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  Abstract   The oocyte-to-embryo transition refers to the process whereby a fully 
grown, relatively quiescent oocyte undergoes maturation, fertilization, and is con-
verted into a developmentally active, mitotically dividing embryo, arguably one of 
the most dramatic transitions in biology. This transition occurs very rapidly in 
 Caenorhabditis elegans , with fertilization of a new oocyte occurring every 23 min 
and the  fi rst mitotic division occurring 45 min later. Molecular events regulating this 
transition must be very precisely timed. This chapter reviews our current under-
standing of the coordinated temporal regulation of different events during this tran-
sition. We divide the oocyte-to-embryo transition into a number of component 
processes, which are coordinated primarily through the MBK-2 kinase, whose acti-
vation is intimately tied to completion of meiosis, and the OMA-1/OMA-2 proteins, 
whose expression and functions span multiple processes during this transition. 
The oocyte-to-embryo transition occurs in the absence of de novo transcription, and 
all the factors required for the process, whether mRNA or protein, are already pres-
ent within the oocyte. Therefore, all regulation of this transition is posttranscrip-
tional. The combination of asymmetric partitioning of maternal factors, protein 
modi fi cation-mediated functional switching, protein degradation, and highly regu-
lated translational repression ensure a smooth oocyte-to-embryo transition. We will 
highlight protein degradation and translational repression, two posttranscriptional 
processes which play particularly critical roles in this transition.  
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    12.1   Introduction 

 The oocyte-to-embryo transition refers to the process whereby a fully grown, 
 relatively quiescent oocyte undergoes maturation, fertilization, and is converted 
into a developmentally active, mitotically dividing embryo. These events occur in 
rapid succession and without any apparent delay in  Caenorhabditis elegans , sug-
gesting that the molecular events controlling the oocyte-to-embryo transition must 
be very precisely regulated. The details of oocyte maturation, ovulation, and fertil-
ization are described elsewhere in this issue (Kim et al.  2012 , Chap.   10    ; Marcello 
et al.  2012 , Chap.   11    ). Our aim in this chapter is not to repeat describing each event 
occurring during this transition, but instead to focus more on the coordinated tem-
poral regulation of these events. We will discuss selected events associated with 
oocyte maturation, fertilization, and early embryonic development in order to high-
light our current understanding of the complex regulation of this rapid transition 
and the coordination between processes. We will also take a somewhat “extended” 
view into embryonic development, up to approximately the 4-cell embryo 
(Fig.  12.1 ), in order to incorporate a brief discussion of the transition from mater-
nal-to-zygotic control of development, which we consider the  fi nal phase of the 
oocyte-to-embryo transition.  

 In  C. elegans , an oocyte matures, and then is ovulated and fertilized approxi-
mately every 23 min in young hermaphrodites (McCarter et al.  1999  ) . Soon after 
fertilization, the oocyte-derived nucleus completes two rounds of meiotic division 
and then replicates its haploid genome (Fig.  12.2 ) (Begasse and Hyman  2011  ) . The 
oocyte-derived pronucleus fuses with the sperm-derived pronucleus, which has also 
just replicated its haploid genome, and the resulting nucleus immediately enters 
metaphase of the  fi rst mitotic cycle. Because  C. elegans  oocytes do not undergo an 
arrest in meiosis II after maturation, a stage equivalent to the vertebrate “egg” does 

  Fig. 12.1    Schematic of the oocyte-to-embryo transition in  C. elegans . One arm of the bilobed 
adult gonad is expanded below a cartoon of an adult hermaphrodite. In this chapter, the oocyte-to-
embryo transition refers to the conversion of a −1 oocyte to a 4-cell stage embryo. Germline and 
germline blastomeres are shaded in  red        
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not exist. Therefore, it is more appropriate to use the term “oocyte-to-embryo,” 
rather than “egg-to-embryo,” transition to describe events in this chapter. Within 
less than 30 min of fertilization, the 1-cell embryo switches from meiotic divisions 
to mitotic divisions. Certain meiotic spindle-speci fi c proteins are “toxic” for mitotic 
spindle formation. Therefore, the proper transition from meiosis to mitosis requires 
precisely timed turnover of meiosis-speci fi c regulators and synthesis of mitosis-
speci fi c regulators. This requires the reproducible execution of a number of inter-
connected processes in precisely the right sequence within a short period of time, 
necessitating very tight regulation and coordination.  

  Fig. 12.2    Schematic of various events in newly fertilized  C. elegans  embryos. Morphologically 
distinct stages between the newly fertilized embryo and the 4-cell embryo are displayed beside a 
timeline indicating minutes post-fertilization. Germline blastomeres are shaded in  red .  Small black 
ovals  = polar bodies;  stars  = centrosomes. Astral microtubules in the  fi rst mitotic metaphase embryo 
are not shown. The time it takes for each step depends on the temperature. Times shown here are 
at 20–22°C and are derived from    Albertson  (  1984  )  and McCarter et al.  (  1999  ) . All embryos are 
orientated with the anterior to the left in all  fi gures       
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 While zygotic transcription can be detected as early as the 4-cell stage, embryos 
depleted of the large subunit of RNA polymerase II, AMA-1, exhibit no observable 
defects in cell divisions until the 28-cell stage (Powell-Coffman et al.  1996  ) . 
Therefore, maternally provided proteins and RNAs control the characteristic 
 asymmetric early cleavages, orientation of cleavage planes, and lineage-speci fi c 
timing of early divisions, as well as all events during the oocyte-to-embryo  transition. 
The  fi rst mitotic division occurs at about 45 min post fertilization and is asymmet-
ric: it always aligns along the long embryonic axis (the anterior-posterior axis) and 
gives rise to two daughters of different size, molecular make up, and cell fate 
(Gönczy and Rose  2005  )  (Fig.  12.3 ). The site of sperm entry determines the poste-
rior end (Goldstein and Hird  1996  ) . The sperm provides a cue(s) for the asymmetric 
localization of cortical polarity proteins (PAR), which asymmetrically localize in 
complexes at the cortex (Wang and Seydoux  2012 , Chap   2    ). Asymmetric distribu-
tion of PAR protein complexes determines the position of the mitotic spindle along 
the A-P axis, as well as the differential localization of many maternally provided 
proteins. Among these are key regulators for the speci fi cation or differentiation of 
individual tissues as well as regulators guiding cell division patterns. Following the 
 fi rst asymmetric cell division, the posterior daughter, P1, also divides asymmetri-
cally and gives rise to all body-wall muscles but one, the entire intestine, pharyngeal 
tissues, and germ cells. The anterior daughter, AB, on the other hand, divides sym-
metrically and goes on to produce mostly skin and neuronal cells. Mislocalization 

