems, interfering with the function 
of soma-to-germline gap junctions permits meiotic maturation in the absence of the 
maturation hormone. At a molecular level, the oocyte responses apparently involve 
the control of conserved protein kinase pathways and post-transcriptional gene reg-
ulation in the oocyte. At a cellular level, the responses include nuclear envelope 
breakdown, cortical cytoskeletal rearrangement, assembly of the acentriolar meiotic 
spindle, chromosome segregation, and likely changes important for fertilization and 
the oocyte-to-embryo transition. A major difference between the systems is that 
G a  

s
 -adenylate cyclase-PKA signaling also has a function within the oocyte to main-

tain meiotic arrest in vertebrates and mammals. In  C. elegans , G a  
s
 -ACY-4 signaling 

functions exclusively in the gonadal sheath cells to promote meiotic maturation, as 
established by genetic mosaic analysis.  
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    10.2.4.3   Regulation of Meiotic Maturation by VAB-1 MSP/Eph 
Receptor Signaling 

 Whereas the sheath cell MSP receptors, proposed to be GPCRs (Govindan et al. 
 2009 , see below), have as of yet eluded detection, prior work identi fi ed the VAB-1 
Eph receptor as an oocyte MSP receptor (Miller et al.  2003 ; Corrigan et al.  2005 ; 
Govindan et al.  2006 ; Cheng et al.  2008  ) . Adult hermaphrodite  vab-1  null mutant 
animals are fertile (George et al.  1998  ) , exhibit normal rates of meiotic maturation, 
and respond to MSP (Miller et al.  2003  ) . However, unmated  vab-1  null mutant 
females modestly derepress meiotic maturation (Miller et al.  2003 ; Corrigan et al. 
 2005 ; Govindan et al.  2006 ; Cheng et al.  2008  ) . The regulated endocytic traf fi cking 
of the VAB-1 MSP/Eph receptor appears to be a factor in the regulation of oocyte 
meiotic maturation. In the absence of the MSP ligand the VAB-1 Eph receptor 
inhibits meiotic maturation while either in or in transit to the endocytic recycling 
compartment (ERC; Cheng et al.  2008  ) . The localization of VAB-1::GFP in oocytes 
to the RAB-11-positive ERC was shown to be antagonized by MSP signaling. 
Interestingly, G a  

s
 -adenylate cyclase-PKA signaling in the gonadal sheath cells was 

shown to be required for the traf fi cking of VAB-1::GFP to the oocyte plasma mem-
brane from the ERC when MSP is present. Thus, the VAB-1 MSP/Eph receptor 
appears to play a non-essential modulatory role, in contrast to the G a  

s
 -adenylate 

cyclase-PKA pathway, which is required for meiotic maturation. The VAB-1 recep-
tor pathways might contribute to the robustness of the response to sperm.   

    10.2.5   Control of Meiotic Maturation and the Regulation 
of Translation 

 The TIS11-type CCCH zinc  fi nger domain-containing proteins OMA-1 and OMA-
2, hereafter referred to as OMA proteins, are redundantly required for oocyte mei-
otic maturation and ovulation (Detwiler et al.  2001 ; Shimada et al.  2002  ) . In  oma-1; 
oma-2  double mutants, MAPK activation is not sustained, nuclear envelope break-
down does not occur properly, and AIR-2 fails to localize to oocyte chromatin. 
Although the mechanism by which the OMA proteins promote meiotic maturation 
remains to be determined, they function upstream of the conserved cell cycle regu-
lators WEE-1.3 and CDK-1 (Detwiler et al.  2001  )  . wee-1.3 ( RNAi ) in  oma-1; oma-2  
double mutants can drive oocytes into M-phase, however fertilization does not occur 
(Detwiler et al.  2001 ; Burrows et al.  2006  ) . OMA proteins have been shown to 
repress the translation of  nos-2  and  zif-1  in oocytes (Jadhav et al.  2008 ; Guven-
Ozkan et al.  2010  ) . OMA proteins bind to the 3 ¢ -UTRs of  nos-2  and  zif-1  (Jadhav 
et al.  2008 ; Guven-Ozkan et al.  2010  ) . Repression of  zif-1  in oocytes also requires 
the eIF4E-binding protein SPN-2 (Guven-Ozkan et al.  2010  ) . Neither  nos-2  nor  zif-
1  is required for meiotic maturation, yet their regulation might indicate a general 
function for OMA proteins in regulating translation in oocytes. 
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 OMA proteins are multifunctional—they interact with TAF-4, a subunit of TFIID, 
to repress RNA polymerase II-mediated transcription in the zygote and the germline 
blastomere P1 (Guven-Ozkan et al.  2008  ) . This transcriptional repression function 
of OMA proteins is likely not relevant for the regulation of meiotic maturation 
because this activity only manifests upon phosphorylation by the dual-speci fi city 
tyrosine-phosphorylation-regulated protein kinase MBK-2. MBK-2 only becomes 
active in oocytes upon meiotic maturation (Stitzel et al.  2006 ; Cheng et al.  2009  ) . In 
fact, phosphorylation of OMA-1 by MBK-2 was shown to displace SPN-2 from the 
 zif-1  3-UTR, thereby alleviating translational repression (Guven-Ozkan et al.  2010  ) . 
In  C. elegans , as in many species, fully grown oocytes appear to be transcriptionally 
inactive (Starck  1977 ; Gibert et al.  1984 ; Schisa et al.  2001 ; Walker et al.  2007  ) . 
Thus, translational control by OMA proteins might play an important role in mei-
otic maturation. Because the  C. elegans  germ line develops as a syncytium, it is 
dif fi cult to assess directly whether meiotic maturation requires translation in oocytes. 
That translational regulation is critical for oogenesis is clear. For example, the trans-
lational regulators GLD-1 and GLD-2, which function downstream in the GLP-1 
signaling pathway in the stem cell vs. meiotic development decision (see Chap.   4    , 
Hansen and Schedl  2012  ;  Chap.   8    , Nousch and Eckmann 2012) are each individu-
ally required for the formation of normal oocytes (Francis et al.  1995 ; Kadyk and 
Kimble  1998  ) . Further, IFE-1, one of the three eIF4E isoforms, promotes the accu-
mulation of  oma-1  mRNA on polysomes in developing oocytes (Henderson et al. 
 2009  ) . Further analysis of the OMA proteins will likely continue to provide impor-
tant insights into the role of translational control during meiotic maturation.  

    10.2.6   Regulation of Ovulation 

  C. elegans  ovulation is an attractive physiological model for how intercellular 
signaling in fl uences the behavior of smooth muscle. In worms, myoepithelial cells 
form a smooth-muscle structure known as the gonadal sheath, and their coordi-
nated function is needed for ovulation. The ability to observe the function of the 
gonadal sheath cells and their dynamic interaction with cells of an epithelial tube, 
the spermatheca, provides an ideal format for analyzing the interplay between cell 
structure and intercellular communication. Nonetheless, the study of ovulation is 
complicated due to the involvement of many genes and multiple tissues (Iwasaki 
et al.  1996 ; Kostic et al.  2003 ; Aono et al.  2004 ; Gissendanner et al.  2008 ; Pilipiuk 
et al.  2009  ) . 

 During ovulation, the proximal gonadal sheath cells contract rapidly, the distal 
constriction of the spermatheca dilates, and sheath cells pull the distal spermatheca 
over the mature oocyte. The maturing oocyte signals its own ovulation in two ways: 
it modulates sheath contractions, which includes an increase in contraction rate and 
intensity during ovulation, and it induces spermathecal dilation during ovulation 
(Iwasaki et al.  1996 ; McCarter et al.  1999  ) . Mutations that lead to defective ovulation 

http://dx.doi.org/10.1007/978-1-4614-4015-4_4
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cause an endomitotic oocyte (Emo) phenotype (Iwasaki et al.  1996  ) . When oocytes 
are retained in the gonad arm due to defective ovulation, they undergo  multiple 
rounds of nuclear envelope breakdown (M-phase entry) and S-phase, and become 
highly polyploid. 

    10.2.6.1   EGF Receptor and IP 3  Signaling for Ovulation 

 The signal from the maturing oocyte that controls dilation of the distal spermatheca 
is thought to be LIN-3/EGF, which triggers LET-23/EGF receptor signaling in the 
distal spermatheca and possibly the sheath cells (Clandinin et al.  1998 ; McCarter 
 1998  ) . LIN-3/LET-23 signaling in the gonadal sheath cells also promotes ovulatory 
contractions (Yin et al.  2004  ) . The  let-23  pathway required for spermathecal dila-
tion during ovulation is  let-60/ras -independent and involves a downstream IP 

3
 -

mediated pathway (Clandinin et al.  1998  ) . Mutations in two genes,  lfe-1/itr-1  and 
 lfe-2 , respectively gain-of-function and loss-of-function, were isolated in a genetic 
screen for suppressors of  let-23  sterility.  lfe-1/itr-1  and  lfe-2  encode an inositol (1, 
4, 5) triphosphate receptor and an inositol (1, 4, 5) triphosphate-3-kinase, respec-
tively (Clandinin et al.  1998  ) . These results suggest that spermathecal dilation is 
likely to be dependent on calcium release regulated by IP 

3
 . Consistent with this pos-

sibility, spermathecal dilation requires the function of a Ca 2+  release-activated Ca 2+  
channel expressed in sheath and spermathecal cells (Yan et al.  2006 ; Lorin-Nebel 
et al.  2007  ) . Further, a mutant allele of  ipp-5 , which encodes an inositol 5-phos-
phatase, predicted to lower IP 

3
  levels, exhibits an unusual ovulation phenotype in 

which the spermatheca overextends, thereby ovulating two oocytes per cycle (Bui 
and Sternberg  2002  ) . 

 IP 
3
  signaling also plays an important role in sheath cells. A reduction-of-function 

mutation in  itr-1  disrupts both basal sheath cell contractions in response to a syn-
thetic MSP C-terminal peptide and ovulatory contractions (Yin et al.  2004  ) . 
Phospholipase C (PLC)-mediated hydrolysis of the membrane lipid phosphati-
dylinositol 4,5-bisphosphate (PIP 

2
 ) generates IP 

3
 . Both  plc-1  and  plc-3  are required 

for ovulation (Kariya et al.  2004 ; Yin et al.  2004 ; Vazquez-Manrique et al.  2008  ) , as 
is phosphatidylinositol-4-phosphate 5 ¢  kinase, encoded by  ppk-1 , which is needed 
for the synthesis of PIP 

2
  (Xu et al.  2007  ) . GFP reporter constructs indicate that 

PLC-3 and PPK-1 are expressed in sheath and spermathecal cells (Yin et al.  2004 ; 
Xu et al.  2007  ) , whereas PLC-1 is expressed only in the spermatheca (Kariya et al. 
 2004 ; Yin et al.  2004  ) . PLC-3 promotes both the basal and ovulatory sheath cell 
contractions (Yin et al.  2004  ) . By contrast, PLC-1 is not required for basal or ovula-
tory sheath cell contractions, consistent with a role in the spermatheca. Indeed, 
mutations in  plc-1  or  plc-1 ( RNAi ) cause spermathecal entry and exit defects (Kariya 
et al.  2004 ; Yin et al.  2004  ) . PLC-1 expression in the spermatheca requires the 
FOS-1/JUN-1 heterodimeric transcriptional activator (Hiatt et al.  2009  ) . RNAi of 
 fos-1  or  jun-1  disrupts ovulation and this defect is rescued by expression of PLC-1 
in the spermatheca (Hiatt et al.  2009  ) . 
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 The precise connection between LET-23 activation, likely in sheath and sper-
mathecal cells, and IP 

3
  generation remains to be determined. Signaling effectors 

likely functioning upstream of PLC-3 and PLC-1 activation include the Rho/Rac-
family guanine nucleotide exchange factor VAV-1 (Norman et al.  2005  ) , RHO-1 
GTPase (McMullan and Nurrish  2011  ) , and the ARK-1 tyrosine kinase (Hopper 
et al.  2000  ) . How the sheath and spermathecal cells coordinate their behaviors 
during ovulation is unclear. Not only must mature oocytes enter the spermatheca 
at ovulation, but fertilized embryos must also exit the spermatheca in a timely 
fashion. Speci fi c disruptions in IP 

3
  signaling and the actin cytoskeleton reduce 

fertility by interfering with exit of the fertilized embryo from the spermatheca, 
thereby disrupting the reproductive assembly line (Kariya et al.  2004 ; Kovacevic 
and Cram  2010  ) .  

    10.2.6.2   Yolk Lipoprotein Metabolism and Ovulation 

 Several intersecting lines of evidence provide an indication that lipid signaling 
might play a role in promoting ovulation. Growing oocytes take up yolk lipoprotein 
particles produced by the intestine (Kimble and Sharrock  1983  )  by a process of 
receptor-mediated endocytosis (Grant and Hirsh  1999  ) . Intestinal cells secrete yolk 
lipoprotein particles into the pseudocoelom which then pass through the gonadal 
basal lamina and pores in the gonadal sheath cells to gain access to the oocyte sur-
face (Hall et al.  1999  ) .  rme-2  encodes a member of the LDL receptor superfamily 
and is the oocyte yolk receptor (Grant and Hirsh  1999  ) .  rme-2  is required for yolk 
uptake and transport of cholesterol into oocytes (Grant and Hirsh  1999 ; Matyash 
et al.  2001  ) . Interestingly,  rme-2  mutants display ovulation defects (Grant and Hirsh 
 1999  ) , though the basis for these defects has been mysterious. The heterodimeric 
E2F EFL-1/DPL-1 transcription factor is required for the expression of  rme-2  in the 
germ line (Chi and Reinke  2006  )  and expression of  rme-2  using the germline-
speci fi c  pie-1  promoter partially rescues the ovulation defects of strong loss-of-
function  dpl-1  mutants (Chi and Reinke  2009  ) . Oocytes utilize yolk lipoprotein 
particles to generate polyunsaturated fatty acid derivatives, including F-series pros-
taglandins, to generate signals that promote sperm guidance to the spermatheca 
(Kubagawa et al.  2006 ; Edmonds et al.  2010  ) . Possibly, lipid signals dependent on 
 rme-2  might also function to promote ovulation. Such a possibility might explain 
the  fi nding that the EGRH-1 transcription factor is required in the intestine for nor-
mal ovulation (Clary and Okkema  2010  ) .  egrh-1  mutants might affect the quantity 
or quality of yolk lipoprotein particles received by oocytes, thereby affecting ovula-
tion. Alternatively, the disruption of a major pathway for endocytosis and lipid 
transport in  rme-2  mutants might have deleterious side effects on membrane 
traf fi cking in oocytes. Since  rme-2  mutant oocytes are small and misshapen, the 
effects could even be more indirect. Further work will be needed to explain fully 
the role of  rme-2  in ovulation.  
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    10.2.6.3   Smooth Muscle Structure and Function and Ovulation 

 The myoepithelial gonadal sheath cells provide a valuable system for studying the 
cell biology and function of a smooth muscle cell type (Strome  1986 ; McCarter 
et al.  1997 ; Rose et al.  1997 ; Hall et al.  1999 ; Ono et al.  2007  ) . Mutations that per-
turb actomyosin contractility in sheath cells can cause an Emo phenotype and infer-
tility (Myers et al.  1996 ; Wissmann et al.  1999 ; Ono and Ono  2004 ; Ono et al.  2008  ) . 
However, some mutations that cause hypercontractility of the sheath cells also result 
in infertility. For instance, worms double mutant for  tni-1  and  unc-27 , two troponin 
I isoforms expressed in the sheath cells, display defects in oocyte production, mei-
otic maturation, and ovulation (Obinata et al.  2010  ) . In the future, studies of smooth 
muscle physiology in the context of ovulation will no doubt bene fi t from continued 
improvements in methods for measuring calcium concentrations and for recording 
ion channel activity in the gonad (Rutledge et al.  2001 ; Samuel et al.  2001  ) .    