  Fig. 12.3    Partitioning of developmental fate during the  fi rst two mitotic cycles.  Left : A lineage 
diagram of the  fi rst few embryonic divisions. Lineage branches expressing anterior proteins are 
shown in  yellow , posterior proteins in  blue , and germline proteins in  red . Two sets of schematic 
drawing of early blastomeres are shown on the  right . The  fi rst set highlights the separation of ger-
mline blastomeres ( red ) from somatic blastomeres ( white ). The second set highlights the separa-
tion of AB-derived, anterior blastomere fates ( yellow ) from the P1-derived, posterior blastomere 
fates ( blue ). Sister blastomeres are connected by a  short black line . Germline blastomeres P0, P1, 
and P2, as well as the anterior blastomere AB are labeled       
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of these key maternal regulators usually results in abnormal cell speci fi cation and 
embryonic lethality (Draper et al.  1996 ; Guedes and Priess  1997 ; Kemphues et al. 
 1988 ; Mello et al.  1992 ; Schubert et al.  2000 ; Tabara et al.  1999  ) .  

 The  fi rst mitosis is also the  fi rst segregation of strictly somatic (AB) versus 
germline/somatic fate (P1) (Fig.  12.3 ). The single germline precursor in the 
 C. elegans  embryo, P4, is speci fi ed very early (reviewed by Wang and Seydoux 
 2012 , Chap.   2    ; Strome  2005 ; Strome and Lehmann  2007  ) . After four rounds of 
 asymmetric divisions that begin with the 1-cell embryo, with each division gener-
ating a germline blastomere and a somatic sister, P4, along with intestinal precur-
sors, moves into the center of the embryo during gastrulation. Following 
gastrulation, P4 divides one more time, symmetrically, to produce Z2 and Z3, at 
the ~100-cell stage. Z2 and Z3 do not divide further until halfway through the  fi rst 
larval stage, and will eventually give rise to the ~2,000 germ cells in the adult. As 
in all animals, primordial germ cells in  C. elegans  are subject to transcriptional 
repression. This repression begins with the  fi rst germline blastomere, the 1-cell 
embryo (Seydoux et al.  1996  ) . Only after the  fi rst mitotic division is a blastomere 
generated (AB) with strictly somatic developmental fate. Therefore, the 1-cell 
embryo has to retain germline fate (totipotency), which requires that it be tran-
scriptionally silenced, while simultaneously preparing its somatic daughter for 
activation of lineage-speci fi c zygotic transcription. 

 Before the  fi rst mitotic division, potent regulators for anterior blastomere fates, 
posterior blastomere fates, and germline blastomere fates coexist within a common 
cytoplasm. In fact, these maternally provided regulators, with a few important 
exceptions, are proteins translated in oocytes from maternally provided mRNAs and 
deposited into the newly fertilized embryo. The 1-cell embryo is therefore faced 
with the unique problem of keeping the activity of these potent regulators in check 
before they are segregated to their appropriate blastomere(s) or lineage. The solution 
to this problem seems to shape much of how  C. elegans  regulates its oocyte-to-embryo 
transition. 

 Molecular events regulating the oocyte-to-embryo transition must be very pre-
cisely timed. While we do not have a complete understanding for how these events 
are coordinated, what has emerged over the last several years is that a relatively 
small number of key players regulate this process, as well as a clear understanding 
of the importance of both translational control and protein degradation in regulating 
this transition. In addition, protein phosphorylation by several maternally supplied 
kinases plays a pivotal role at multiple points in this transition. These phosphoryla-
tion events not only mark several proteins for immediate proteasomal degradation, 
but also coordinate events by regulating the timing of degradation relative to other 
parallel processes, such as the cell cycle, during the oocyte-to-embryo transition. 
Finally, a protein with multiple distinct functions throughout the oocyte-to-embryo 
transition is switched from one state to another by a speci fi c phosphorylation. 

 In this chapter, we divide the oocyte-to-embryo transition into three key compo-
nents: (1) oocyte maturation, ovulation, and fertilization; (2) the transition from 
meiosis to mitosis: degradation of MEI-1; and (3) transition from a single-cell embryo 
to a multicell embryo, and we review our current understanding of these processes. 
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We will emphasize two key factors whose activities are crucial not just for individual 
processes, but also for coordinating multiple steps within the oocyte-to-embryo tran-
sition. In addition, we summarize our current understanding of the roles that protein 
degradation and translational regulation play during this transition.  

    12.2   Three Key Components of the Oocyte-to-Embryo 
Transition 

    12.2.1   Oocyte Maturation, Ovulation, and Fertilization 

 These topics are described in considerable detail elsewhere in this volume (Kim 
et al.  2012 , Chap.   10    ; Marcello et al.  2012 , Chap.   11    ), and we direct readers there for 
a more complete discussion on these topics. Following induction to undergo matu-
ration by the sperm MSP (major sperm protein) signal, the oocyte immediately 
adjacent to the spermatheca enters meiotic metaphase I, is ovulated through the 
spermatheca, and is fertilized. After fertilization, the oocyte-derived nucleus com-
pletes both meiotic divisions. Two molecular events occur during this stage that are 
crucial for a proper oocyte-to-embryo transition. First, MBK-2 kinase, a key coor-
dinator for the oocyte-to-embryo transition (see Sect.  12.3.2 ), is activated (Cheng 
et al.  2009 ; Pellettieri et al.  2003 ; Stitzel et al.  2006  ) . The activation of MBK-2 is 
dependent upon the completion of meiosis I, and not sperm entry. Upon activation, 
MBK-2 phosphorylation of several substrates during meiosis II is critical in coordi-
nating the oocyte-to-embryo transition. Sperm entry does trigger many other events, 
including the block to polyspermy, cortical vesicle release, calcium  fl uxes, and the 
second meiotic division (reviewed in Chap.   11    , Marcello et al.  2012  ) . Sperm entry 
also provides the  fi rst polarity cue in the embryo (Goldstein and Hird  1996  ) .  
C. elegans  oocytes do not have inherent polarity. It was shown that sperm entry, by 
destabilizing the actomyosin network in the surrounding cortex, initiates a  fl ow of 
cortically localized non-muscle myosin and actin. This cortical  fl ow carries other 
cortical proteins, including some PAR proteins, to the opposite cortex (Munro et al. 
 2004  ) . Establishment and maintenance of opposing PAR complexes on the cortex 
(see Wang and Seydoux  2012 , Chap.   2    ) is crucial for a proper oocyte-to-embryo 
transition.  

    12.2.2   Transitioning from Meiosis to Mitosis: Degradation 
of MEI-1 and MEI-2 

 Meiotic divisions initiate upon oocyte maturation. For each meiotic division, a short 
acentrosomal meiotic spindle sets up very close to the cortex, enabling the extrusion of 
the polar bodies with minimal cytoplasm (Fig.  12.2 ) (Albertson and Thomson  1993  ) . 
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MEI-1 and MEI-2 form a heterodimeric meiosis-speci fi c katanin and function in 
oocyte meiotic spindle formation, association of the meiosis I and II spindles with 
the oocyte cortex, and microtubule severing as part of the process of chromosome 
segregation during meiotic anaphase (Clark-Maguire and Mains  1994a,   b ; Mains 
et al.  1990 ; Srayko et al.  2000  ) . Subsequently, the much larger mitotic spindle 
requires the generation of long arrays of astral microtubules from the  sperm-supplied 
centrosomes, which are also critical for asymmetric spindle  positioning. Continued 
presence of MEI-1/2 in the embryo interferes with the formation of the mitotic 
spindle (Clandinin and Mains  1993 ; Clark-Maguire and Mains  1994a ; Mains 
et al.  1990  ) . As the  fi rst mitotic spindle begins to form within approximately 20 min 
of the completion of meiosis (Fig.  12.2 ) (McCarter et al.  1999  ) , MEI-1/2 must be 
degraded rapidly at the end of meiosis II. 

 Three levels of regulation ensure the rapid and timely degradation of MEI-1/2 at 
completion of meiosis. First, the E3 ligase that degrades MEI-1 is not activated until 
completion of meiosis II. MEI-1 is degraded by a CUL-3-containing E3 ubiquitin 
ligase that contains the MATH and BTB/POZ domain-containing protein MEL-26 
as the substrate-binding component (Dow and Mains  1998 ; Pintard et al.  2003 ; Xu 
et al.  2003  ) . MEL-26 levels are low during meiosis I and II, but increase rapidly 
following meiosis and remain high throughout the early mitotic divisions (Johnson 
et al.  2009  ) . Second, a phosphorylation event that marks MEI-1 for degradation is 
also developmentally regulated. Degradation of MEI-1 requires phosphorylation at 
serine 92 by the MBK-2 kinase, which itself is activated at meiosis II (more on 
MBK-2 activation below) (Cheng et al.  2009 ; Pang et al.  2004 ; Pellettieri et al.  2003 ; 
Quintin et al.  2003 ; Stitzel et al.  2006  ) . Third, translation of maternal  mei-1  mRNA, 
which is still present in the early embryo, is actively repressed in order to prevent 
more MEI-1 from being made. Reduction of  spn-2  function results in mitotic spindle 
defects due to ectopic MEI-1 expression during embryonic divisions (Li et al.  2009  ) . 
MEL-26 is present at normal levels in  spn-2  mutant embryos, suggesting that the 
MEI-1/2 degradation pathway is functional.  spn-2  encodes an eIF4E-binding 
protein that localizes to the cytoplasm and to P granules. SPN-2 binds to the RNA-
binding protein OMA-1, which in turn binds to the  mei-1  3 ¢ UTR (Li et al.  2009  ) . 
This suggests that SPN-2 and OMA-1 function to negatively regulate translation 
of  mei-1 .  

    12.2.3   Transition from a Single-Cell Embryo 
to a Multi-cell Embryo 

 Due to its complete dependence upon maternally supplied factors, with many devel-
opmental regulators already present as proteins in oocytes (Fig.  12.4 ), the  C. elegans  
1-cell embryo is faced with something of a developmental conundrum. It is a pre-
cursor for both somatic cells and germline blastomeres (Fig.  12.3 ). In addition, it is 
a precursor for both anterior blastomeres and posterior blastomeres. The one cell 
embryo contains key maternal regulators for the speci fi cation of somatic lineages, 
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germline blastomeres, anterior blastomeres, and posterior blastomeres, all within a 
common cytoplasm. Only after the  fi rst mitotic division are many key regulators for 
AB-derived cells versus P1 derived cells, and somatic cells versus germline blasto-
meres asymmetrically segregated. One unique dilemma the  C. elegans  1-cell embryo 
faces is how to keep these potent maternal regulators in check.  

 While many details are still missing, recent studies have shed light on certain 
strategies that  C. elegans  employs to restrict or exclude certain activities to, or from, 
the 1-cell embryo, respectively. The most striking is the identi fi cation of two pro-
teins, OMA-1 and OMA-2, which are present in the embryo only during the 1-cell 
stage and are degraded at the  fi rst mitosis (Fig.  12.4 ) (OMA proteins are discussed 
further in Sect.  12.3.1 ). This restricted embryonic expression to only the 1-cell 
embryo is unique, not being observed for any other  C. elegans  protein to date. 
OMA-1 and OMA-2 encode closely related proteins with tandem CCCH zinc 
 fi ngers, a motif shown to bind RNA (Detwiler et al.  2001 ; Lai et al.  1999 ; Pagano 

  Fig.  12.4    Maternal protein dynamics during the oocyte-to-embryo transition in  C. elegans . 
Schematic of germline and early embryonic development to show spatiotemporal dynamics of 
selected maternally supplied proteins (each shown as a  different shade of gray ). MBK-2 activation 
begins at completion of meiosis II (cytoplasmic localization plus speckles) and remains activated. 
MEI-1 is degraded prior to initiation of the  fi rst mitosis. OMA proteins are present throughout the 
1-cell stage, but are degraded at the  fi rst mitosis. ZIF-1 protein is absent from oocytes and the 
1-cell embryo, but is present at the 2-cell and 4-cell stage. All other proteins shown are present in 
oocytes, the 1-cell, 2-cell, and 4-cell embryos. Activated MBK-2 is present in all blastomeres, 
while ZIF-1 and MEX-5/6 are present in all somatic blastomeres (i.e., absent in the germline blas-
tomere). PIE-1 and POS-1 proteins are restricted to the germline blastomeres, while MEX-3 is 
restricted to AB-derived blastomeres       
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et al.  2007 ; Shimada et al.  2002  ) . OMA proteins have indeed been shown to bind to 
sequences in the 3 ¢ UTR of target mRNAs and repress their translation (Guven-
Ozkan et al.  2010 ; Jadhav et al.  2008  ) . OMA proteins have a second function that is 
completely independent of RNA binding: they bind to an essential component of the 
transcription initiation complex, TAF-4, sequestering TAF-4 in the cytoplasm, and 
globally repressing transcription (Fig.  12.5 ) (Guven-Ozkan et al.  2008  ) . Continued 