    10.3   Control of Oocyte Growth and Coordination 
with Meiotic Maturation 

 Fertility depends on germline stem cell proliferation, meiosis and gametogenesis, 
yet how these key transitions are coordinated is unclear .  Recent data suggest that the 
continued presence of sperm maintains the adult hermaphrodite gonad in an active 
reproductive mode. The MSP hormone promotes the production and growth of 
oocytes and works in concert with the GLP-1/Notch pathway to regulate an optimal 
allocation of germline stem cells into oocytes. This section focuses on the cellular 
processes of pachytene progression, oocyte growth, and their regulation by MSP 
signaling. 

    10.3.1   Pachytene Progression and Oogenesis 

 Once germ cells have entered meiosis, progression through the pachytene stage in 
both sexes requires the germline function of genes of the MAP kinase signaling 
pathway, including  let-60/ras, ksr-2 ,  lin-45/raf ,  mek-2/mapkk , and  mpk-1/mapk  
(Church et al.  1995 ; Ohmachi et al.  2002 ; Lee et al.  2007  ) . An increase in dpMPK-1 
levels is observed midway through the pachytene stage, consistent with the con-
clusion that activated MPK-1 is needed for germ cells to progress from an early (or 
distal) to a late (or proximal) pachytene stage (Lee et al.  2007  ) . The continued 
presence of sperm in the gonad is needed for MPK-1 activation in this region of 
the gonad. Young adult  fog-2 ( oz40 ) females (8 h after the L4 to adult molt) exhibit 
dpMPK-1 in the proximal pachytene region and a single distal oocyte at the −6 
position (Lee et al.  2007  ) . This distal activation of MPK-1 occurs independently of 
the presence of sperm. By  contrast, older  fog-2 ( oz40 ) females (20 h after the L4 to 
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adult molt) display  undetectable dpMPK-1 levels in the germ line (Lee et al.  2007  ) . 
This result  fi ts well with the observation that the  fl ux of germ cells through 
pachytene is signi fi cantly reduced in unmated adult females (Jaramillo-Lambert 
et al.  2007  ) .  acy-4  mutant hermaphrodites produce fewer oocytes than the wild 
type and exhibit dpMPK-1 in the pachytene region in the early adult stage but not 
later (Govindan et al.  2009  ) , suggesting a role for the sheath cells in maintaining 
MAPK activation in the pachytene region. Cell ablation studies are also consistent 
with the possibility that cells in the sheath/spermathecal lineages promote progres-
sion through pachytene (McCarter et al.  1997  ) . One model is that the distal sheath 
cells (pairs 1 and 2) might produce a secondary signal to trigger MPK-1 activation 
in the pachytene region, thereby promoting meiotic prophase progression. In this 
model, the production of this hypothesized secondary signal would be dependent 
on the continued presence of MSP in the gonad, as sensed by the proximal sheath 
cells via the G a  

s
 -adenylate cyclase pathway.  

    10.3.2   Oocyte Growth 

 Prior to cellularization at late stages of gametogenesis,  C. elegans  germ cells main-
tain a connection to the cytoplasmic core of the gonad (rachis), the contents of 
which are shared with developing oocytes (Hirsh et al.  1976 ; Wolke et al.  2007  ) . In 
adult hermaphrodites, germ cells that exit pachytene either differentiate as oocytes 
or undergo apoptosis (Gumienny et al.  1999  ) . Female meiotic germ cells destined 
for apoptosis might function as nurse cells (Gumienny et al.  1999 ; Jaramillo-
Lambert et al.  2007  )  by contributing mRNA, protein, and cellular organelles to 
growing oocytes, which are transcriptionally quiescent themselves (see Chap.   9     on 
germ cell apoptosis and DNA damage responses, Bailly and Gartner  2012 ). Oocytes 
in the loop region grow primarily by receiving actomyosin-dependent  fl ow from the 
core cytoplasm (Wolke et al.  2007  ) , and yolk uptake in the most proximal oocytes 
also contributes to their growth (Grant and Hirsh  1999 ; Wolke et al.  2007  ) . 

 The pathways that control incomplete cytokinesis in the distal germ line, and that 
promote cellularization of developing oocytes in the proximal germ line, are incom-
pletely understood. Several genes with important functions in cytokinesis are 
required for oocyte cellularization, including  mlc-4 ,  mel-11,  and  cyk-1 , which 
encode the regulatory light chain of non-muscle myosin, a myosin phosphatase 
regulatory subunit and an actin regulator, respectively (Swan et al.  1998 ; Shelton 
et al.  1999 ; Piekny and Mains  2002  ) . The anillin ANI-2 is required for developing 
oocytes to maintain their connection to the core cytoplasm (Maddox et al.  2005  ) . 
Thus,  C. elegans  oogenesis appears to provide a useful experimental system for 
addressing the cell biological mechanisms by which interconnected cysts form 
and breakdown, as occurs in mammalian female germ cell development (Pepling 
and Spradling  1998  ) . It will be essential to determine the basic cell biological prin-
ciples underlying incomplete cytokinesis and oocyte cellularization before the  fi eld 
can achieve a relatively complete understanding of the regulatory mechanisms. 

http://dx.doi.org/10.1007/978-1-4614-4015-4_9
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Nonetheless, several studies have begun to address how intercellular signaling 
 regulates oocyte growth and cellularization. The PTP-2 protein tyrosine phosphatase 
functions in the germ line as a negative regulator of oocyte growth;  ptp-2  mutant 
oocytes grow abnormally large in the presence of sperm (Gutch et al.  1998 ; Yang 
et al.  2010  ) . PTP-2 is required for the MPK-1 MAPK activation in the germ line, 
which might explain the growth defect because oocytes also grow abnormally large 
when a temperature-sensitive  mpk-1  mutant is upshifted (Lee et al.  2007  ) . The small 
oocyte phenotype observed in the constitutively-activated  let-60/ras ( ga89 ) allele 
depends on the presence of sperm in the gonad (Lee et al.  2007  ) . Two identi fi ed 
MPK-1 substrates function to restrict oocyte growth, whereas eight identi fi ed 
substrates promote growth (Arur et al.  2009  ) . Analysis of the growth-promoting 
substrates is complicated by the effects on dpMPK-1 levels. 

    10.3.2.1   Actomyosin-Dependent Cytoplasmic Streaming 

 Oocytes in the loop region of the gonad grow by receiving  fl ow from the cytoplas-
mic core (Wolke et al.  2007  ) . This  fl ow was shown to be dependent on the actomyo-
sin cytoskeleton, but independent of microtubules. Cytoplasmic streaming requires 
the continued presence of sperm in the gonad but does not depend on meiotic matu-
ration (Wolke et al.  2007  ) . In young adult females observed right after the L4 to 
adult molt,  fl ows were observed and were therefore independent of sperm. By con-
trast, adult females observed on the second day of adulthood did not exhibit  fl ows, 
however mating restored the  fl ows. Thus, initial growth of oocytes in the young 
adult stage is independent of sperm, but sperm needs to be continually available for 
additional oocytes to form. This result provides an explanation for the original 
observation that sperm promote oocyte production (Ward and Carrel  1979  ) . 

 A series of elegant oil injection studies suggested that the oocytes generate the 
forces driving cytoplasmic streaming (Fig.  10.5 ). Neither germ cell apoptosis nor 
sheath cell contraction is required for the cytoplasmic  fl ow. While the mechanism of 
force generation is unclear, several testable models were proposed (Fig.  10.5 ; Wolke 
et al.  2007  ) .   

    10.3.2.2   MSP Signaling, the Sheath Cells, and the Control 
of Cytoplasmic Streaming 

 The MSP hormone is suf fi cient to promote the sustained actomyosin-dependent 
cytoplasmic streaming that drives oocyte growth (Govindan et al.  2009  ) . Injection 
of MSP into unmated females that do not exhibit  fl ows (e.g., at 24 h post L4) caused 
the  fl ows to resume. Ef fi cient oocyte production and cytoplasmic streaming require 
G a  

s
 -adenylate cyclase signaling in the gonadal sheath cells. Thus the gonadal sheath 

cells coordinate oocyte growth and meiotic maturation with sperm availability. 
Phosphorylation of the regulatory myosin light chain (rMLC) increases the ATPase 
activity of nonmuscle myosin and is required for myosin motor function, which is 
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needed for the actomyosin-dependent cytoplasmic streaming that drives oocyte 
growth (Fig.  10.3 ; Wolke et al.  2007  ) . Phosphorylated rMLC (p-rMLC) was detected 
in the germ line and gonadal sheath cells of hermaphrodites and mated females, but 
not 2-day-old unmated adult females (Nadarajan et al.  2009  ) . MSP injection was 
shown to induce p-rMLC formation rapidly (within 15 min) throughout the germ 

  Fig. 10.5    Cytoplasmic streaming drives oocyte growth. Oil injection studies informative for prob-
ing the mechanism of oocyte growth ( a – d ). Injection in the pachytene region ( a ) or just prior the 
loop ( b ) does not interfere with  fl ow within the proximal gonad arm; damaging an oocyte by oil 
injection disrupts  fl ow to that oocyte and  fl ows are rerouted to neighboring oocytes ( c ). These 
results suggest that oocytes generate the force for  fl ow (Wolke et al.  2007  ) . ( d ) Distal oil injection 
causes a large oocyte phenotype and suppresses the small oocyte phenotype of  glp-1 ( gf ) mutants, 
suggesting that DTC signaling via GLP-1 in the distal arm regulates MSP-dependent oocyte 
growth (Nadarajan et al.  2009  ) . ( e – h ) Models proposed by Wolke et al.  (  2007  )  for the generation 
of gonadal  fl ow by the oocyte actomyosin cytoskeleton. Simpli fi ed oocytes receiving  fl ow ( blue 
arrows ) from the cytoplasmic core of the  C. elegans  germ line are diagrammed. Cortical  fl ow in 
the opposite direction draws material into the oocyte ( e ), similar to a model of cytoplasmic stream-
ing proposed for early  C. elegans  embryos. Oriented actin cables bring material into oocytes ( f ). 
Expansion of the oocyte cortex draws material into the oocyte ( g ). A stable actomyosin network in 
the oocyte ( black lines ) is coupled to dynamic actomyosin network ( red lines and arrows ) to bring 
material into oocytes       
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line and in the gonadal sheath cells (Nadarajan et al.  2009  ) . Sustained gonadal  fl ows 
and p-rMLC formation also require the function of G a  

s
 -adenylate cyclase signaling 

in the gonadal sheath cells. This activity of MSP appears to be important for pro-
moting oocyte growth (see below; Nadarajan et al.  2009  ) . Thus, MSP appears to 
promote oocyte meiotic maturation in part though coordination of several of its 
component processes. Genetic evidence suggests that MSP and G a  

s
 -adenylate 

cyclase signaling regulate oocyte growth and meiotic maturation in part by antago-
nizing gap-junctional communication between sheath cells and oocytes.  

    10.3.2.3   GLP-1/Notch Signaling and the Control of Sperm-Dependent 
Oocyte Growth 

 Surprisingly, a genetic screen for mutations that cause oocytes to grow abnormally 
large in the presence of sperm recovered reduction-of-function alleles of  glp-1/
Notch  (Nadarajan et al.  2009  ) . GLP-1/Notch signaling restricts the growth of oocytes 
to the proper size in response to the MSP signal. Germline GLP-1 activity nega-
tively regulates MSP-dependent cytoplasmic streaming, whereas it promotes oocyte 
cellularization. Several observations suggest that GLP-1 functions in the distal germ 
line in response to DTC signaling to regulate oocyte growth. Laser ablation of the 
DTC and co-depletion of the DTC-expressed GLP-1 ligands LAG-2 and APX-1 
cause a large oocyte phenotype. Oil injection studies, similar to those  fi rst performed 
by Wolke et al.  (  2007  ) , showed that oocytes grow abnormally large when the prolif-
erative zone is occluded by oil injection (Nadarajan et al.  2009  ) . Distal oil injection 
not only suppressed the small oocyte phenotype of the  glp-1 ( ar202 ) gain-of-func-
tion mutant, but also phenocopied a reduction in  glp-1  function. These results sug-
gest that GLP-1/Notch functions in the proliferative zone to regulate MSP-dependent 
oocyte growth. Consistent with this possibility, normal oocyte growth was shown to 
require the function of several mediators of GLP-1 signaling, including the LAG-1 
transcription factor and the FBF-1/2 RNA-binding proteins. 

 Several lines of evidence suggested that the role of  glp-1  in oocyte growth is 
separable from the proliferation versus meiotic entry decision (Nadarajan et al. 
 2009  ) . One notable  fi nding was that blocking apoptosis strongly suppressed the  glp-
1  oocyte growth defect without affecting the premature meiotic entry defect. It is 
not clear whether the  ced-3  and  ced-4  requirement for the  glp-1  large oocyte pheno-
type involves their apoptotic function, or perhaps a cell death-independent function. 
The results of Nadarajan et al.  (  2009  )  suggest a model in which two major signaling 
centers in the adult hermaphrodite gonad, distal GLP-1 signaling and proximal MSP 
signaling, work in opposition to regulate the differentiation of germ cells into func-
tional oocytes (Fig.  10.3 ). In this model, the adult hermaphrodite gonad is rapidly 
switched into a reproductive mode by the MSP hormone. MSP signaling provides 
the impetus for oocyte growth, differentiation, and the completion of meiosis, and 
GLP-1 signaling both provides the raw material for gametogenesis and modulates 
additional processes that restrict oocyte growth, including cytoplasmic streaming 
and oocyte cellularization.    
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    10.4   Meiotic Maturation and Regulation 
of the Oocyte-to-Embryo Transition 

 In many animals, fertilization triggers egg activation (the process whereby the 
oocyte completes the meiotic divisions), the blocks to polyspermy, and activation of 
the embryonic program (Runft et al.  2002 ; Horner and Wolfner  2008  ) . Fertilization 
is extensively discussed in Chap.   11     (Marcello et al.  2012  ) . Recent  fi ndings provide 
views into how signaling mechanisms initiated during meiotic maturation and 
extending through fertilization control the completion of meiosis and prepare the 
zygote for embryonic patterning. In  C. elegans , fertilization (Goldstein and Hird 
 1996  )  and the downstream PAR proteins (Kemphues et al.  1988  )  are required for the 
establishment of embryonic polarity. Polarity establishment in the  C. elegans  
embryo occurs via a cue associated with the sperm centrosome complex and micro-
tubules (St Johnston and Ahringer  2010 ; Nance and Zallen  2011  ) . Chapter   12     
(Robertson and Lin  2012  )  discusses the function of the OMA proteins in the oocyte-
to-embryo transition and the role of MBK-2 in controlling the degradation of mater-
nal proteins after completion of meiosis. Here, we focus on the role of meiotic 
maturation and fertilization in promoting the completion of meiosis. 