  Fig. 12.5    Summary of the oocyte-to-embryo transition in  C. elegans . Four parallel panels showing 
the    functions of, or regulation of, MBK-2, MEI-1, OMA-1/OMA-2, and MEX-5/MEX-6 are out-
lined below the schematic of the oocyte-to-embryo transition to highlight their relative timing as 
well as their regulatory interdependency. A series of phosphorylation events coupled with pseudo-
phosphatase (EGG-3/4/5) interactions and degradation speci fi es the activation of MBK-2 at the 
end of meiosis II. MBK-2 is known to phosphorylate three sets of substrates. (1) MEI-1. 
Phosphorylation at S92 results in its rapid degradation, clearing the way for mitotic-speci fi c spin-
dle components. (2) OMA-1. Phosphorylation at T239 has three consequences. (a) It interferes 
with the translational repression of  zif-1  by OMA-1. (b) It enhances OMA-1 binding to TAF-4, 
repressing transcription. (c) It earmarks OMA-1 for degradation after the  fi rst mitotic division. In 
4-cell embryos,  zif-1  is translated in somatic blastomeres, but not the germline blastomere, result-
ing in PIE-1 being stable in the germline blastomere and repression of transcription. (3) MEX-5. 
Phosphorylation at T186 primes MEX-5 for phosphorylation by PLK-1 and -2 and subsequent 
function in embryos. OMA-2 and MEX-6 have redundant functions with OMA-1 and MEX-5, 
respectively, and are believed to be regulated in a similar fashion as their corresponding redundant 
counterpart. Two different shades of  gray  are used to emphasize events prior to ( light gray ) and 
after ( dark gray ) MBK-2 activation. See text for more details       
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repression of transcription in the subsequent germline blastomeres (P2-P4) is dependent 
upon another tandem CCCH zinc  fi nger containing protein, PIE-1 (Seydoux et al.  1996  ) . 
PIE-1 repression of transcription is also independent of RNA binding and does not 
function like OMA proteins, instead inhibiting other molecular events required for 
both the initiation and elongation of RNA polymerase II (see Wang and Seydoux 
 2012 , Chap.   2    ; Batchelder et al.  1999 ; Ghosh and Seydoux  2008 ; Zhang et al.  2003  ) . 
One intriguing facet of PIE-1 function is that PIE-1 protein is made in oocytes and 
is present at a high level in P0 and P1 (Fig.  12.4 ) (Mello et al.  1996  ) , but is not 
suf fi cient to repress transcription in P0 or P1 (Guven-Ozkan et al.  2008  ) . While it is 
not clear why PIE-1 is not utilized in P0, or why OMA proteins and a second mech-
anism are employed to repress transcription in 1-cell embryos, this observation 
nonetheless highlights the uniqueness of the 1-cell embryo.  

 Transcriptional repression by OMA proteins or PIE-1 is readily reversible. OMA 
proteins are degraded after the 1-cell stage, whereas PIE-1 is segregated asymmetri-
cally to the germline blastomere at each P lineage blastomere division (Detwiler 
et al.  2001 ; Lin  2003 ; Mello et al.  1996  ) . However, the asymmetric segregation of 
PIE-1 is not 100% effective. At each germline blastomere division, whereas the 
majority of PIE-1 is segregated to the new germline blastomere, there is a portion of 
PIE-1 that remains in the somatic sister (Reese et al.  2000  ) . Therefore, PIE-1, which 
could function as a transcriptional repressor in these somatic blastomeres, needs to 
be degraded so that lineage-appropriate transcription and translation can initiate. 
Degradation of PIE-1 in somatic cells is carried out by a CUL-2-containing E3 
ligase (DeRenzo et al.  2003  ) . The substrate-binding subunit of this E3 ligase, ZIF-1, 
binds to the  fi rst CCCH zinc  fi nger of PIE-1 (DeRenzo et al.  2003  ) . Although  zif-1  
RNA is provided maternally to the oocytes and is present throughout the early 
embryo, ZIF-1 protein is not made until the 4-cell stage, and then only in somatic 
cells (Fig.  12.4 ) (Guven-Ozkan et al.  2010  ) . This then ensures stability of PIE-1 in 
oocytes and germline blastomeres, and PIE-1 degradation in the somatic sisters of 
the germline blastomeres (discussed further in Sect.  12.3.1 ). 

 For maternal regulators deposited into the oocyte as mRNAs, one way to keep 
them in check in 1-cell embryos is to delay their translation until after the  fi rst 
mitotic division. We have shown recently that translational repression of  zif-1  in 
1-cell embryos versus later germline blastomeres is achieved by two separate 
mechanisms (Oldenbroek et al.  2012  ) . In later germline blastomeres P2-P4, transla-
tional repression of  zif-1  is achieved by a germline-blastomere-speci fi c RNA-
binding protein. However, in the 1-cell embryo, translational repression of  zif-1  
requires the combined action of two other RNA-binding proteins, with neither pro-
tein alone being suf fi cient to repress translation. These two RNA-binding proteins 
are differentially segregated after the  fi rst mitotic division and therefore no longer 
co-localize within the same cell, effectively restricting their  zif-1  translational 
repression to only the 1-cell embryo (see also Sect.  12.4.2 ). The general strategy of 
delaying translation of maternal mRNAs has also been employed to restrict the 
expression of a potent transcription factor, SKN-1, primarily to P1 descendants and 
the Notch receptor, GLP-1, to only the AB descendants (Bowerman et al.  1993 ; 
Evans et al.  1994  ) .   

http://dx.doi.org/10.1007/978-1-4614-4015-4_2
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    12.3   Two Key Coordinators for the Oocyte-to-Embryo 
Transition 

    12.3.1   OMA-1 and OMA-2 

    12.3.1.1   Expression 

 OMA-1 and OMA-2 are functionally redundant proteins that contain tandem CCCH 
Tis-11-like zinc  fi ngers, C-x 

8
 -C-x 

5
 -C-x 

3
 -H, a motif shown to function in RNA bind-

ing (Detwiler et al.  2001 ; Lai et al.  1999 ; Pagano et al.  2007 ; Shimada et al.  2002  ) . 
The OMA protein expression pattern is unique, having not been observed for any 
other  C. elegans  protein (Detwiler et al.  2001 ; Shimada et al.  2002  ) . OMA mRNA 
is synthesized maternally and the transcript is found throughout the germline. OMA 
proteins, which are exclusively cytoplasmic, are expressed in oocytes and reach 
their peak level in the most proximal −1 oocyte (Fig.  12.4 ). OMA proteins are also 
present at a high level in the 1-cell embryo and are then degraded immediately after 
the  fi rst mitotic cycle. OMA proteins are expressed only in developing oocytes and 
the 1-cell embryo, with no other expression observed in larval or adult animals. 
OMA proteins are not expressed in the male at any stage of development.  

    12.3.1.2   Functions 

 The  oma-1  and - 2  genes were identi fi ed as the  fi rst genetic mutants defective 
speci fi cally in the process of oocyte maturation (Detwiler et al.  2001  ) . The two 
genes encode closely related proteins that are functionally redundant. Whereas 
mutations in either  oma-1  or  oma-2  alone generate no discernable phenotype, 
mutants with presumed null alleles of both  oma-1  and  oma-2  are sterile with abnor-
mally large oocytes (Detwiler et al.  2001  ) . These oocytes are arrested at diakinesis 
in prophase of meiosis I and are not ovulated or fertilized. No sperm defect was 
detected in  oma-1;oma-2  double mutants. Oocytes in double mutant animals show 
initial signs of oocyte maturation—that is, partial nuclear envelope breakdown and 
cortical rearrangement occur—but the maturation process is not completed. Two 
sperm-dependent molecular events that normally occur in the −1 oocyte, mainte-
nance of activation of the MAP kinase MPK-1, and chromosomal association of the 
aurora-like kinase AIR-2, do not occur in Oma oocytes (Detwiler et al.  2001  ) . 
These results suggest that OMA-1 and OMA-2 are required for the response to the 
sperm signal for oocyte maturation. The prophase arrest of Oma oocytes can be 
partially suppressed by RNAi of the  C. elegans  MYT-1 homologue,  wee-1.3  
(Detwiler et al.  2001  ) . MYT-1 has been shown in other systems to be a negative 
regulator of maturation promoting factor (MPF) and therefore is a negative regula-
tor of meiotic progression (Burrows et al.  2006 ; Nakajo et al.  2000 ; Nebreda and 
Ferby  2000  ) . This result suggests that OMA-1 and OMA-2 function downstream of 
MSP to promote prophase progression. The molecular mechanism for the meiotic 
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arrest and oocyte morphology defect in Oma animals, as well as the functional 
relationship between OMA proteins and other known regulators of oocyte matura-
tion is not known. 

 In addition to repressing translation of  mei-1  in the 1-cell embryo, OMA-1/2 also 
function as speci fi c translational repressors in oocytes. Recent studies have demon-
strated that OMA-1/2 repress translation of  zif-1  in oocytes via direct binding to the 
 zif-1  3 ¢ UTR (Fig.  12.5 ) (Guven-Ozkan et al.  2010  ) . It was shown that repression of 
 zif-1  by OMA also requires the eIF4E-binding and OMA-binding protein SPN-2, 
generating a bridge between the  zif-1  3 ¢ UTR and 5 ¢ CAP and a circularized, transla-
tionally repressed transcript. However, defective translational repression of  zif-1  
does not account for the oocyte maturation defective phenotype associated with 
 oma-1;oma-2  mutant animals. Depletion of  zif-1  in  oma-1;oma-2  animals does not 
rescue the Oma phenotype. The demonstration that OMA proteins function as trans-
lational repressors in oocytes suggests that aberrant translation of a yet to be 
identi fi ed protein or a combination of proteins may underlie the Oma phenotype. 

 Two OMA protein functions, one in developing and maturing oocytes, where 
they repress translation of  zif-1  mRNA, and the other in the 1-cell embryo, where 
they bind and sequester TAF-4 protein in the cytoplasm, are clearly separable genet-
ically and spatiotemporally (Guven-Ozkan et al.  2010  ) . Yet both OMA functions, in 
end effect, work toward the same goal: maintaining transcriptional repression in 
germline blastomeres. TAF-4 binding in the 1-cell embryo directly represses global 
RNA polymerase II transcription, whereas  zif-1  translational repression in oocytes 
protects PIE-1 (and other maternally supplied ZIF-1 targets) from premature degra-
dation, thereby indirectly promoting transcriptional repression in the later germline 
lineage blastomeres.  

    12.3.1.3   Regulation of OMA Proteins 

 OMA-1 is phosphorylated on T239 by MBK-2 in vitro (Nishi and Lin  2005 ; Stitzel 
et al.  2006  ) . Using an antibody to OMA-1 phospho-T239, it was shown that OMA-1 
is phosphorylated at meiosis II, precisely the time when MBK-2 is activated 
(Fig.  12.5 , more below) (Nishi and Lin  2005 ; Pellettieri et al.  2003  ) . Phosphorylation 
by MBK-2, therefore, could create two populations of OMA proteins that are sepa-
rated temporally during the oocyte-to-embryo transition: one population not phos-
phorylated at T239 restricted to oocytes and another population phosphorylated at 
T239 restricted to the 1-cell embryo. Whereas OMA-1 phosphorylated by the 
MBK-2 kinase at T239 binds better to TAF-4, translational repression of  zif-1  
appears to require OMA-1 unphosphorylated at T239 (Guven-Ozkan et al.  2008, 
  2010  ) . This means that phosphorylation by MBK-2 serves as a molecular switch 
that converts OMA function from speci fi c translational repressor to global 
 transcriptional repressor. It was shown that SPN-2 binding to the  zif-1  3 ¢ UTR is not 
compatible with MBK-2 phosphorylation of OMAs (and possibly additional pro-
teins), which provides a mechanistic explanation for MBK-2-dependent inhibition 
of  zif-1  translation (Guven-Ozkan et al.  2010  ) . It is interesting that translational 
repression of  mei-1  by OMA-1 and SPN-2 appears to occur only in the 1-cell embryo 
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and not in oocytes (Li et al.  2009  ) . It is therefore not clear whether or how MBK-2 
phosphorylation affects repression of  mei-1  translation by OMA-1 and SPN-2. 

 Phosphorylation at T239 by MBK-2 also marks OMA-1 for degradation imme-
diately after the  fi rst mitotic division (Fig.  12.5 ) (Nishi and Lin  2005  ) . Mutations 
that reduce OMA-1 phosphorylation at T239 result in OMA-1 persisting past the 
1-cell stage and embryonic lethality (Lin  2003 ; Nishi and Lin  2005 ; Shirayama 
et al.  2006  ) . One such mutation,  oma-1(zu405) , results in a change of the residue 
immediately adjacent to T239, P240, to L (Lin  2003  ) . In this mutant, OMA-1 
unphosphorylated at T239 persists past the 1-cell stage (Nishi and Lin  2005  ) . This 
is a complex mutation, owing to the fact that OMA proteins have multiple functions 
which depend on their phosphorylation state. Therefore, the interpretation of the 
 oma-1(zu405)  mutation varies depending on which function is being referred to. 
 oma-1(zu405)  is a reduction-of-function allele with respect to TAF-4-binding but a 
gain-of-function allele with respect to translational repression of  zif-1,  as persisting 
unphosphorylated OMA-1 P240L results in ectopic repression of  zif-1  (Guven-
Ozkan et al.  2008,   2010  ) . The precise cause for the embryonic lethality associated 
with  oma-1(zu405)  is not known, but is likely to result from a combination of 
defects.  