    10.4.1   Function and Regulation of the Oocyte Meiotic Spindle 

 In many animal oocytes, the microtubule arrays of the meiotic spindle form inde-
pendently of a centriole-containing centrosome. The short barrel-shaped meiotic 
spindles of  C. elegans  oocytes form by microtubule nucleation around meiotic chro-
matin and are both acentriolar and anastral (Fig.  10.6 ; Albertson and Thomson 
 1993 ; Howe et al.  2001 ; Yang et al.  2003  ) . Time-lapse videomicroscopic observa-
tions of meiotic chromosomes and spindles indicate that meiosis I spindle assembly 
initiates prior to ovulation when the oocyte is in the gonad arm (Yang et al.  2003  ) . 
Both meiotic divisions are then completed in the uterus following fertilization 
(Albertson and Thomson  1993 ; McCarter et al.  1999 ; Yang et al.  2003  ) .  

 The  C. elegans  oocyte is emerging as a powerful model for studying the assembly, 
regulation, and function of the meiotic spindle (Muller-Reichert et al.  2010 ; Fabritius 
et al.  2011  ) . One salient feature of this system is that meiotic spindle assembly is a 
microtubule-driven process, and F-actin is not required for translocation of the spin-
dle to the cortex (Yang et al.  2003  ) . This contrasts with the situation in mouse oocytes 
in which cortical movement of the meiotic spindle is actin based (Na and Zernicka-
Goetz  2006 ; Dumont et al.  2007 ; Li et al.  2008 ; Schuh and Ellenberg  2008  ) . This 
property appears to provide some experimental  fl exibility for the separate dissection 
of meiotic spindle assembly and cytokinesis. At the same time, it cautions against 
generalizing results to all instances of acentrosomal spindle assembly. 

 During oogenesis, the maternal centrioles are eliminated, disappearing in the 
diplotene stage (Zhou et al.  2009 ; Mikeladze-Dvali et al.  2012 ), and embryogenesis 
thus depends on the sperm-supplied centriole pair (Wolf et al.  1978 ; O’Connell  et al. 
 2001 )  . An early study using co-suppression methodology suggested that centrosome 

http://dx.doi.org/10.1007/978-1-4614-4015-4_11
http://dx.doi.org/10.1007/978-1-4614-4015-4_12
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  Fig. 10.6    Assembly and function of the oocyte meiotic spindle. ( a ) Time-lapse series of MI visu-
alized with GFP:: b -tubulin and mCherry::Histone fusions (unpublished data generously provided 
by Valerie Osterberg, Sara Christensen, and Bruce Bowerman). ( b ,  c ) The meiotic spindle in wild-
type ( b ) and  mei-1 ( null ) ( c ) embryos, detected using antibodies to tubulin ( red ) and DAPI ( blue ) to 
stain DNA. ( d ,  e ) Three-dimensional reconstruction of portions of the wild-type ( d ) and  mei-
1 ( null ) ( e ) meiotic spindle assembled from tomographic data sets. Microtubules are shown in  red , 
with their pole-proximal ends marked by  white spheres  and their pole-distal ends marked with  blue 
spheres ; chromatin is in  green . Note, in the wild type, many microtubules terminated before reach-
ing the pole (p) or the chromatin. By contrast, the  mei-1 ( null ) mutant spindle contains a disorga-
nized array of longer microtubules. Panels ( b – e ) are from Srayko et al.  (  2006  )  and are used with 
permission. ( f ) Models for chromosome alignment and segregation. Chromosomes orient and align 
using kinetochore-dependent (Dumont et al.  2010  )  and lateral attachments (Wignall and Villeneuve 
 2009  ) . The cup-like kinetochores are shown in  blue  and the mid-region enriched for components 
of the chromosomal passenger complex is shown in  red . ( g ) A pathway for the control of anaphase 
spindle rotation and shortening (Ellefson and McNally  2011  )        
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elimination during oogenesis requires the function of the  cki-2  cyclin-dependent pro-
tein kinase inhibitor (Kim and Roy  2006 ). However, subsequent analysis of a cki-2 
null mutant did not con fi rm an essential role for this gene in centriole elimination 
during oogenesis (Buck et al.  2009 ; Mikeladze-Dvali et al.  2012 ). The mechanism of 
centriole elimination thus remains an exciting mystery for future investigations. 

    10.4.1.1   Meiotic Spindle Positioning 

 The meiotic spindle forms in close association with the cortex to facilitate the extru-
sion of small polar bodies thereby preserving oocyte cytoplasm. The meiotic spindle 
assembles parallel to the cortex and then rotates to be perpendicular (Fig.  10.6 ; 
Albertson and Thomson  1993  ) . Two mechanisms appear to be particularly important 
for the cortical localization of the meiotic spindle, the  fi rst occurring before nuclear 
envelope breakdown and the second occurring at anaphase (Fabritius et al.  2011  ) . 
Early translocation involves the distal (away from the spermatheca) migration of the 
oocyte nucleus prior to nuclear envelope breakdown (McCarter et al.  1999 ; McNally 
et al.  2010  ) . Oocyte nuclear migration can occur in the absence of sperm (McCarter 
et al.  1999  )  and requires the function of  mpk-1  (Lee et al.  2007  )  and kinesin-1 (McNally 
et al.  2010  ) . Kinesin-1 activity requires the UNC-116 kinesin-1 heavy chain, the 
KLC-1 kinesin-1 light chain, and the KCA-1 kinesin-1 binding protein (Yang et al. 
 2005  ) . An attractive possibility is that kinesin-1 function in nuclear migration might 
involve the function of the ZYG-12 KASH domain protein (Zhou et al.  2009  )  because 
kinesin-1 functions together with the UNC-83 KASH domain protein to position 
nuclei in somatic cells (Meyerzon et al.  2009  ) . Interestingly, the ZYG-12 interacting 
partner, SUN-1 is phosphorylated in diakinesis oocytes (Penkner et al.  2009  ) . 

 The late spindle translocation process requires the APC/C (Yang et al.  2005  ) , 
cytoplasmic dynein (Ellefson and McNally  2009 ; van der Voet et al.  2009  ) , and a 
protein complex containing the NUMA-related LIN-5, abnormal spindle-like, 
microcephaly-associated ASPM-1, and calmodulin CMD-1 (van der Voet et al. 
 2009  ) . Late translocation involves a 90° rotation of the meiotic spindle (Albertson 
and Thomson  1993 ; Yang et al.  2005 ; Ellefson and McNally  2009 ; van der Voet 
et al.  2009  ) . Kinesin-1 has also been proposed to anchor the meiotic spindle to the 
cortex until completion of MII (Yang et al.  2005 ; McNally et al.  2010  ) . Recent data 
indicate that cyclin B/Cdk1 inhibits meiotic spindle rotation and anaphase spindle 
shortening. By promoting cyclin B degradation, the APC/C couples spindle rotation 
and chromosome segregation (Fig.  10.6 ; Ellefson and McNally  2011  ) .  

    10.4.1.2   MEI-1 and Meiotic Spindle Assembly 

 The assembly of a bipolar female meiotic spindle requires the function of two inter-
acting genes,  mei-1  and  mei-2  (Mains et al.  1990 ; Clandinin and Mains  1993 ; 
 Clark-Maguire and Mains  1994a,   b ; Srayko et al.  2000  ) .  mei-1  and  mei-2 ,  respectively, 
encode the p60 and p80 subunits of katanin (Clark-Maguire and Mains  1994a ; 
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Srayko et al.  2000  ) , a dimeric microtubule severing AAA-ATPase  fi rst puri fi ed from 
sea urchin eggs (McNally and Vale  1993  ) . Katanin function also controls meiotic 
spindle length and spindle shortening (McNally et al.  2006  ) . Although  mei-1  and 
 mei-2  are required for the normal segregation of chromosomes during female meio-
sis, they are dispensable during male meiosis. Electron microscopy (EM) with 
tomography and 3-D modeling were used to compare microtubule organization in 
the oocyte meiotic spindle in the wild type and a  mei-1  null mutant (Fig.  10.6 ; Srayko 
et al.  2006  ) . In the wild type, microtubule ends were distributed throughout the spin-
dle, not just exclusively at the poles. Thus, the meiotic spindle appears to assemble 
as a network of interdigitating microtubules. In the  mei-1  mutant, fewer microtu-
bules surrounded the chromatin. These microtubules appeared disorganized and did 
not sort into a bipolar spindle. The chromatin-associated microtubules in the  mei-1  
mutant were also longer than in the wild type. These  fi ndings suggest that katanin 
functions to increase microtubule number and density in the vicinity of meiotic chro-
matin. Consistent with this model, meiotic spindles in a reduction-of-function  mei-2  
mutant are signi fi cantly longer than in the wild type (McNally et al.  2006  ) . In the 
EM tomography study, structural evidence for microtubule severing was observed, 
leading to a model in which katanin promotes bipolar meiotic spindle assembly by 
increasing the local density of microtubule polymers (Srayko et al.  2006  ) . An excit-
ing recent  fi nding is that the viable and fertile MEI-1(A338S) mutant, which is 
defective in microtubule severing when expressed in  Xenopus  cells, is pro fi cient in 
bipolar meiotic spindle assembly, spindle rotation, and post-rotation spindle shorten-
ing in the worm (McNally and McNally  2011  ) . MEI-1(A338S) meiotic spindles, 
however, were markedly longer than the wild type (McNally and McNally  2011  ) . 
A model was proposed in which katanin contributes to the assembly of the bipolar 
meiotic spindle through a combination of microtubule binding and bundling activi-
ties, in combination with microtubule severing (McNally and McNally  2011  ) .  

    10.4.1.3   Chromosome Alignment and Segregation on the Meiotic Spindle 

 In  C. elegans  oocytes, kinetochore proteins localize to cup-like structures, which 
encase the meiotic chromosomes, except for the mid-region, which is enriched for 
components of the chromosomal passenger complex, including AIR-2 (Fig.  10.6 ; 
Howe et al.  2001 ; Rogers et al.  2002 ; Monen et al.  2005 ; Dumont et al.  2010  ) . 
Ultrastructural analyses of  C. elegans  oocyte meiotic spindles have not detected 
exclusive end-on attachments between kinetochores and microtubules, raising ques-
tions about the basis for chromosomal attachment, alignment, and segregation 
(Howe et al.  2001 ; Srayko et al.  2006  ) . Interestingly, the chromokinesin, KLP-19, 
which generates a polar ejection force promoting chromosome congression on the 
metaphase plate during mitosis, localizes to the mid-bivalent region during meiosis 
(Powers et al.  2004 ; Wignall and Villeneuve  2009 ; Dumont et al.  2010  ) . Time-lapse 
imaging of KLP-19-depeleted embryos revealed a spatial dispersion of meiotic 
chromosomes at anaphase I and an instability in the late anaphase spindle (Dumont 
et al.  2010  ) . KLP-19  fi rst becomes concentrated on meiotic chromosomes in the 
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most proximal oocytes, but the sperm dependence of this localization has not been 
investigated. The BimC-related kinesin BMK-1 localizes to meiotic spindles in an 
AIR-2-dependent fashion. A  bmk-1  deletion allele and  bmk-1 ( RNAi ) do not disrupt 
meiosis and mitosis (Bishop et al.  2005 ; Saunders et al.  2007  ) , a  fi nding that con-
trasts with the essential requirement for BimC kinesins for maintenance of bipolar 
spindle structure and spindle pole separation in other systems (Kashina et al.  1997  ) . 
By contrast, the Klp2-related kinesin KLP-18 is required for meiotic spindle bipo-
larity (Segbert et al.  2003 ; McNally et al.  2006 ; Wignall and Villeneuve  2009  ) . 

 Recently it was observed that lateral microtubule spindles ensheath meiotic chro-
mosomes and appear to promote their biorientation on the meiotic spindle (Wignall 
and Villeneuve  2009  ) . This new model envisages a major role for lateral microtu-
bule bundles and localized microtubule motors, such as KLP-19, in promoting chro-
mosome congression and biorientation (Wignall and Villeneuve  2009  ) . There is 
strong evidence that meiotic kinetochore proteins do play a role in orienting meiotic 
chromosomes, however (Dumont et al.  2010  ) . The early function of kinetochores in 
aligning meiotic chromosomes on the metaphase plate (Dumont et al.  2010  )  might 
facilitate lateral attachments by microtubule bundles (Wignall and Villeneuve  2009  ) . 
Interestingly, meiotic chromosomes separate at anaphase in the absence of kineto-
chore function; microtubules forming between the meiotic chromosomes appear to 
push them apart (Dumont et al.  2010  ) . Current models for meiotic spindle assembly 
and function appear to rely on the meiotic spindle having microtubules of a de fi ned 
polarity (Fig.  10.6 ), which has not been determined. In  Drosophila , the female mei-
osis I spindle contains microtubules of mixed polarity (Liang et al.  2009  ) . It will be 
crucial to address the polarity of microtubules in the oocyte before, during, and after 
meiotic maturation.   

    10.4.2   Fertilization and the Completion of Meiosis 

 In  C. elegans , fertilization is required for the proper completion of the two succes-
sive meiotic divisions (Ward and Carrel  1979 ; McNally and McNally  2005  ) . When 
the oocyte undergoes meiotic maturation but is not fertilized, as happens in fertiliza-
tion-defective mutants, meiotic spindle assembly and anaphase I occurs normally 
and on schedule; however, the spindle midzone persists, the  fi rst polar body does not 
form, and the meiosis II spindle fails to assemble (McNally and McNally  2005  ) . 
Instead, these unfertilized oocytes undergo multiple cycles of nuclear reformation, 
S-phase, and nuclear envelope breakdown, becoming highly polyploidy (Ward and 
Carrel  1979  ) . No cell division is apparently possible in the absence of the sperm-
contributed centrioles. The degradation of cyclin B that accompanies M-phase exit 
in many systems (Murray  2004  )  is incomplete if fertilization is blocked (McNally 
and McNally  2005  ) . Fertilization might therefore be required for activation of the 
ZYG-11/CUL-2 E3 ubiquitin ligase, which is required for progression through 
 meiosis II and the degradation of cyclins B1 and B3 after their functions have been 
completed (Liu et al.  2004 ; Sonneville and Gonczy  2004 ; Deyter et al.  2010  ) . 
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 As in many animals (Horner and Wolfner  2008  ) , an increase in cytosolic calcium 
levels accompanies fertilization in  C. elegans  (Samuel et al.  2001  ) . A calcium signal 
at fertilization triggers APC/C and exit from meiosis II in  Xenopus  (Tunquist and 
Maller  2003 ; Liu and Maller  2005 ; Rauh et al.  2005  ) . In  C. elegans , the APC/C and 
separase are required for the completion of meiosis I (Furuta et al.  2000 ; Golden 
et al.  2000 ; Siomos et al.  2001 ; Davis et al.  2002 ; Shakes et al.  2011  ) . Because the 
APC/C is required for meiosis I, it has been dif fi cult to determine whether it also 
functions in meiosis II or polarity establishment. An analysis of conditional alleles 
at semi-permissive temperatures (Shakes et al.  2003  )  showed that the embryonic 
polarity defects of hypomorphic APC/C alleles (Rappleye et al.  2002  )  are likely due 
to effects on cell cycle progression during meiosis I (Shakes et al.  2003  ) . 