    12.3.1.4   How OMA Proteins Coordinate the Oocyte-to-Embryo Transition 

 The importance of OMA proteins in the oocyte-to-embryo transition is underscored 
by the fact that they are required for all three key components of this transition 
described above. They are required for oocyte maturation, degradation of the mei-
otic spindle, and proper transition from a 1-cell to a multicell embryo. The switch 
from one OMA-1 function to another by MBK-2 phosphorylation at OMA-1T239 
is particularly interesting. MBK-2 phosphorylation not only promotes OMA-1 bind-
ing to TAF-4 (Guven-Ozkan et al.  2008  ) , but also simultaneously inactivates the 
 zif-1  translational repression exhibited by OMA-1 in oocytes (Guven-Ozkan et al. 
 2010  ) . The dual OMA protein functions regulate completely different biochemical 
processes, and these two functions are switched by a reversible posttranslational 
modi fi cation. The mutual exclusivity of the two OMA functions suggests that both 
functions must not overlap within the organism, but why should this be the case? 
There might be a developmental requirement that the  fi rst function be completed 
before the second function initiates, or that the second function must initiate imme-
diately upon termination of the  fi rst function. Such a robust functional switch is 
readily achieved via a single dual-function protein whose modi fi cation, which is 
also stringently timed, terminates the  fi rst function while simultaneously activating 
the second function. Furthermore, phosphorylation of the OMA proteins by MBK-2 
not only results in their switch in function, but also marks the proteins for protea-
somal degradation (Nishi and Lin  2005  ) . This very effectively delimits the second 
OMA protein function, sequestration of TAF-4, to the 1-cell embryo only, without 
invoking, for example, an additional phosphatase to squelch this function. OMA 
proteins, in collaboration with MBK-2 (below), play key roles in orchestrating the 
oocyte-to-embryo transition in  C. elegans .   
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    12.3.2   MBK-2 

    12.3.2.1   Expression and Activation 

 MBK-2 kinase, which is activated at meiosis II, is required for degradation of a 
subclass of maternal proteins following fertilization, posterior localization of germ-
line lineage factors, and activation of polarity factors acting downstream of the ini-
tial PAR protein polarity cues (see further below) (Nishi and Lin  2005 ; Nishi et al. 
 2008 ; Pang et al.  2004 ; Pellettieri et al.  2003 ; Quintin et al.  2003  ) . 

 MBK-2 kinase is a dual-speci fi city kinase belonging to the DYRK family. 
DYRK kinases undergo co-translational self-phosphorylation, when an interme-
diate form, present only during translation, phosphorylates itself on tyrosine 
within the YTY motif present in the kinase domain (Lochhead et al.  2005  ) . This 
self-phosphorylation is required for enzymatic activity. Mature DYRKs, however, 
are no longer capable of tyrosine phosphorylation and only phosphorylate serine 
and threonine residues within their targets (Lochhead et al.  2005  ) . MBK-2 protein 
is maternally supplied and is present at a high level in oocytes and embryos 
(Pellettieri et al.  2003  ) . However, MBK-2 kinase activation is very tightly regu-
lated during the oocyte-to-embryo transition, with phosphorylated substrates  fi rst 
detectable in 1-cell embryos in anaphase of MI and peaking following the com-
pletion of meiosis (extrusion of the second polar body) (Nishi and Lin  2005 ; 
Stitzel et al.  2006  ) . 

 MBK-2 is initially localized at the cortex prior to the sperm signal that triggers 
oocyte maturation and the completion of meiosis I, whereupon MBK-2 initiates 
relocalization to puncta within the cytoplasm (Fig.  12.4 ) (Pellettieri et al.  2003 ; 
Stitzel et al.  2006  ) . This cytoplasmic relocalization continues through meiosis II, 
which is triggered by fertilization. Recent studies have elegantly shown how MBK-2 
activity is regulated during this transition, and how this regulation is intimately 
associated with cell cycle control. This process depends upon meiotic cell cycle 
regulators CDK-1 and APC/C, along with a small set of pseudo-tyrosinephos-
phatases (Fig.  12.5 ) (Cheng et al.  2009 ; Maruyama et al.  2007 ; Parry and Singson 
 2011 ; Parry et al.  2009  ) . Pseudophosphatases are proteins that resemble phos-
phatases and bind speci fi c phosphorylated motifs found within their targets, but lack 
enzymatic activity. It is believed that one of the functions of pseudophosphatases is 
to shield phosphorylated proteins from the action of bone  fi de phosphatases. 

 MBK-2, as a result of the autophosphorylation on tyrosine within the kinase 
catalytic domain, is “activated” immediately following translation. Furthermore, 
MBK-2 has been produced prior to when it is required to be functional, and there-
fore it must be “held in check” or restrained from phosphorylating its substrates, 
which are also present in the oocytes. At the same time, phosphorylated MBK-2 
must be protected from any endogenous tyrosine phosphatase activity present in the 
oocyte. This is achieved via the binding of two pseudo tyrosine phosphatases, 
EGG-4 and -5, which bind to MBK-2 by interacting with the tyrosine-phosphory-
lated YTY motif (Cheng et al.  2009 ; Parry et al.  2009  ) . Complexes of MBK-2 bound 
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by EGG-4/5 are bound by a third pseudo tyrosinephosphatase, EGG-3, which also 
functions to tether the complex to the oocyte cortex (Cheng et al.  2009 ; Maruyama 
et al.  2007 ; Parry et al.  2009  ) . It has been proposed that another protein also inter-
acts with this complex, repressing MBK-2 activity by an unknown mechanism 
(Cheng et al.  2009  ) . MBK-2 is phosphorylated on serine 68 by CDK-1, the kinase 
that drives oocyte maturation and the meiotic divisions, and this phosphorylation is 
thought to result in dissociation of the unknown repressor (Cheng et al.  2009  ) . 
However, MBK-2 remains bound and inactivated by EGG-3/4/5 and localized to the 
cortex away from its cytoplasmic targets. APC, the anaphase-promoting complex 
required for the transition from metaphase to anaphase in MI, stimulates release of 
the MBK-2/EGG-3/4/5 complex and subsequent proteasomal degradation of EGG-3 
and EGG-4/5 (Cheng et al.  2009 ; Maruyama et al.  2007 ; Parry et al.  2009  ) . All three 
tyrosine pseudophosphatases contain putative RxxL destruction boxes. Active 
MBK-2, phosphorylated at the YTY motif in the catalytic domain as well as at S68, 
is released into the cytoplasm where it can phosphorylate its targets.  