 Activation of the APC/C is independent of fertilization in  C. elegans  because 
oocytes that undergo meiotic maturation and ovulation but not fertilization com-
plete the metaphase-to-anaphase transition in meiosis I (McNally and McNally 
 2005  ) . The APC/C and separase appear to have distinct roles in promoting cortical 
granule exocytosis required for formation of the eggshell (Sato et al.  2006 ; Bembenek 
et al.  2007  ) . Yet, formation of the eggshell requires fertilization. Eggshell formation 
requires components of a cortical complex including three protein tyrosine phos-
phatase-like proteins (EGG-3, EGG-4, and EGG-5), and chitin synthetase (CHS-1) 
(Johnston et al.  2006 ; Maruyama et al.  2007 ; Parry et al.  2009  ) . EGG-3, EGG-4, 
EGG-5, and CHS-1 are also required for the completion of meiosis, polar body 
formation, and the block to polyspermy (Johnston et al.  2006,   2010 ; Maruyama 
et al.  2007 ; Parry et al.  2009  ) . 

 SPE-11 is a key sperm-derived factor needed for the completion of meiosis and 
eggshell formation (Hill et al.  1989 ; Browning and Strome  1996 ; McNally and 
McNally  2005  ) . Fertilization with sperm from homozygous  spe-11  mutant males 
causes paternal-effect lethality due to a failure to produce polar bodies and defec-
tive cytokinesis in meiosis I and II (McNally and McNally  2005  ) . The mutant 
embryos also exhibit defects in embryonic polarity (Hill et al.  1989  ) .  spe-11  mutants 
can assemble meiosis I and II spindles; however, the anaphase I chromosomes 
appear to collapse. Because  spe-11  mutants assemble a meiosis II spindle, but 
unfertilized oocytes do not, the sperm must make unidenti fi ed contributions to mei-
osis II spindle assembly (McNally and McNally  2005  ) .  spe-11  mutants were also 
observed to exhibit an incompletely penetrant polyspermy phenotype (Johnston 
et al.  2010  ) , perhaps owing to the defect in eggshell synthesis. SPE-11 does not 
appear to exhibit conservation at the primary amino acid sequence level and its 
biochemical activity is unknown, though it exhibits a perinuclear localization pat-
tern in sperm (Browning and Strome  1996  ) . Because treatments that interfere with 
actin polymerization, such as Latrunculin A application or pro fi lin (RNAi), pheno-
copy aspects of  spe-11  mutants (Yang et al.  2003  ) , SPE-11 might regulate actin 
dynamics. Meiotic cytokinesis appears to involve a novel structural mechanism 
involving the ANI-2 anillin to ensure the formation of small polar bodies (Dorn 
et al.  2010  ) . Future studies of SPE-11 and actin regulators may provide insights into 
the general cell biology of meiotic cytokinesis.   
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    10.5   Conclusions and Future Directions 

    10.5.1   Control of Oogenesis in the Wild Type 

 A decade ago, only  fi ve paragraphs were devoted to the control of oocyte growth 
and meiotic maturation in a review of  C. elegans  gonadogenesis (Hubbard and 
Greenstein  2000  ) . It is clear that there has been immense progress in this  fi eld since 
then. As the  fi eld endeavors to obtain a complete understanding of oogenesis in the 
wild type, it is clear that studies utilizing forward and reverse genetics and genomics 
will continue to play a prominent role. A central question concerns the connection 
between the sheath cell signaling pathway (Fig.  10.4 ) and activation of protein 
kinase pathways in the germ line that are critical for meiotic maturation (e.g., the 
MPK-1 and CDK-1 pathways). Whether translational regulation in the germ line is 
a key target of meiotic maturation signaling is as of yet unclear. A major goal for the 
 fi eld is to connect phenotypes with cell biological and biochemical mechanisms. 
Yet, there are vast areas of the cell biology of oogenesis of which we have only 
limited knowledge. Models for how oocytes grow and cellularize are quite incom-
plete at cell biological and biochemical levels. Likewise, it is unclear how oocyte 
meiotic maturation is spatially restricted to the most proximal oocyte. A challenge 
for the  fi eld will be to achieve integration between the component parts of oogene-
sis. It is now clear that there is a connection between the presence of sperm in the 
gonad, oocyte growth, and downstream responses of germline stem cells to DTC 
signaling. It will be crucial to elucidate the dependencies between germline events 
and to understand the mechanisms and checkpoints by which they are controlled. 
Forward genetic screens and RNAi approaches (e.g., Green et al.  2011  )  will con-
tinue to provide entry points for unraveling the mechanisms of oogenesis.  

    10.5.2   Oogenesis and Reproductive Aging 

 The control of oogenesis in  C. elegans  and mammals share a number of biological 
and mechanistic similarities. Yet, there are also fundamental differences. A central 
issue is the extent to which female reproductive aging—the decline in fertility as a 
function of time—can be modeled in the worm. Chromosome missegregation in 
female meiosis I is the leading cause of miscarriage and congenital birth defects in 
humans, such as Down syndrome (Hassold and Hunt  2001  ) . This “maternal-age 
effect” is a major barrier to human reproduction. In human females, meiotic 
 recombination occurs exclusively in the embryo, and there is no generally accepted 
evidence for the existence of actual stem cells in the adult mammalian ovary 
(Zuckerman  1951 ; Peters et al.  1962 ; Telfer et al.  2005 ; Bristol-Gould et al.  2006 ; 
Eggan et al.  2006  ) . This absence of stem cells in the adult human ovary is a major 
difference between the mammalian and  C. elegans  systems (Hansen and Schedl 
 2012 , Chap.   4    ); this difference is important for considering the origins of  reproductive 
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aging. Additionally, mammalian oocytes arrest in diplotene for years, but these 
oocytes are transcriptionally active; the importance of transcription in the oocyte is 
illustrated by mutant phenotypes obtained from generating conditional gene knock-
outs using the oocyte-speci fi c Zp3 driver (Sun et al.  2008  ) . By contrast, in  C. elegans  
oocytes are transcriptionally inactive and arrest for days. In mammals, arrested 
oocytes are recruited each cycle, which then undergo considerable growth and devel-
opment—folliculogenesis and imprinting occur in the time window before meiotic 
maturation. In  C. elegans  females, arrested oocytes are poised to mature as soon as 
the sperm signal appears, though mating stimulates oocyte production and growth, 
which is appropriate for the worm’s assembly-line reproductive strategy. There may 
be key differences in how aging impinges on these biological processes. 

 Reproductive aging is a new frontier in the  C. elegans  germline  fi eld. In consid-
ering how aging might impact the  fi delity of the oocyte meiotic maturation divisions 
in the worm, it is necessary to address the complication that defects could occur in 
earlier events, extending back to the behavior of the germline stem cells themselves. 
In female mammals by contrast, chiasmata established in utero link duplicated 
homologs by virtue of sister chromatid cohesion. Sister chromatid cohesion must be 
maintained through the entirety of reproductive life. Premature loss of sister-chro-
matid cohesion is a likely cause of chromosome segregation errors during meiosis I 
in human females (Wolstenholme and Angell  2000  ) , and this view is supported by 
an analysis of mouse models (Revenkova et al.  2004,   2010 ; Hodges et al.  2005 ; 
Chiang et al.  2010 ; Lister et al.  2010  ) . 

 Several pioneering studies have begun to address reproductive aging in the 
 C. elegans  female germ line. For example, Hughes et al.  (  2007  )  found that dietary 
restriction and reduced insulin/IGF-1 signaling delayed reproductive aging. 
Interestingly, the age-related decline in the reproductive system was observed to be 
independent of progeny production. In these studies, feminization of the germ line 
was not observed to delay reproductive aging, once sperm were supplied by mating 
at later times. It is important to point out, however, that the germ line and somatic 
gonad actively function to inhibit meiotic maturation when sperm are absent. The 
energetics of this inhibition in comparison with fertility is unknown, but one would 
imagine it might be less costly, especially since oocyte production stops in the 
absence of sperm. 

 Several observations suggest that nutrition impacts reproductive aging and oocyte 
quality. Andux and Ellis  (  2008  )  reported that oocyte quality declines as worms age, 
and that this decline affects both prophase-arrested oocytes and newly forming 
oocytes in older animals as well. An especially interesting  fi nding was that germline 
apoptosis functions to preserve oocyte quality in aging worms. One might imagine 
that germline apoptosis might preserve oocyte quality by culling defective oocytes. 
However, mutations that speci fi cally block DNA-damage-induced apoptosis do not 
lower oocyte quality. Therefore, a model was presented in which apoptosis in the 
germ line optimizes the allocation of resources between developing oocytes. 

 In addition to insulin/IGF-1 signaling, the TGF b  Sma/Mab signaling was 
observed to affect reproductive aging and oocyte quality (Luo et al.  2009,   2010  ) . 
Mutations in the TGF b  Sma/Mab were observed to delay reproductive aging and 
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preserve oocyte quality. Since the TGF b  Sma/Mab pathway affects somatic cell 
growth, one of several possibilities is that this pathway might affect the relative 
allocation of nutritional resources between the germ line and soma. Heretofore, 
most genes affecting reproductive aging have been identi fi ed using a candidate gene 
approach. A recent advance is the use of forward genetics in combination with 
quantitative screening strategies to identify mutations affecting reproductive aging 
(Hughes et al.  2011  ) . 

 An exciting recent  fi nding was the observation that starvation of L4-stage her-
maphrodites can bring about a state of “adult reproductive diapause” in which the 
entire germ line, except the germline stem cells, undergoes resorption in a process 
involving apoptosis (Angelo and Van Gilst  2009  ) . The state of adult reproductive 
diapause results from a starvation response of oogenic germ cells (Seidel and 
Kimble  2011  ) . Repopulation of the germ line and fertility was observed after refeed-
ing (Angelo and Van Gilst  2009 ; Seidel and Kimble  2011  ) . This work provides a 
new experimental model for investigating the impacts of aging and nutritive status 
on reproduction. 

  C. elegans  is also emerging as a model for studying the reproductive impact of 
environmental toxicants. In mice, there is evidence that endocrine disrupters and 
environmental toxicants, such as bisphenol, can perturb the  fi delity of meiotic chro-
mosome segregation and that the  fi nal stages of oocyte growth and meiotic matura-
tion are particularly sensitive (Hunt et al.  2003  ) . However, bisphenol’s effects are not 
speci fi c for late events of oogenesis because fetal exposure also disrupts synaptone-
mal complex assembly (Susiarjo et al.  2007  ) . In  C. elegans , bisphenol perturbs early 
events in meiosis, including double strand break repair, as well as the kinetics of 
remodeling the oocyte bivalents (Allard and Colaiacovo  2010  ) . These recent  fi ndings 
highlight the potential of the  C. elegans  system for addressing the origin of aneuploi-
dies and miscarriage in humans. For this potential to be realized, a comprehensive 
understanding of the normal mechanisms controlling oocyte growth and meiotic 
maturation and their integration into the overall germline program is essential. 

 As this new  fi eld develops, it is clear that standardized assays and biomarkers for 
reproductive aging and oocyte quality would facilitate the comparison of data 
between labs. Normal germline development and function in young animals is com-
plex and involves soma–germline interactions and coordination between multiple 
cellular processes. The study of reproductive aging is expected to be at least as 
complicated. Normal  C. elegans  development is remarkable for its reproducibility. 
By contrast, extensive phenotypic and functional variance in reproduction is 
observed in populations of aging worms. In the future, we anticipate exciting prog-
ress in the study of reproductive aging through the interaction of  C. elegans  research-
ers studying germline development and aging.       

  Acknowledgments   We are grateful to Valerie Osterberg, Sara Christensen, and Bruce Bowerman 
for providing Fig.  10.6a . Thanks to Swathi Arur, Bruce Bowerman, Andy Golden, Frank McNally, 
Michael Miller, Martin Srayko, and Jennifer Schisa for providing comments on the manuscript. 
Thanks to Bruce Bowerman, Amaranath Govindan, Tim Schedl, Jennifer Schisa, and Todd Starich 
for communication of unpublished results. This work was supported by NIH grants GM65115 and 
GM57173 to D.G.  