    12.3.2.2   Substrates 

 Two in vivo substrates of MBK-2 have been identi fi ed: OMA-1 and MEI-1 (Fig.  12.5 ) 
(Nishi and Lin  2005 ; Stitzel et al.  2006  ) . Using phospho-speci fi c antibodies, MBK-2 
phosphorylation of both proteins was  fi rst detected immediately following the pro-
posed activation/cytoplasmic translocation of MBK-2. Phosphorylation by MBK-2 
is required for the developmentally regulated degradation of MEI-1 and OMA-1 
(Nishi and Lin  2005 ; Shirayama et al.  2006 ; Stitzel et al.  2006  ) . As mentioned ear-
lier, failure to degrade either MEI-1 or OMA-1 results in embryonic lethality 
(Clandinin and Mains  1993 ; Lin  2003 ; Mains et al.  1990  ) . In addition, MBK-2 phos-
phorylation of OMA-1 at T239 serves as a molecular switch for OMA function from 
 zif-1  translational repression to TAF-4 binding and transcriptional repression 
(Guven-Ozkan et al.  2010  ) . MBK-2 activation is complex in large part because it 
needs to be very precisely timed. Precocious activation of MBK-2 could lead to 
precocious degradation of MEI-1, OMA-1/2, or mistimed conversion of OMA func-
tions. Whereas MBK-2 activity needs to be kept in check in oocytes and during the 
completion of meiosis, it needs to be activated following the completion of meiosis 
and before the  fi rst mitosis. There is only approximately 20 min between the com-
pletion of meiosis II and  fi rst mitosis. 

 Two additional proteins, MEX-5 and MEX-6, are also likely to be MBK-2 
 substrates (Fig.  12.5 ), although there is no direct in vivo evidence as yet (Nishi et al. 
 2008  ) . MEX-5 and MEX-6 are closely related CCCH zinc  fi nger proteins that, in 
response to PAR asymmetry, localize toward the anterior cytoplasm of the 1-cell 
embryo, and preferentially localize to the somatic daughters following germline 
blastomere (P lineage) divisions (Schubert et al.  2000  ) . MEX-5/6 function ensures 
that germline proteins, such as PIE-1, POS-1 and MEX-1, are localized to the 
 germline blastomeres. Degradation of ZIF-1 substrates in somatic blastomeres is 
dependent on MEX-5/6 (DeRenzo et al.  2003  ) . 
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 The polo kinases PLK-1 and -2 promote MEX-5/6 activity. Polo kinases require 
a polo-docking site on their substrates that has been primed by phosphorylation by 
another kinase [reviewed in (Archambault and Glover  2009  ) ]. MBK-2 phosphory-
lates MEX-5 at T186 within a polo-docking site, and this modi fi cation has been 
shown to prime MEX-5 for subsequent PLK-1/2 phosphorylation and activation 
(Nishi et al.  2008  ) .    

    12.4   Posttranscriptional Regulation of the Oocyte-to-Embryo 
Transition 

 The oocyte-to-embryo transition occurs in the absence of de novo transcription, and 
all factors required for the process, whether mRNA or protein, are already present 
within the oocyte. Therefore, all regulation of the transition is posttranscriptional. 
Two posttranscriptional processes, in particular, play a signi fi cant role in the oocyte-
to-embryo transition: protein degradation and translational repression (Bowerman 
and Kurz  2006 ; Evans and Hunter  2005 ; Seydoux  1996  ) . 

    12.4.1   Protein Degradation 

 The role that protein degradation plays in the regulation of OMA1/2 and MEI-1 
function has already been discussed. In addition, protein degradation is critical for 
the following processes during the oocyte-to-embryo transition. 

 As in mitotic cell cycles, protein degradation plays a crucial role during meiotic 
divisions [reviewed in (Bowerman and Kurz  2006 ; DeRenzo and Seydoux  2004 ; Pesin 
and Orr-Weaver  2008 ; Peters  2002 ; Stitzel et al.  2007 ; Verlhac et al.  2010  ) ]. Cyclin-
dependent kinase (CDK) activities, determined by association with regulatory cyclin 
subunits and modi fi ed by positive and negative regulation, drive the cell cycle. Entry 
and progression through meiosis require high CDK activity associated with interac-
tion with A- and B-type cyclins. CDK activity peaks at metaphase with all chromo-
somes attached to the spindle and aligned at the metaphase plate. The transition from 
metaphase to anaphase requires the E3 ubiquitin ligase anaphase-promoting complex. 
APC initiates (1) chromosome segregation through proteolytic degradation of securin, 
which leads to activation of separase resulting in cleavage of cohesin, and (2) destruc-
tion of B-type cyclins, which leads to downregulation of CDK activity and eventual 
exit from meiosis [reviewed in (Pesin and Orr-Weaver  2008 ; Peters  2002  ) ]. In addi-
tion, APC regulates degradation of EGG-3, EGG-4, and EGG-5, which is key to the 
timing of MBK-2 activation (Cheng et al.  2009 ; Stitzel et al.  2007  ) . 

 The asymmetric segregation of PIE-1, MEX-1, and POS-1, three germline 
blastomere-speci fi c CCCH  fi nger proteins, is, in part, regulated by the degradation 
of these proteins in non-germ cell precursors (Reese et al.  2000  ) . Degradation of all 
three proteins is dependent upon ZIF-1 and MEX-5/6 (DeRenzo et al.  2003  ) .  
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    12.4.2   Translational Repression 

 Recent studies have shown that expression of the majority of maternally supplied 
proteins in  C. elegans  is regulated by the corresponding 3 ¢ UTR sequence (Merritt 
et al.  2008  ) . In most cases, the 3 ¢ UTR is suf fi cient to confer the correct temporal and 
spatial expression pattern to a reporter protein. In addition, many of the key regula-
tors, identi fi ed either molecularly or genetically, that regulate this transition contain 
an RNA-binding motif (Detwiler et al.  2001 ; Draper et al.  1996 ; Guedes and Priess 
 1997 ; Li et al.  2009 ; Mello et al.  1996 ; Ogura et al.  2003 ; Schubert et al.  2000 ; Tabara 
et al.  1999  ) . Translational repression appears to be the most widely used and impor-
tant among all posttranscriptional regulatory mechanisms in the  C. elegans  germline. 
Regulation of translational repression during the mitosis-to-meiosis transition in the 
adult germline and during the various stages of meiotic progression will not be 
repeated here (see Nousch and Eckmann  2012 , Chap.   8    ). We highlight below some 
key instances of translational repression during the oocyte-to-embryo transition. 