30910 Control of Oocyte Growth and Meiotic Maturation in  Caenorhabditis elegans 

      References 

    Albertson DG, Thomson JN (1993) Segregation of holocentric chromosomes at meiosis in the 
nematode,  Caenorhabditis elegans . Chromosome Res 1(1):15–26  

    Allard P, Colaiacovo MP (2010) Bisphenol A impairs the double-strand break repair machinery in the 
germline and causes chromosome abnormalities. Proc Natl Acad Sci USA 107(47):20405–20410  

    Altun ZF, Chen B, Wang ZW, Hall DH (2009) High resolution map of  Caenorhabditis elegans  gap 
junction proteins. Dev Dyn 238(8):1936–1950  

    Andresson T, Ruderman JV (1998) The kinase Eg2 is a component of the  Xenopus  oocyte proges-
terone-activated signaling pathway. EMBO J 17(19):5627–5637  

    Andux S, Ellis RE (2008) Apoptosis maintains oocyte quality in aging  Caenorhabditis elegans  
females. PLoS Genet 4(12):e1000295  

    Angelo G, Van Gilst MR (2009) Starvation protects germline stem cells and extends reproductive 
longevity in  C. elegans . Science 326(5955):954–958  

    Aono S, Legouis R, Hoose WA, Kemphues KJ (2004) PAR-3 is required for epithelial cell polarity 
in the distal spermatheca of  C. elegans . Development 131(12):2865–2874  

    Arur S, Ohmachi M, Nayak S, Hayes M, Miranda A, Hay A, Golden A, Schedl T (2009) Multiple 
ERK substrates execute single biological processes in  Caenorhabditis elegans  germ-line devel-
opment. Proc Natl Acad Sci USA 106(12):4776–4781  

    Arur S, Ohmachi M, Berkseth M, Nayak S, Hansen D, Zarkower D, Schedl T (2011) MPK-1 ERK 
controls membrane organization in  C. elegans  oogenesis via a sex-determination module. Dev 
Cell 20(5):677–688  

    Bailly A, Gartner A (2012) Germ cell apoptosis and DNA damage responses. Advances in 
Experimental Medicine and Biology 757:249–276. (Chap. 9, this volume) Springer, New York  

    Bembenek JN, Richie CT, Squirrell JM, Campbell JM, Eliceiri KW, Poteryaev D, Spang A, Golden 
A, White JG (2007) Cortical granule exocytosis in  C. elegans  is regulated by cell cycle compo-
nents including separase. Development 134(21):3837–3848  

    Bishop JD, Han Z, Schumacher JM (2005) The  Caenorhabditis elegans  Aurora B kinase AIR-2 
phosphorylates and is required for the localization of a BimC kinesin to meiotic and mitotic 
spindles. Mol Biol Cell 16(2):742–756  

    Bottino D, Mogilner A, Roberts T, Stewart M, Oster G (2002) How nematode sperm crawl. J Cell 
Sci 115(Pt 2):367–384  

    Boxem M, Srinivasan DG, van den Heuvel S (1999) The  Caenorhabditis elegans  gene  ncc-1  
encodes a  cdc2 -related kinase required for M phase in meiotic and mitotic cell divisions, but 
not for S phase. Development 126(10):2227–2239  

    Bristol-Gould SK, Kreeger PK, Selkirk CG, Kilen SM, Mayo KE, Shea LD, Woodruff TK (2006) 
Fate of the initial follicle pool: empirical and mathematical evidence supporting its suf fi ciency 
for adult fertility. Dev Biol 298(1):149–154  

    Browning H, Strome S (1996) A sperm-supplied factor required for embryogenesis in  C. elegans . 
Development 122(1):391–404  

    Buck SH, Chiu D, Saito RM (2009) The cyclin-dependent kinase inhibitors,  cki-1  and  cki-2 , act in 
overlapping but distinct pathways to control cell cycle quiescence during  C. elegans  develop-
ment. Cell Cycle 8(16):2613–2620  

    Bui YK, Sternberg PW (2002)  Caenorhabditis elegans  inositol 5-phosphatase homolog negatively 
regulates inositol 1,4,5-triphosphate signaling in ovulation. Mol Biol Cell 13(5):1641–1651  

    Burke DJ, Ward S (1983) Identi fi cation of a large multigene family encoding the major sperm 
protein of  Caenorhabditis elegans . J Mol Biol 171(1):1–29  

    Burrows AE, Sceurman BK, Kosinski ME, Richie CT, Sadler PL, Schumacher JM, Golden A 
(2006) The  C. elegans  Myt1 ortholog is required for the proper timing of oocyte maturation. 
Development 133(4):697–709  

    Castilho PV, Williams BC, Mochida S, Zhao Y, Goldberg ML (2009) The M phase kinase Greatwall 
(Gwl) promotes inactivation of PP2A/B55delta, a phosphatase directed against CDK phospho-
sites. Mol Biol Cell 20(22):4777–4789  



310 S. Kim et al.

    Chase D, Sera fi nas C, Ashcroft N, Kosinski M, Longo D, Ferris DK, Golden A (2000) The polo-like 
kinase PLK-1 is required for nuclear envelope breakdown and the completion of meiosis in 
 Caenorhabditis elegans . Genesis 26(1):26–41  

    Cheng H, Govindan JA, Greenstein D (2008) Regulated traf fi cking of the MSP/Eph receptor dur-
ing oocyte meiotic maturation in  C. elegans . Curr Biol 18(10):705–714  

    Cheng KC, Klancer R, Singson A, Seydoux G (2009) Regulation of MBK-2/DYRK by CDK-1 and 
the pseudophosphatases EGG-4 and EGG-5 during the oocyte-to-embryo transition. Cell 
139(3):560–572  

    Chi W, Reinke V (2006) Promotion of oogenesis and embryogenesis in the  C. elegans  gonad by 
EFL-1/DPL-1 (E2F) does not require LIN-35 (pRB). Development 133(16):3147–3157  

    Chi W, Reinke V (2009) DPL-1 (DP) acts in the germ line to coordinate ovulation and fertilization 
in  C. elegans . Mech Dev 126(5–6):406–416  

    Chiang T, Duncan FE, Schindler K, Schultz RM, Lampson MA (2010) Evidence that weakened 
centromere cohesion is a leading cause of age-related aneuploidy in oocytes. Curr Biol 
20(17):1522–1528  

    Cho S, Jin SW, Cohen A, Ellis RE (2004) A phylogeny of  Caenorhabditis  reveals frequent loss of 
introns during nematode evolution. Genome Res 14(7):1207–1220  

      Chu DS, Shakes DC (2012) Spermatogenesis. Advances in Experimental Medicine and Biology 
757:171–203. (Chap. 7, this volume) Springer, New York  

    Church DL, Guan KL, Lambie EJ (1995) Three genes of the MAP kinase cascade,  mek-2 ,  mpk-
1 / sur-1  and  let-60  ras, are required for meiotic cell cycle progression in  Caenorhabditis ele-
gans . Development 121(8):2525–2535  

    Clandinin TR, Mains PE (1993) Genetic studies of  mei-1  gene activity during the transition from 
meiosis to mitosis in  Caenorhabditis elegans . Genetics 134(1):199–210  

    Clandinin TR, DeModena JA, Sternberg PW (1998) Inositol trisphosphate mediates a RAS-
independent response to LET-23 receptor tyrosine kinase activation in  C. elegans . Cell 
92(4):523–533  

    Clark-Maguire S, Mains PE (1994a)  mei-1 , a gene required for meiotic spindle formation in 
 Caenorhabditis elegans , is a member of a family of ATPases. Genetics 136(2):533–546  

    Clark-Maguire S, Mains PE (1994b) Localization of the  mei-1  gene product of  Caenorhaditis 
elegans , a meiotic-speci fi c spindle component. J Cell Biol 126(1):199–209  

    Clary LM, Okkema PG (2010) The EGR family gene  egrh-1  functions non-autonomously in the 
control of oocyte meiotic maturation and ovulation in  C. elegans . Development 
137(18):3129–3137  

    Corrigan C, Subramanian R, Miller MA (2005) Eph and NMDA receptors control Ca2+/calmodu-
lin-dependent protein kinase II activation during  C. elegans  oocyte meiotic maturation. 
Development 132(23):5225–5237  

    Davis ES, Wille L, Chestnut BA, Sadler PL, Shakes DC, Golden A (2002) Multiple subunits of the 
 Caenorhabditis elegans  anaphase-promoting complex are required for chromosome segrega-
tion during meiosis I. Genetics 160(2):805–813  

    de Carvalho CE, Zaaijer S, Smolikov S, Gu Y, Schumacher JM, Colaiacovo MP (2008) LAB-1 
antagonizes the Aurora B kinase in  C. elegans . Genes Dev 22(20):2869–2885  

    Detwiler MR, Reuben M, Li X, Rogers E, Lin R (2001) Two zinc  fi nger proteins, OMA-1 and 
OMA-2, are redundantly required for oocyte maturation in  C. elegans . Dev Cell 
1(2):187–199  

    Deyter GM, Furuta T, Kurasawa Y, Schumacher JM (2010)  Caenorhabditis elegans  cyclin B3 is 
required for multiple mitotic processes including alleviation of a spindle checkpoint-dependent 
block in anaphase chromosome segregation. PLoS Genet 6(11):e1001218  

    Dorn JF, Zhang L, Paradis V, Edoh-Bedi D, Jusu S, Maddox PS, Maddox AS (2010) Actomyosin 
tube formation in polar body cytokinesis requires Anillin in  C. elegans . Curr Biol 
20(22):2046–2051  

    Dumont J, Million K, Sunderland K, Rassinier P, Lim H, Leader B, Verlhac MH (2007) Formin-2 
is required for spindle migration and for the late steps of cytokinesis in mouse oocytes. Dev 
Biol 301(1):254–265  



31110 Control of Oocyte Growth and Meiotic Maturation in  Caenorhabditis elegans 

    Dumont J, Oegema K, Desai A (2010) A kinetochore-independent mechanism drives anaphase 
chromosome separation during acentrosomal meiosis. Nat Cell Biol 12(9):894–901  

    Dunphy WG, Brizuela L, Beach D, Newport J (1988) The  Xenopus  cdc2 protein is a component of 
MPF, a cytoplasmic regulator of mitosis. Cell 54(3):423–431  

    Dupre A, Jessus C, Ozon R, Haccard O (2002) Mos is not required for the initiation of meiotic 
maturation in  Xenopus  oocytes. EMBO J 21(15):4026–4036  

    Edmonds JW, Prasain JK, Dorand D, Yang Y, Hoang HD, Vibbert J, Kubagawa HM, Miller MA 
(2010) Insulin/FOXO signaling regulates ovarian prostaglandins critical for reproduction. Dev 
Cell 19(6):858–871  

    Eggan K, Jurga S, Gosden R, Min IM, Wagers AJ (2006) Ovulated oocytes in adult mice derive 
from non-circulating germ cells. Nature 441(7097):1109–1114  

    Ellefson ML, McNally FJ (2009) Kinesin-1 and cytoplasmic dynein act sequentially to move the 
meiotic spindle to the oocyte cortex in  Caenorhabditis elegans . Mol Biol Cell 
20(11):2722–2730  

    Ellefson ML, McNally FJ (2011) CDK-1 inhibits meiotic spindle shortening and dynein-depen-
dent spindle rotation in  C. elegans . J Cell Biol 193(7):1229–1244  

    Fabritius AS, Ellefson ML, McNally FJ (2011) Nuclear and spindle positioning during oocyte 
meiosis. Curr Opin Cell Biol 23(1):78–84  

    Ferby I, Blazquez M, Palmer A, Eritja R, Nebreda AR (1999) A novel p34(cdc2)-binding and 
activating protein that is necessary and suf fi cient to trigger G(2)/M progression in  Xenopus  
oocytes. Genes Dev 13(16):2177–2189  

    Ferrell JE Jr (1999a)  Xenopus  oocyte maturation: new lessons from a good egg. Bioessays 
21(10):833–842  

    Ferrell JE Jr (1999b) Building a cellular switch: more lessons from a good egg. Bioessays 
21(10):866–870  

    Francis R, Maine E, Schedl T (1995) Analysis of the multiple roles of  gld-1  in germline develop-
ment: interactions with the sex determination cascade and the  glp-1  signaling pathway. Genetics 
139(2):607–630  

    Furuta T, Tuck S, Kirchner J, Koch B, Auty R, Kitagawa R, Rose AM, Greenstein D (2000) EMB-
30: an APC4 homologue required for metaphase-to-anaphase transitions during meiosis and 
mitosis in  Caenorhabditis elegans . Mol Biol Cell 11(4):1401–1419  

    Gautier J, Norbury C, Lohka M, Nurse P, Maller J (1988) Puri fi ed maturation-promoting factor 
contains the product of a  Xenopus  homolog of the  fi ssion yeast cell cycle control gene cdc2+. 
Cell 54(3):433–439  

    Gautier J, Minshull J, Lohka M, Glotzer M, Hunt T, Maller JL (1990) Cyclin is a component of 
maturation-promoting factor from  Xenopus . Cell 60(3):487–494  

    George SE, Simokat K, Hardin J, Chisholm AD (1998) The VAB-1 Eph receptor tyrosine kinase 
functions in neural and epithelial morphogenesis in  C. elegans . Cell 92(5):633–643  

    Gibert MA, Starck J, Beguet B (1984) Role of the gonad cytoplasmic core during oogenesis of the 
nematode  Caenorhabditis elegans . Biol Cell 50(1):77–85  

    Gissendanner CR, Kelley K, Nguyen TQ, Hoener MC, Sluder AE, Maina CV (2008) The 
 Caenorhabditis elegans  NR4A nuclear receptor is required for spermatheca morphogenesis. 
Dev Biol 313(2):767–786  

    Golden A, Sadler PL, Wallenfang MR, Schumacher JM, Hamill DR, Bates G, Bowerman B, 
Seydoux G, Shakes DC (2000) Metaphase to anaphase (mat) transition-defective mutants in 
 Caenorhabditis elegans . J Cell Biol 151(7):1469–1482  

    Goldstein B, Hird SN (1996) Speci fi cation of the anteroposterior axis in  Caenorhabditis elegans . 
Development 122(5):1467–1474  

    Govindan JA, Cheng H, Harris JE, Greenstein D (2006) Galphao/i and Galphas signaling function 
in parallel with the MSP/Eph receptor to control meiotic diapause in  C. elegans . Curr Biol 
16(13):1257–1268  

    Govindan JA, Nadarajan S, Kim S, Starich TA, Greenstein D (2009) Somatic cAMP signaling 
regulates MSP-dependent oocyte growth and meiotic maturation in  C. elegans . Development 
136(13):2211–2221  



312 S. Kim et al.

    Grant B, Hirsh D (1999) Receptor-mediated endocytosis in the  Caenorhabditis elegans  oocyte. 
Mol Biol Cell 10(12):4311–4326  

    Green RA, Kao HL, Audhya A, Arur S, Mayers JR, Fridolfsson HN, Schulman M, Schloissnig S, 
Niessen S, Laband K, Wang S, Starr DA, Hyman AA, Schedl T, Desai A, Piano F, Gunsalus 
KC, Oegema K (2011) A high-resolution  C. elegans  essential gene network based on pheno-
typic pro fi ling of a complex tissue. Cell 145(3):470–482  

    Greenstein D, Hird S, Plasterk RH, Andachi Y, Kohara Y, Wang B, Finney M, Ruvkun G (1994) Targeted 
mutations in the  Caenorhabditis elegans  POU homeo box gene  ceh-18  cause defects in oocyte cell 
cycle arrest, gonad migration, and epidermal differentiation. Genes Dev 8(16):1935–1948  

    Gumienny TL, Lambie E, Hartwieg E, Horvitz HR, Hengartner MO (1999) Genetic control of 
programmed cell death in the  Caenorhabditis elegans  hermaphrodite germline. Development 
126(5):1011–1022  

    Gutch MJ, Flint AJ, Keller J, Tonks NK, Hengartner MO (1998) The  Caenorhabditis elegans  SH2 
domain-containing protein tyrosine phosphatase PTP-2 participates in signal transduction dur-
ing oogenesis and vulval development. Genes Dev 12(4):571–585  

    Guven-Ozkan T, Nishi Y, Robertson SM, Lin R (2008) Global transcriptional repression in  C. 
elegans  germline precursors by regulated sequestration of TAF-4. Cell 135(1):149–160  

    Guven-Ozkan T, Robertson SM, Nishi Y, Lin R (2010)  zif-1  translational repression de fi nes a 
second, mutually exclusive OMA function in germline transcriptional repression. Development 
137(20):3373–3382  

    Haccard O, Jessus C (2006) Redundant pathways for Cdc2 activation in  Xenopus  oocyte: either 
cyclin B or Mos synthesis. EMBO Rep 7(3):321–325  