 In the distal arm of the gonad,  oma-1  translation is repressed by GLD-1, a STAR 
domain RNA-binding protein (see Hansen and Schedl  2012 , Chap.   4    ; Lee and 
Schedl  2001  ) . GLD-1 levels drop sharply as oocytes progress from pachytene to 
diplotene, and are undetectable in diakinesis oocytes in the germline proximal 
region (Jones et al.  1996  ) . Since  gld-1  mRNA remains abundant, the drastic disap-
pearance of GLD-1 is likely a result of translational repression and rapid protein 
degradation.  oma-1  and  oma-2  transcripts, along with several other (but not all) 
GLD-1 targets, are relieved of GLD-1 translational repression and their protein lev-
els increase (Lee and Schedl  2001  ) . 

 Translation of OMA-1 and -2 in proximal oocytes, along with a number of other 
RNA-binding proteins, results in the repression of certain maternal transcripts that 
should not be translated until after fertilization. One example, already discussed, is 
the repression of  zif-1  translation (Guven-Ozkan et al.  2010  ) . Similarly, maternally 
supplied  nos-2  mRNA is only translated in the P4 blastomere. Translational repres-
sion of  nos-2  in oocytes also depends on OMA-1 and OMA-2 (Jadhav et al.  2008  ) . 

 As noted earlier,  zif-1  translation needs to be continuously repressed in 1-cell 
embryos in order to maintain a high level of PIE-1 (Guven-Ozkan et al.  2010  ) . After 
the  fi rst mitotic division,  zif-1  translational repression can be relieved in AB, the 
 fi rst blastomere with strictly somatic developmental fate, but must remain repressed 
in P1, the germline blastomere. In the 1-cell embryo, OMA proteins have been 
phosphorylated by MBK-2 and presumably no longer repress  zif-1  translation 
(Guven-Ozkan et al.  2010 ; Nishi and Lin  2005  ) . However,  zif-1  remains  translationally 
repressed. Our recent studies show that embryos employ a simple but clever way to 
maintain repression of  zif-1  translation in 1-cell embryos (Oldenbroek et al.  2012  ) . 
Two RNA-binding proteins, MEX-3 and SPN-4, function together to repress trans-
lation of  zif-1 . What makes this regulation elegant is that neither MEX-3 nor SPN-4 
alone is able to repress translation of  zif-1 , and both proteins are only co-expressed 
in the 1-cell and (brie fl y) 2-cell embryo (Fig.  12.4 ), thereby limiting repression of 
 zif-1  by MEX-3 and SPN-4 only to these very early stages. After the 2-cell stage, an 
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additional set of RNA-binding proteins restrict the translation of  zif-1  only to 
somatic blastomeres, while maintaining translational repression in the germline lin-
eage (Oldenbroek et al.  2012  ) . The separate modes of translational repression for 
 zif-1  in 1-cell embryos and in later germline blastomeres further highlights the 
uniqueness of the 1-cell embryo as described earlier (Sect.  12.2.3 ).   

    12.5   Concluding Remarks 

 The oocyte-to-embryo transition in  C. elegans  is a prime example of how the power 
of genetics, cell biology, and biochemistry can be brought to bear upon a highly 
complex developmental process in this model organism. While genetic screens led 
to the isolation of mutations defective in individual processes, cell biological and 
biochemical analyses allow us to look at how these separate events are coordinated. 
Much of this progress in  C. elegans  relies upon the fact that all of these processes 
occur in a highly ordered linear sequence within a short time span, and can be 
observed live in the transparent adult hermaphrodite. 

 The degree to which these component processes are coordinately regulated and 
timed during this transition is remarkable—for example, how MBK-2 activation, so 
tightly coordinated with the completion of meiosis, sets in motion various pathways 
critical to the oocyte-to-embryo transition, or how the OMA proteins are switched 
so dramatically in function as a result of MBK-2 phosphorylation, which also sets 
them ultimately on the path to destruction. The complicated interplay between 
maternal regulatory factors over both space and time is quite amazing. In one exam-
ple, an activated kinase is held in check until precisely the right moment in the 
oocyte-to-embryo transition, and in another example, one protein functions in the 
oocyte to ensure that another maternally supplied protein is protected from degrada-
tion, and then both proteins function later in the embryo to sequentially maintain 
transcriptional quiescence in germline precursors. As each individual facet of the 
oocyte-to-embryo transition is currently the subject of intense investigation, there is 
little doubt that this critical developmental transition will be dissected in ever-greater 
detail in the near future. 

 How the oocyte-to-embryo transition is coordinated in mammals is less well 
understood. Molecular events that take place in individual processes, such as oocyte 
maturation, fertilization, and meiotic divisions, are very similar in outline with 
minor differences between  C. elegans  and mammals. However, there are three 
signi fi cant differences between worms and mammals regarding the oocyte-to-
embryo  transition. First, the time span it takes for the transition to occur differs 
greatly. In mammals, oocytes remain arrested in prophase of meiosis I for extended 
periods, eventually being triggered to resume meiosis and be ovulated by a hor-
monal signal. The ovulated oocytes arrest again at metaphase of meiosis II and 
complete meiosis if fertilized. Because of the arrest before fertilization for mam-
malian eggs, precisely timed tight coordination prior to fertilization is not as 
critical. Second, the dependence on proteins prepackaged into the oocytes differs. 
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In mammals, zygotic transcription can start as early as the 1-cell embryo, and cell 
fate speci fi cation begins signi fi cantly later than in the  C. elegans  embryo. Therefore, 
early embryonic development in mammals is not as dependent on maternal factors 
in the oocyte. Third, the early cleavage patterns and the mechanism by which pri-
mordial germ cells are speci fi ed differ. The  fi rst embryonic divisions in mammals 
are symmetrical and blastomeres remain totipotent up to the blastocyst stage. In the 
mouse, primordial germ cells are not speci fi ed until much later, around embryonic 
day 6.5, when pluripotent epiblast cells respond to signals from neighboring extra-
embryonic tissue. In addition, the mechanism by which a pool of primordial germ 
cells in the mouse are speci fi ed is quite different from the very early speci fi cation of 
the single germline precursor in worms. These differences suggest that coordina-
tion of the oocyte-to-embryo transition is likely to be regulated quite differently 
between mammals and  C. elegans , even if component processes share consider-
able similarity.      
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