   Hall DH, Altun Z (2008)  C. elegans  atlas. Cold Spring Harbor Laboratory Press, Cold Spring 
Harbor  

    Hall DH, Winfrey VP, Blaeuer G, Hoffman LH, Furuta T, Rose KL, Hobert O, Greenstein D (1999) 
Ultrastructural features of the adult hermaphrodite gonad of  Caenorhabditis elegans : relations 
between the germ line and soma. Dev Biol 212(1):101–123  

   Hansen D, Schedl T (2012) Stem cell proliferation versus meiotic fate decision in  C. elegans . 
Advances in Experimental Medicine and Biology 757:71–99. (Chap. 4, this volume) Springer, 
New York  

    Harris JE, Govindan JA, Yamamoto I, Schwartz J, Kaverina I, Greenstein D (2006) Major sperm 
protein signaling promotes oocyte microtubule reorganization prior to fertilization in 
 Caenorhabditis elegans . Dev Biol 299(1):105–121  

    Hassold T, Hunt P (2001) To err (meiotically) is human: the genesis of human aneuploidy. Nat Rev 
2(4):280–291  

    Heald R, Tournebize R, Blank T, Sandaltzopoulos R, Becker P, Hyman A, Karsenti E (1996) Self-
organization of microtubules into bipolar spindles around arti fi cial chromosomes in  Xenopus  
egg extracts. Nature 382(6590):420–425  

    Henderson MA, Cronland E, Dunkelbarger S, Contreras V, Strome S, Keiper BD (2009) A 
germline-speci fi c isoform of eIF4E (IFE-1) is required for ef fi cient translation of stored 
mRNAs and maturation of both oocytes and sperm. J Cell Sci 122(Pt 10):1529–1539  

    Hiatt SM, Duren HM, Shyu YJ, Ellis RE, Hisamoto N, Matsumoto K, Kariya K, Kerppola TK, Hu 
CD (2009)  Caenorhabditis elegans  FOS-1 and JUN-1 regulate  plc-1  expression in the sper-
matheca to control ovulation. Mol Biol Cell 20(17):3888–3895  

    Hill DP, Shakes DC, Ward S, Strome S (1989) A sperm-supplied product essential for initiation of 
normal embryogenesis in  Caenorhabditis elegans  is encoded by the paternal-effect embryonic-
lethal gene,  spe-11 . Dev Biol 136(1):154–166  

    Hirsh D, Oppenheim D, Klass M (1976) Development of the reproductive system of  Caenorhabditis 
elegans . Dev Biol 49(1):200–219  

    Hochegger H, Klotzbucher A, Kirk J, Howell M, le Guellec K, Fletcher K, Duncan T, Sohail M, 
Hunt T (2001) New B-type cyclin synthesis is required between meiosis I and II during  Xenopus  
oocyte maturation. Development 128(19):3795–3807  

    Hodges CA, Revenkova E, Jessberger R, Hassold TJ, Hunt PA (2005) SMC1beta-de fi cient female 
mice provide evidence that cohesins are a missing link in age-related nondisjunction. Nat Genet 
37(12):1351–1355  



31310 Control of Oocyte Growth and Meiotic Maturation in  Caenorhabditis elegans 

    Hopper NA, Lee J, Sternberg PW (2000) ARK-1 inhibits EGFR signaling in  C. elegans . Mol Cell 
6(1):65–75  

    Horner VL, Wolfner MF (2008) Transitioning from egg to embryo: triggers and mechanisms of 
egg activation. Dev Dyn 237(3):527–544  

    Howe M, McDonald KL, Albertson DG, Meyer BJ (2001) HIM-10 is required for kinetochore 
structure and function on  Caenorhabditis elegans  holocentric chromosomes. J Cell Biol 
153(6):1227–1238  

    Hubbard EJ, Greenstein D (2000) The  Caenorhabditis elegans  gonad: a test tube for cell and 
developmental biology. Dev Dyn 218(1):2–22  

    Hughes SE, Evason K, Xiong C, Kornfeld K (2007) Genetic and pharmacological factors that 
in fl uence reproductive aging in nematodes. PLoS Genet 3(2):e25  

   Hughes SE, Huang C, Kornfeld K (2011) Identi fi cation of mutations that delay somatic or repro-
ductive aging of  Caenorhabditis elegans . Genetics 189(1):341–356  

    Hunt PA, Koehler KE, Susiarjo M, Hodges CA, Ilagan A, Voigt RC, Thomas S, Thomas BF, 
Hassold TJ (2003) Bisphenol a exposure causes meiotic aneuploidy in the female mouse. Curr 
Biol 13(7):546–553  

    Iwasaki K, McCarter J, Francis R, Schedl T (1996)  emo-1 , a  Caenorhabditis elegans  Sec61p gamma 
homologue, is required for oocyte development and ovulation. J Cell Biol 134(3):699–714  

    Jadhav S, Rana M, Subramaniam K (2008) Multiple maternal proteins coordinate to restrict the 
translation of  C. elegans nanos-2  to primordial germ cells. Development 135(10):1803–1812  

    Jaramillo-Lambert A, Ellefson M, Villeneuve AM, Engebrecht J (2007) Differential timing of S 
phases, X chromosome replication, and meiotic prophase in the  C. elegans  germ line. Dev Biol 
308(1):206–221  

    Johnston WL, Krizus A, Dennis JW (2006) The eggshell is required for meiotic  fi delity, polar-
body extrusion and polarization of the  C. elegans  embryo. BMC Biol 4:35  

    Johnston WL, Krizus A, Dennis JW (2010) Eggshell chitin and chitin-interacting proteins prevent 
polyspermy in  C. elegans . Curr Biol 20(21):1932–1937  

    Jud M, Razelun J, Bickel J, Czerwinski M, Schisa JA (2007) Conservation of large foci formation 
in arrested oocytes of  Caenorhabditis  nematodes. Dev Genes Evol 217(3):221–226  

    Jud MC, Czerwinski MJ, Wood MP, Young RA, Gallo CM, Bickel JS, Petty EL, Mason JM, Little 
BA, Padilla PA, Schisa JA (2008) Large P body-like RNPs form in  C. elegans  oocytes in 
response to arrested ovulation, heat shock, osmotic stress, and anoxia and are regulated by the 
major sperm protein pathway. Dev Biol 318(1):38–51  

    Kadyk LC, Kimble J (1998) Genetic regulation of entry into meiosis in  Caenorhabditis elegans . 
Development 125(10):1803–1813  

    Kaiser SE, Brickner JH, Reilein AR, Fenn TD, Walter P, Brunger AT (2005) Structural basis of 
FFAT motif-mediated ER targeting. Structure 13(7):1035–1045  

    Kaitna S, Mendoza M, Jantsch-Plunger V, Glotzer M (2000) Incenp and an aurora-like kinase form 
a complex essential for chromosome segregation and ef fi cient completion of cytokinesis. Curr 
Biol 10(19):1172–1181  

    Kalab P, Solc P, Motlik J (2011) The role of RanGTP gradient in vertebrate oocyte maturation. 
Results Probl Cell Differ 53:235–267  

    Kaneda M, Tang F, O’Carroll D, Lao K, Surani MA (2009) Essential role for Argonaute2 protein 
in mouse oogenesis. Epigenetics Chromatin 2(1):9  

    Kariya K, Bui YK, Gao X, Sternberg PW, Kataoka T (2004) Phospholipase Cepsilon regulates 
ovulation in  Caenorhabditis elegans . Dev Biol 274(1):201–210  

    Kashina AS, Rogers GC, Scholey JM (1997) The bimC family of kinesins: essential bipolar mitotic 
motors driving centrosome separation. Biochim Biophys Acta 1357(3):257–271  

    Kemphues KJ, Priess JR, Morton DG, Cheng NS (1988) Identi fi cation of genes required for cyto-
plasmic localization in early  C. elegans  embryos. Cell 52(3):311–320  

    Kim DY, Roy R (2006) Cell cycle regulators control centrosome elimination during oogenesis in 
 Caenorhabditis elegans . J Cell Biol 174(6):751–757  

    Kimble J, Sharrock WJ (1983) Tissue-speci fi c synthesis of yolk proteins in  Caenorhabditis elegans . 
Dev Biol 96(1):189–196  



314 S. Kim et al.

   Kiontke K, Fitch DH (2005) The phylogenetic relationships of  Caenorhabditis  and other rhabditids. 
WormBook:1–11  

    Kiontke K, Gavin NP, Raynes Y, Roehrig C, Piano F, Fitch DH (2004)  Caenorhabditis  phylogeny 
predicts convergence of hermaphroditism and extensive intron loss. Proc Natl Acad Sci USA 
101(24):9003–9008  

    Klass MR, Kinsley S, Lopez LC (1984) Isolation and characterization of a sperm-speci fi c gene 
family in the nematode  Caenorhabditis elegans . Mol Cell Biol 4(3):529–537  

    Kornbluth S, Sebastian B, Hunter T, Newport J (1994) Membrane localization of the kinase which 
phosphorylates p34cdc2 on threonine 14. Mol Biol Cell 5(3):273–282  

    Korswagen HC, Park JH, Ohshima Y, Plasterk RH (1997) An activating mutation in a  Caenorhabditis 
elegans  Gs protein induces neural degeneration. Genes Dev 11(12):1493–1503  

    Kosinski M, McDonald K, Schwartz J, Yamamoto I, Greenstein D (2005)  C. elegans  sperm bud 
vesicles to deliver a meiotic maturation signal to distant oocytes. Development 
132(15):3357–3369  

    Kostic I, Li S, Roy R (2003)  cki-1  links cell division and cell fate acquisition in the  C. elegans  
somatic gonad. Dev Biol 263(2):242–252  

    Kovacevic I, Cram EJ (2010) FLN-1/ fi lamin is required for maintenance of actin and exit of fertil-
ized oocytes from the spermatheca in  C. elegans . Dev Biol 347(2):247–257  

    Kubagawa HM, Watts JL, Corrigan C, Edmonds JW, Sztul E, Browse J, Miller MA (2006) Oocyte 
signals derived from polyunsaturated fatty acids control sperm recruitment in vivo. Nat Cell 
Biol 8(10):1143–1148  

    Kumagai A, Dunphy WG (1991) The cdc25 protein controls tyrosine dephosphorylation of the 
cdc2 protein in a cell-free system. Cell 64(5):903–914  

    Kumagai A, Dunphy WG (1996) Puri fi cation and molecular cloning of Plx1, a Cdc25-regulatory 
kinase from  Xenopus  egg extracts. Science 273(5280):1377–1380  

    Lee MH, Ohmachi M, Arur S, Nayak S, Francis R, Church D, Lambie E, Schedl T (2007) Multiple 
functions and dynamic activation of MPK-1 extracellular signal-regulated kinase signaling in 
 Caenorhabditis elegans  germline development. Genetics 177(4):2039–2062  

    Lenormand JL, Dellinger RW, Knudsen KE, Subramani S, Donoghue DJ (1999) Speedy: a novel 
cell cycle regulator of the G2/M transition. EMBO J 18(7):1869–1877  

    Li H, Guo F, Rubinstein B, Li R (2008) Actin-driven chromosomal motility leads to symmetry 
breaking in mammalian meiotic oocytes. Nat Cell Biol 10(11):1301–1308  

    Liang CG, Su YQ, Fan HY, Schatten H, Sun QY (2007) Mechanisms regulating oocyte meiotic 
resumption: roles of mitogen-activated protein kinase. Mol Endocrinol 21(9):2037–2055  

    Liang ZY, Hallen MA, Endow SA (2009) Mature  Drosophila  meiosis I spindles comprise micro-
tubules of mixed polarity. Curr Biol 19(2):163–168  

    Lister LM, Kouznetsova A, Hyslop LA, Kalleas D, Pace SL, Barel JC, Nathan A, Floros V, 
Adelfalk C, Watanabe Y, Jessberger R, Kirkwood TB, Hoog C, Herbert M (2010) Age-related 
meiotic segregation errors in mammalian oocytes are preceded by depletion of cohesin and 
Sgo2. Curr Biol 20(17):1511–1521  

    Liu J, Maller JL (2005) Calcium elevation at fertilization coordinates phosphorylation of XErp1/
Emi2 by Plx1 and CaMK II to release metaphase arrest by cytostatic factor. Curr Biol 
15(16):1458–1468  

    Liu J, Vasudevan S, Kipreos ET (2004) CUL-2 and ZYG-11 promote meiotic anaphase II and the 
proper placement of the anterior-posterior axis in  C. elegans . Development 
131(15):3513–3525  

    Lohka MJ, Hayes MK, Maller JL (1988) Puri fi cation of maturation-promoting factor, an intracel-
lular regulator of early mitotic events. Proc Natl Acad Sci USA 85(9):3009–3013  

   Lorin-Nebel C, Xing J, Yan X, Strange K (2007) CRAC channel activity in  C. elegans  is mediated 
by Orai1 and STIM1 homologues and is essential for ovulation and fertility. J Physiol 580
(Pt 1):67–85  

   Lui DY, Colaiácovo MP (2012) Meiotic development in  C. elegans . Advances in Experimental 
Medicine and Biology 757:133–170. (Chap. 6, this volume) Springer, New York  

    Luo S, Shaw WM, Ashraf J, Murphy CT (2009) TGF-beta Sma/Mab signaling mutations uncouple 
reproductive aging from somatic aging. PLoS Genet 5(12):e1000789  



31510 Control of Oocyte Growth and Meiotic Maturation in  Caenorhabditis elegans 

    Luo S, Kleemann GA, Ashraf JM, Shaw WM, Murphy CT (2010) TGF-beta and insulin signaling 
regulate reproductive aging via oocyte and germline quality maintenance. Cell 143(2):299–312  

    Maddox PS, Oegema K, Desai A, Cheeseman IM (2004) “Holo”er than thou: chromosome segre-
gation and kinetochore function in  C. elegans . Chromosome Res 12(6):641–653  

    Maddox AS, Habermann B, Desai A, Oegema K (2005) Distinct roles for two  C. elegans  anillins 
in the gonad and early embryo. Development 132(12):2837–2848  

    Mains PE, Kemphues KJ, Sprunger SA, Sulston IA, Wood WB (1990) Mutations affecting the meiotic 
and mitotic divisions of the early  Caenorhabditis elegans  embryo. Genetics 126(3):593–605  

   Marcello MR, Singaravelu G, Singson A (2012) Fertilization. Advances in Experimental Medicine 
and Biology 757:321–350. (Chap. 11, this volume) Springer, New York  

    Maruyama R, Velarde NV, Klancer R, Gordon S, Kadandale P, Parry JM, Hang JS, Rubin J, 
Stewart-Michaelis A, Schweinsberg P, Grant BD, Piano F, Sugimoto A, Singson A (2007) 
EGG-3 regulates cell-surface and cortex rearrangements during egg activation in  Caenorhabditis 
elegans . Curr Biol 17(18):1555–1560  

    Masui Y (2001) From oocyte maturation to the in vitro cell cycle: the history of discoveries of 
maturation-promoting factor (MPF) and cytostatic factor (CSF). Differentiation 69(1):1–17  

    Masui Y, Clarke HJ (1979) Oocyte maturation. Int Rev Cytol 57:185–282  
    Masui Y, Markert CL (1971) Cytoplasmic control of nuclear behavior during meiotic maturation 

of frog oocytes. J Exp Zool 177(2):129–145  
    Matthies HJ, McDonald HB, Goldstein LS, Theurkauf WE (1996) Anastral meiotic spindle mor-

phogenesis: role of the non-claret disjunctional kinesin-like protein. J Cell Biol 
134(2):455–464  

    Matyash V, Geier C, Henske A, Mukherjee S, Hirsh D, Thiele C, Grant B, Max fi eld FR, Kurzchalia 
TV (2001) Distribution and transport of cholesterol in  Caenorhabditis elegans . Mol Biol Cell 
12(6):1725–1736  

   McCarter J (1998) The regulation of oocyte maturation and ovulation in  Caenorhabditis elegans . 
PhD Thesis, Washington University  

    McCarter J, Bartlett B, Dang T, Schedl T (1997) Soma-germ cell interactions in  Caenorhabditis 
elegans : multiple events of hermaphrodite germline development require the somatic sheath 
and spermathecal lineages. Dev Biol 181(2):121–143  

    McCarter J, Bartlett B, Dang T, Schedl T (1999) On the control of oocyte meiotic maturation and 
ovulation in  Caenorhabditis elegans . Dev Biol 205(1):111–128  

    McMullan R, Nurrish SJ (2011) The RHO-1 RhoGTPase modulates fertility and multiple behav-
iors in adult  C. elegans . PLoS One 6(2):e17265  

    McNally KL, McNally FJ (2005) Fertilization initiates the transition from anaphase I to metaphase 
II during female meiosis in  C. elegans . Dev Biol 282(1):218–230  

    McNally KP, McNally FJ (2011) The spindle assembly function of  Caenorhabditis elegans  kata-
nin does not require microtubule-severing activity. Mol Biol Cell 22(9):1550–1560  

    McNally FJ, Vale RD (1993) Identi fi cation of katanin, an ATPase that severs and disassembles 
stable microtubules. Cell 75(3):419–429  

    McNally K, Audhya A, Oegema K, McNally FJ (2006) Katanin controls mitotic and meiotic spin-
dle length. J Cell Biol 175(6):881–891  

    McNally KL, Martin JL, Ellefson M, McNally FJ (2010) Kinesin-dependent transport results in 
polarized migration of the nucleus in oocytes and inward movement of yolk granules in meiotic 
embryos. Dev Biol 339(1):126–140  

    Mendez R, Richter JD (2001) Translational control by CPEB: a means to the end. Nat Rev Mol 
Cell Biol 2(7):521–529  

    Mendez R, Hake LE, Andresson T, Littlepage LE, Ruderman JV, Richter JD (2000) Phosphorylation 
of CPE binding factor by Eg2 regulates translation of  c-mos  mRNA. Nature 404(6775):302–307  

    Meyerzon M, Fridolfsson HN, Ly N, McNally FJ, Starr DA (2009) UNC-83 is a nuclear-speci fi c 
cargo adaptor for kinesin-1-mediated nuclear migration. Development 136(16):2725–2733  

    Mikeladze-Dvali T, von Tobel L, Strnad P, Knott G, Leonhardt H, Schermelleh L, Gönczy P (2012) 
Analysis of centriole elimination during C. elegans oogenesis. Development 139(9):
1670–1679  



316 S. Kim et al.

    Miller MA, Nguyen VQ, Lee MH, Kosinski M, Schedl T, Caprioli RM, Greenstein D (2001) 
A sperm cytoskeletal protein that signals oocyte meiotic maturation and ovulation. Science 
291(5511):2144–2147  

    Miller MA, Ruest PJ, Kosinski M, Hanks SK, Greenstein D (2003) An Eph receptor sperm-sensing 
control mechanism for oocyte meiotic maturation in  Caenorhabditis elegans . Genes Dev 
17(2):187–200  

    Mochida S, Maslen SL, Skehel M, Hunt T (2010) Greatwall phosphorylates an inhibitor of protein 
phosphatase 2A that is essential for mitosis. Science 330(6011):1670–1673  

    Monen J, Maddox PS, Hyndman F, Oegema K, Desai A (2005) Differential role of CENP-A in the 
segregation of holocentric  C. elegans  chromosomes during meiosis and mitosis. Nat Cell Biol 
7(12):1248–1255  

    Morgan DO (2007) The cell cycle: principles of control. New Science Press, London  
    Mueller PR, Coleman TR, Dunphy WG (1995) Cell cycle regulation of a  Xenopus  Wee1-like 

kinase. Mol Biol Cell 6(1):119–134  
    Muller-Reichert T, Greenan G, O’Toole E, Srayko M (2010) The elegans of spindle assembly. Cell 

Mol Life Sci 67(13):2195–2213  
    Murchison EP, Stein P, Xuan Z, Pan H, Zhang MQ, Schultz RM, Hannon GJ (2007) Critical roles 

for Dicer in the female germline. Genes Dev 21(6):682–693  
    Murray AW (2004) Recycling the cell cycle: cyclins revisited. Cell 116(2):221–234  
    Myers CD, Goh PY, Allen TS, Bucher EA, Bogaert T (1996) Developmental genetic analysis of 

troponin T mutations in striated and nonstriated muscle cells of  Caenorhabditis elegans . J Cell 
Biol 132(6):1061–1077  

    Na J, Zernicka-Goetz M (2006) Asymmetric positioning and organization of the meiotic spindle of 
mouse oocytes requires CDC42 function. Curr Biol 16(12):1249–1254  

    Nadarajan S, Govindan JA, McGovern M, Hubbard EJ, Greenstein D (2009) MSP and GLP-1/
Notch signaling coordinately regulate actomyosin-dependent cytoplasmic streaming and 
oocyte growth in  C. elegans . Development 136(13):2223–2234  

    Nance J, Zallen JA (2011) Elaborating polarity: PAR proteins and the cytoskeleton. Development 
138(5):799–809  

    Noble SL, Allen BL, Goh LK, Nordick K, Evans TC (2008) Maternal mRNAs are regulated by 
diverse P body-related mRNP granules during early  Caenorhabditis elegans  development. J 
Cell Biol 182(3):559–572  

    Norman KR, Fazzio RT, Mellem JE, Espelt MV, Strange K, Beckerle MC, Maricq AV (2005) The 
Rho/Rac-family guanine nucleotide exchange factor VAV-1 regulates rhythmic behaviors in  C. 
elegans . Cell 123(1):119–132  

   Nousch M, Eckmann CR (2012) Translational control in the  C. elegans  germ line. Advances in 
Experimental Medicine and Biology 757:205–247. (Chap. 8, this volume) Springer, New York  

    Obinata T, Ono K, Ono S (2010) Troponin I controls ovulatory contraction of non-striated acto-
myosin networks in the  C. elegans  somatic gonad. J Cell Sci 123(Pt 9):1557–1566  

    O’Connell KF, Caron C, Kopish KR, Hurd DD, Kemphues KJ, Li Y, White JG (2001) The  C. 
elegans zyg-1  gene encodes a regulator of centrosome duplication with distinct maternal and 
paternal roles in the embryo. Cell 105(4):547–558  

    Ohmachi M, Rocheleau CE, Church D, Lambie E, Schedl T, Sundaram MV (2002)  C. elegans ksr-
1  and  ksr-2  have both unique and redundant functions and are required for MPK-1 ERK phos-
phorylation. Curr Biol 12(5):427–433  

    Ono K, Ono S (2004) Tropomyosin and troponin are required for ovarian contraction in the 
 Caenorhabditis elegans  reproductive system. Mol Biol Cell 15(6):2782–2793  

    Ono K, Yu R, Ono S (2007) Structural components of the nonstriated contractile apparatuses in the 
 Caenorhabditis elegans  gonadal myoepithelial sheath and their essential roles for ovulation. 
Dev Dyn 236(4):1093–1105  

    Ono K, Yamashiro S, Ono S (2008) Essential role of ADF/co fi lin for assembly of contractile actin 
networks in the  C elegans  somatic gonad. J Cell Sci 121(Pt 16):2662–2670  

    Padmanabhan K, Richter JD (2006) Regulated Pumilio-2 binding controls RINGO/Spy mRNA 
translation and CPEB activation. Genes Dev 20(2):199–209  



31710 Control of Oocyte Growth and Meiotic Maturation in  Caenorhabditis elegans 

    Page BD, Guedes S, Waring D, Priess JR (2001) The  C. elegans  E2F- and DP-related proteins are 
required for embryonic asymmetry and negatively regulate Ras/MAPK signaling. Mol Cell 
7(3):451–460  

    Parry JM, Velarde NV, Lefkovith AJ, Zegarek MH, Hang JS, Ohm J, Klancer R, Maruyama R, 
Druzhinina MK, Grant BD, Piano F, Singson A (2009) EGG-4 and EGG-5 link events of the 
oocyte-to-embryo transition with meiotic progression in  C. elegans . Curr Biol 19(20):1752–1757  

    Patterson JR, Wood MP, Schisa JA (2011) Assembly of RNP granules in stressed and aging oocytes 
requires nucleoporins and is coordinated with nuclear membrane blebbing. Dev Biol 
353(2):173–185  

    Penkner AM, Fridkin A, Gloggnitzer J, Baudrimont A, Machacek T, Woglar A, Csaszar E, Pasierbek 
P, Ammerer G, Gruenbaum Y, Jantsch V (2009) Meiotic chromosome homology search involves 
modi fi cations of the nuclear envelope protein Mate fi n/SUN-1. Cell 139(5):920–933  

    Pepling ME, Spradling AC (1998) Female mouse germ cells form synchronously dividing cysts. 
Development 125(17):3323–3328  

    Peter M, Labbe JC, Doree M, Mandart E (2002) A new role for Mos in  Xenopus  oocyte maturation: 
targeting Myt1 independently of MAPK. Development 129(9):2129–2139  

    Peters JM (2002) The anaphase-promoting complex: proteolysis in mitosis and beyond. Mol Cell 
9(5):931–943  

    Peters H, Levy E, Crone M (1962) Deoxyribonucleic acid synthesis in oocytes of mouse embryos. 
Nature 195:915–916  

    Piekny AJ, Mains PE (2002) Rho-binding kinase (LET-502) and myosin phosphatase (MEL-11) regu-
late cytokinesis in the early  Caenorhabditis elegans  embryo. J Cell Sci 115(Pt 11):2271–2282  

    Pilipiuk J, Lefebvre C, Wiesenfahrt T, Legouis R, Bossinger O (2009) Increased IP3/Ca2+ signal-
ing compensates depletion of LET-413/DLG-1 in  C. elegans  epithelial junction assembly. Dev 
Biol 327(1):34–47  

    Powers J, Rose DJ, Saunders A, Dunkelbarger S, Strome S, Saxton WM (2004) Loss of KLP-19 
polar ejection force causes misorientation and missegregation of holocentric chromosomes. J 
Cell Biol 166(7):991–1001  

    Racki WJ, Richter JD (2006) CPEB controls oocyte growth and follicle development in the mouse. 
Development 133(22):4527–4537  

    Rappleye CA, Tagawa A, Lyczak R, Bowerman B, Aroian RV (2002) The anaphase-promoting 
complex and separin are required for embryonic anterior-posterior axis formation. Dev Cell 
2(2):195–206  

    Rauh NR, Schmidt A, Bormann J, Nigg EA, Mayer TU (2005) Calcium triggers exit from meiosis 
II by targeting the APC/C inhibitor XErp1 for degradation. Nature 437(7061):1048–1052  

    Revenkova E, Eijpe M, Heyting C, Hodges CA, Hunt PA, Liebe B, Scherthan H, Jessberger R 
(2004) Cohesin SMC1 beta is required for meiotic chromosome dynamics, sister chromatid 
cohesion and DNA recombination. Nat Cell Biol 6(6):555–562  

    Revenkova E, Herrmann K, Adelfalk C, Jessberger R (2010) Oocyte cohesin expression restricted to 
predictyate stages provides full fertility and prevents aneuploidy. Curr Biol 20(17):1529–1533  

    Richter JD (2007) CPEB: a life in translation. Trends Biochem Sci 32(6):279–285  
   Robertson S, Lin R (2012) The oocyte-to-embryo transition. Advances in Experimental Medicine 

and Biology, 757:351–372. (Chap. 12, this volume) Springer, New York  
    Rogers E, Bishop JD, Waddle JA, Schumacher JM, Lin R (2002) The aurora kinase AIR-2 func-

tions in the release of chromosome cohesion in  Caenorhabditis elegans  meiosis. J Cell Biol 
157(2):219–229  

    Rose KL, Winfrey VP, Hoffman LH, Hall DH, Furuta T, Greenstein D (1997) The POU gene  ceh-
18  promotes gonadal sheath cell differentiation and function required for meiotic maturation 
and ovulation in  Caenorhabditis elegans . Dev Biol 192(1):59–77  

    Runft LL, Jaffe LA, Mehlmann LM (2002) Egg activation at fertilization: where it all begins. 
Dev Biol 245(2):237–254  

    Rutledge E, Bianchi L, Christensen M, Boehmer C, Morrison R, Broslat A, Beld AM, George AL, 
Greenstein D, Strange K (2001) CLH-3, a ClC-2 anion channel ortholog activated during mei-
otic maturation in  C. elegans  oocytes. Curr Biol 11(3):161–170  



318 S. Kim et al.

    Sagata N, Oskarsson M, Copeland T, Brumbaugh J, Vande Woude GF (1988) Function of  c-mos  
proto-oncogene product in meiotic maturation in  Xenopus  oocytes. Nature 335(6190):519–525  

    Samuel AD, Murthy VN, Hengartner MO (2001) Calcium dynamics during fertilization in  C. 
elegans . BMC Dev Biol 1:8  

    Sato K, Sato M, Audhya A, Oegema K, Schweinsberg P, Grant BD (2006) Dynamic regulation of 
caveolin-1 traf fi cking in the germ line and embryo of  Caenorhabditis elegans . Mol Biol Cell 
17(7):3085–3094  

    Saunders AM, Powers J, Strome S, Saxton WM (2007) Kinesin-5 acts as a brake in anaphase 
spindle elongation. Curr Biol 17(12):R453–R454  

    Schisa JA, Pitt JN, Priess JR (2001) Analysis of RNA associated with P granules in germ cells of 
 C. elegans  adults. Development 128(8):1287–1298  

    Schuh M, Ellenberg J (2008) A new model for asymmetric spindle positioning in mouse oocytes. 
Curr Biol 18(24):1986–1992  

    Schumacher JM, Golden A, Donovan PJ (1998) AIR-2: An Aurora/Ipl1-related protein kinase 
associated with chromosomes and midbody microtubules is required for polar body extrusion 
and cytokinesis in  Caenorhabditis elegans  embryos. J Cell Biol 143(6):1635–1646  

    Segbert C, Barkus R, Powers J, Strome S, Saxton WM, Bossinger O (2003) KLP-18, a Klp2 kine-
sin, is required for assembly of acentrosomal meiotic spindles in  Caenorhabditis elegans . Mol 
Biol Cell 14(11):4458–4469  

    Seidel HS, Kimble J (2011) The oogenic germline starvation response in  C. elegans . PLoS One 
6(12):e28074  

   Severson AF, Ling L, van Zuylen V, Meyer BJ (2009) The axial element protein HTP-3 promotes 
cohesin loading and meiotic axis assembly in  C. elegans  to implement the meiotic program of 
chromosome segregation. Genes Dev 23(15):1763–1778  

    Shakes DC, Sadler PL, Schumacher JM, Abdolrasulnia M, Golden A (2003) Developmental 
defects observed in hypomorphic anaphase-promoting complex mutants are linked to cell cycle 
abnormalities. Development 130(8):1605–1620  

   Shakes DC, Allen AK, Albert KM, Golden A (2011)  emb-1  encodes the APC16 subunit of the 
 Caenorhabditis elegans  anaphase-promoting complex. Genetics 189(2):549–560  

    Shelton CA, Carter JC, Ellis GC, Bowerman B (1999) The nonmuscle myosin regulatory light 
chain gene  mlc-4  is required for cytokinesis, anterior-posterior polarity, and body morphology 
during  Caenorhabditis elegans  embryogenesis. J Cell Biol 146(2):439–451  

    Shimada M, Kawahara H, Doi H (2002) Novel family of CCCH-type zinc- fi nger proteins, MOE-1, 
-2 and −3, participates in  C. elegans  oocyte maturation. Genes Cells 7(9):933–947  

    Siomos MF, Badrinath A, Pasierbek P, Livingstone D, White J, Glotzer M, Nasmyth K (2001) 
Separase is required for chromosome segregation during meiosis I in  Caenorhabditis elegans . 
Curr Biol 11(23):1825–1835  

    Skold HN, Komma DJ, Endow SA (2005) Assembly pathway of the anastral  Drosophila  oocyte 
meiosis I spindle. J Cell Sci 118(Pt 8):1745–1755  

    Smith LD, Ecker RE (1969) Role of the oocyte nucleus in physiological maturation in  Rana pipi-
ens . Dev Biol 19(3):281–309  

    Sonneville R, Gonczy P (2004)  zyg-11  and  cul-2  regulate progression through meiosis II and polarity 
establishment in  C. elegans . Development 131(15):3527–3543  

    Srayko M, Buster DW, Bazirgan OA, McNally FJ, Mains PE (2000) MEI-1/MEI-2 katanin-like 
microtubule severing activity is required for  Caenorhabditis elegans  meiosis. Genes Dev 
14(9):1072–1084  

    Srayko M, O’Toole ET, Hyman AA, Muller-Reichert T (2006) Katanin disrupts the microtubule 
lattice and increases polymer number in  C. elegans  meiosis. Curr Biol 16(19):1944–1949  

    St Johnston D, Ahringer J (2010) Cell polarity in eggs and epithelia: parallels and diversity. Cell 
141(5):757–774  

    Starck J (1977) Radioautographic study of RNA synthesis in  Caenorhabditis elegans  (Bergerac 
Variety) oogenesis. Biol Cell 30:181–182  

   Starich T, Sheehan M, Jadrich J, Shaw J (2001) Innexins in  C. elegans . Cell Comm Adhesion 
8(4–6):311–314  



31910 Control of Oocyte Growth and Meiotic Maturation in  Caenorhabditis elegans 

    Stitzel ML, Pellettieri J, Seydoux G (2006) The  C. elegans  DYRK kinase MBK-2 marks oocyte 
proteins for degradation in response to meiotic maturation. Curr Biol 16(1):56–62  

    Strome S (1986) Fluorescence visualization of the distribution of micro fi laments in gonads and 
early embryos of the nematode  Caenorhabditis elegans . J Cell Biol 103(6 Pt 1):2241–2252  

    Sun QY, Liu K, Kikuchi K (2008) Oocyte-speci fi c knockout: a novel in vivo approach for studying 
gene functions during folliculogenesis, oocyte maturation, fertilization, and embryogenesis. 
Biol Reprod 79(6):1014–1020  

    Susiarjo M, Hassold TJ, Freeman E, Hunt PA (2007) Bisphenol A exposure in utero disrupts early 
oogenesis in the mouse. PLoS Genet 3(1):e5  

    Suzuki Y, Han M (2006) Genetic redundancy masks diverse functions of the tumor suppressor 
gene PTEN during  C. elegans  development. Genes Dev 20(4):423–428  

    Swan KA, Severson AF, Carter JC, Martin PR, Schnabel H, Schnabel R, Bowerman B (1998)  cyk-
1 : a  C. elegans  FH gene required for a late step in embryonic cytokinesis. J Cell Sci 111(Pt 
14):2017–2027  

    Tang F, Kaneda M, O’Carroll D, Hajkova P, Barton SC, Sun YA, Lee C, Tarakhovsky A, Lao K, 
Surani MA (2007) Maternal microRNAs are essential for mouse zygotic development. Genes 
Dev 21(6):644–648  

    Tarr DE, Scott AL (2005) MSP domain proteins. Trends Parasitol 21(5):224–231  
    Telfer EE, Gosden RG, Byskov AG, Spears N, Albertini D, Andersen CY, Anderson R, Braw-Tal 

R, Clarke H, Gougeon A, McLaughlin E, McLaren A, McNatty K, Schatten G, Silber S, Tsafriri 
A (2005) On regenerating the ovary and generating controversy. Cell 122(6):821–822  

    Tsuda H, Han SM, Yang Y, Tong C, Lin YQ, Mohan K, Haueter C, Zoghbi A, Harati Y, Kwan J, 
Miller MA, Bellen HJ (2008) The amyotrophic lateral sclerosis 8 protein VAPB is cleaved, 
secreted, and acts as a ligand for Eph receptors. Cell 133(6):963–977  

    Tunquist BJ, Maller JL (2003) Under arrest: cytostatic factor (CSF)-mediated metaphase arrest in 
vertebrate eggs. Genes Dev 17(6):683–710  

    van der Voet M, Berends CW, Perreault A, Nguyen-Ngoc T, Gonczy P, Vidal M, Boxem M, van 
den Heuvel S (2009) NuMA-related LIN-5, ASPM-1, calmodulin and dynein promote meiotic 
spindle rotation independently of cortical LIN-5/GPR/Galpha. Nat Cell Biol 11(3):269–277  

    Vazquez-Manrique RP, Nagy AI, Legg JC, Bales OA, Ly S, Baylis HA (2008) Phospholipase C-epsilon 
regulates epidermal morphogenesis in  Caenorhabditis elegans . PLoS Genet 4(3):e1000043  

    Von Stetina JR, Tranguch S, Dey SK, Lee LA, Cha B, Drummond-Barbosa D (2008) alpha-
Endosul fi ne is a conserved protein required for oocyte meiotic maturation in  Drosophila . 
Development 135(22):3697–3706  

    Walczak CE, Vernos I, Mitchison TJ, Karsenti E, Heald R (1998) A model for the proposed roles 
of different microtubule-based motor proteins in establishing spindle bipolarity. Curr Biol 
8(16):903–913  

    Walker AK, Boag PR, Blackwell TK (2007) Transcription reactivation steps stimulated by oocyte 
maturation in  C. elegans . Dev Biol 304(1):382–393  

    Walter SA, Guadagno SN, Ferrell JE Jr (2000) Activation of Wee1 by p42 MAPK in vitro and in 
cycling  Xenopus  egg extracts. Mol Biol Cell 11(3):887–896  

    Wang R, He G, Nelman-Gonzalez M, Ashorn CL, Gallick GE, Stukenberg PT, Kirschner MW, 
Kuang J (2007) Regulation of Cdc25C by ERK-MAP kinases during the G2/M transition. Cell 
128(6):1119–1132  

    Ward S, Carrel JS (1979) Fertilization and sperm competition in the nematode  Caenorhabditis 
elegans . Dev Biol 73(2):304–321  

    Ward S, Burke DJ, Sulston JE, Coulson AR, Albertson DG, Ammons D, Klass M, Hogan E (1988) 
Genomic organization of major sperm protein genes and pseudogenes in the nematode 
 Caenorhabditis elegans . J Mol Biol 199(1):1–13  

    Whitten SJ, Miller MA (2007) The role of gap junctions in  Caenorhabditis elegans  oocyte matura-
tion and fertilization. Dev Biol 301(2):432–446  

    Wignall SM, Villeneuve AM (2009) Lateral microtubule bundles promote chromosome alignment 
during acentrosomal oocyte meiosis. Nat Cell Biol 11(7):839–844  

    Wilson EB (1925) The cell in development and heredity. Macmillan, New York  



320 S. Kim et al.

    Wissmann A, Ingles J, Mains PE (1999) The  Caenorhabditis elegans mel-11  myosin phosphatase 
regulatory subunit affects tissue contraction in the somatic gonad and the embryonic epidermis 
and genetically interacts with the Rac signaling pathway. Dev Biol 209(1):111–127  

    Wolf N, Hirsh D, McIntosh JR (1978) Spermatogenesis in males of the free-living nematode, 
 Caenorhabditis elegans . J Ultrastruct Res 63(2):155–169  

    Wolke U, Jezuit EA, Priess JR (2007) Actin-dependent cytoplasmic streaming in  C. elegans  
oogenesis. Development 134(12):2227–2236  

    Wolstenholme J, Angell RR (2000) Maternal age and trisomy–a unifying mechanism of formation. 
Chromosoma 109(7):435–438  

    Woodruff GC, Eke O, Baird SE, Felix MA, Haag ES (2010) Insights into species divergence and 
the evolution of hermaphroditism from fertile interspecies hybrids of  Caenorhabditis  nema-
todes. Genetics 186(3):997–1012  

    Xu X, Guo H, Wycuff DL, Lee M (2007) Role of phosphatidylinositol-4-phosphate 5 ¢  kinase ( ppk-
1 ) in ovulation of  Caenorhabditis elegans . Exp Cell Res 313(11):2465–2475  

    Yan X, Xing J, Lorin-Nebel C, Estevez AY, Nehrke K, Lamitina T, Strange K (2006) Function of 
a STIM1 homologue in  C. elegans : evidence that store-operated Ca2+ entry is not essential for 
oscillatory Ca2+ signaling and ER Ca2+ homeostasis. J Gen Physiol 128(4):443–459  

    Yang HY, McNally K, McNally FJ (2003) MEI-1/katanin is required for translocation of the meio-
sis I spindle to the oocyte cortex in  C elegans . Dev Biol 260(1):245–259  

    Yang HY, Mains PE, McNally FJ (2005) Kinesin-1 mediates translocation of the meiotic spindle 
to the oocyte cortex through KCA-1, a novel cargo adapter. J Cell Biol 169(3):447–457  

    Yang Y, Han SM, Miller MA (2010) MSP hormonal control of the oocyte MAP kinase cascade and 
reactive oxygen species signaling. Dev Biol 342(1):96–107  

    Yin X, Gower NJ, Baylis HA, Strange K (2004) Inositol 1,4,5-trisphosphate signaling regulates 
rhythmic contractile activity of myoepithelial sheath cells in  Caenorhabditis elegans . Mol Biol 
Cell 15(8):3938–3949  

    Yu J, Zhao Y, Li Z, Galas S, Goldberg ML (2006) Greatwall kinase participates in the Cdc2 auto-
regulatory loop in  Xenopus  egg extracts. Mol Cell 22(1):83–91  

    Zetka M (2009) Homologue pairing, recombination and segregation in  Caenorhabditis elegans . 
Genome Dyn 5:43–55  

    Zhao Y, Haccard O, Wang R, Yu J, Kuang J, Jessus C, Goldberg ML (2008) Roles of Greatwall 
kinase in the regulation of cdc25 phosphatase. Mol Biol Cell 19(4):1317–1327  

    Zhou K, Rolls MM, Hall DH, Malone CJ, Hanna-Rose W (2009) A ZYG-12-dynein interaction at 
the nuclear envelope de fi nes cytoskeletal architecture in the  C. elegans  gonad. J Cell Biol 
186(2):229–241  

    Zuckerman S (1951) The number of oocytes in the mature ovary. Recent Prog Horm Res 
6:63–109      


	Chapter 10: Control of Oocyte Growth and Meiotic Maturation in Caenorhabditis elegans
	10.1 Overview
	10.1.1 Meiosis and the Meiotic Maturation Divisions
	10.1.2 Maturation-Promoting Factor
	10.1.3 Translational Regulation and Meiotic Maturation

	10.2 Meiotic Maturation in C. elegans
	10.2.1 Timing of Events
	10.2.2 C. elegans Sperm Use Major Sperm Proteins to Promote Meiotic Maturation
	10.2.3 Molecular Readouts of MSP Signaling
	10.2.3.1 Activation of MPK-1 MAPK in the Germ Line
	10.2.3.2 Microtubule Reorganization Prior to Fertilization
	10.2.3.3 Localization of the AIR-2 Aurora B Kinase to Oocyte Chromatin
	10.2.3.4 Reorganization of Ribonucleoprotein Particles

	10.2.4 The Gonadal Sheath Cells Regulate Oocyte Meiotic Maturation
	10.2.4.1 Antagonistic G a s and G a o/i Pathways Regulate Meiotic Maturation
	10.2.4.2 Gap-Junctional Communication and the Control of Meiotic Maturation
	10.2.4.3 Regulation of Meiotic Maturation by VAB-1 MSP/Eph Receptor Signaling

	10.2.5 Control of Meiotic Maturation and the Regulation of Translation
	10.2.6 Regulation of Ovulation
	10.2.6.1 EGF Receptor and IP 3 Signaling for Ovulation
	10.2.6.2 Yolk Lipoprotein Metabolism and Ovulation
	10.2.6.3 Smooth Muscle Structure and Function and Ovulation


	10.3 Control of Oocyte Growth and Coordination with Meiotic Maturation
	10.3.1 Pachytene Progression and Oogenesis
	10.3.2 Oocyte Growth
	10.3.2.1 Actomyosin-Dependent Cytoplasmic Streaming
	10.3.2.2 MSP Signaling, the Sheath Cells, and the Control of Cytoplasmic Streaming
	10.3.2.3 GLP-1/Notch Signaling and the Control of Sperm-Dependent Oocyte Growth


	10.4 Meiotic Maturation and Regulation of the Oocyte-to-Embryo Transition
	10.4.1 Function and Regulation of the Oocyte Meiotic Spindle
	10.4.1.1 Meiotic Spindle Positioning
	10.4.1.2 MEI-1 and Meiotic Spindle Assembly
	10.4.1.3 Chromosome Alignment and Segregation on the Meiotic Spindle

	10.4.2 Fertilization and the Completion of Meiosis

	10.5 Conclusions and Future Directions
	10.5.1 Control of Oogenesis in the Wild Type
	10.5.2 Oogenesis and Reproductive Aging

	References


