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  Abstract   The germline of  Caenorhabditis elegans  derives from a single founder 
cell, the germline blastomere P 

4
 . P 

4
  is the product of four asymmetric cleavages that 

divide the zygote into distinct somatic and germline (P) lineages. P 
4
  inherits a spe-

cialized cytoplasm (“germ plasm”) containing maternally encoded proteins and 
RNAs. The germ plasm has been hypothesized to specify germ cell fate, but the 
mechanisms involved remain unclear. Three processes stand out: (1) inhibition of 
mRNA transcription to prevent activation of somatic development, (2) translational 
regulation of the  nanos  homolog  nos-2  and of other germ plasm mRNAs, and (3) 
establishment of a unique, partially repressive chromatin. Together, these processes 
ensure that the daughters of P 

4
 , the primordial germ cells Z2 and Z3, gastrulate 

inside the embryo, associate with the somatic gonad, initiate the germline transcrip-
tional program, and proliferate during larval development to generate ~2,000 germ 
cells by adulthood.  
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    2.1   Introduction to the Embryonic Germ Lineage (P Lineage) 

    2.1.1   Embryonic Origin of the Germline 

 P 
4
  arises in the 24-cell stage from a series of four asymmetric divisions starting in 

the zygote (P 
0
 ) (Fig.  2.1 ). Each division generates a larger, somatic blastomere 

(AB, EMS, C and D) and a smaller, germline blastomere (P 
1
 , P 

2
 , P 

3
 , P 

4
 ). Laser abla-

tion of the P 
4
  nucleus yields sterile worms with no germ cells (Sulston et al.  1983  ) , 

con fi rming that P 
4
  is the sole founder of the germline and that no other cell can 

replace P 
4
 .  

 In the 88-cell stage, P 
4
  divides once to generate two daughters: the primordial 

germ cells, Z2 and Z3. Soon after their birth, Z2 and Z3 gastrulate into the 
embryo interior (Harrell and Goldstein  2011  ) . Z2 and Z3 do not divide further 
during embryogenesis, and remain close to each other and to the intestine. By 
the 2-fold stage, Z2 and Z3 extend protrusions towards two intestinal cells 
(Sulston et al.  1983  ) . Intestinal cells have been suggested to provide sustenance 
to Z2 and Z3 until the gonad is formed. 

 In mid-embryogenesis, the somatic gonadal precursors Z1 and Z4 migrate 
towards Z2 and Z3 to form the gonad primordium (Sulston et al.  1983  ) . Z2 and Z3 
resume divisions only in the  fi rst (L1) larval stage after the larva begins feeding. 
Z2 and Z3 will eventually generate ~2,000 germ cells by adulthood (Kimble and 
White  1981  ) .  

    2.1.2   Characteristics of the P Blastomeres 

    2.1.2.1   Asymmetric Divisions 

 P 
0
,  P 

1
 , P 

2
 , P 

3
  all divide asymmetrically. Before each division, the spindle becomes 

displaced towards one side of the cell. The P granules, RNA-rich organelles speci fi c 
to the germline, and several associated cytoplasmic proteins and RNAs (collectively 
referred to as “germ plasm”; Table  2.1 ) also accumulate on that same side. As a 
result, each division generates daughters of unequal size with the smaller daughter 
inheriting most of the germ plasm (Gönczy and Rose  2005 ; Strome  2005  ) .  

 In the  fi rst two divisions, the spindle becomes displaced towards the posterior 
pole of the embryo, such that P 

1
  and P 

2
  are born in the posterior. The posterior pole 

is de fi ned in the zygote P 
0
  by the position of the sperm centrosome, which orients 

the distribution of the PAR polarity regulators (Gönczy and Rose  2005  ) . In the P 
2
  

blastomere, the polarity axis is reversed by signaling from the somatic blastomere 
EMS, and P 

3
  and P 

4
  are born towards the anterior (Schierenberg  1987 ; Arata et al. 

 2010  ) . As a result, P 
4
  is born next to the descendants of the E (intestinal) lineage. 

Unlike P 
0
 –P 

3
 , P 

4
  divides symmetrically into two equal size daughters (Z2 and Z3) 

that both inherit germ plasm.  
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    2.1.2.2   Long Cell Cycle Times 

 P blastomeres have longer cell cycle times than their somatic sisters. For example, P 
1
  

divides 2 min after AB, in part due to enhanced activity of a DNA replication check-
point in P 

1
  (Encalada et al.  2000 ; Brauchle et al.  2003  ) , and in part due to higher 

  Fig. 2.1    Embryonic origin of the germline. Abbreviated embryonic lineage from the 1-cell stage to 
the ~88-cell stage and embryo schematics corresponding to each stage shown in the lineage tree. Germ 
plasm is denoted in  purple , germ granules are  darker purple dots . High levels of MEX-5/6 inherited 
by somatic blastomeres are denoted in  blue .  Red nuclei  are not competent for mRNA transcription       
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levels of cell cycle regulators (PLK-1 and Cdc25.1) in AB (Rivers et al.  2008 ; 
Budirahardja and Gönczy  2008  ) . P 

4
  divides about 70 min after its birth (Sulston et al. 

 1983  ) . Z2 and Z3 duplicate their DNA and centrosomes, but remain arrested in G2 
until after hatching (Fukuyama et al.  2006  ) .  

    2.1.2.3   No mRNA Transcription 

 mRNA transcription begins in the 3- to 4-cell stage in somatic blastomeres, but 
appears to remain off in the germline blastomeres until gastrulation. In a survey 
of 16 mRNAs, no newly transcribed mRNAs were detected in P 

0
 –P 

4
  by in situ 

hybridization (Seydoux et al.  1996  ) . During the transcription cycle, the serine-
rich repeats in the carboxy-terminal tail of RNA polymerase II become phospho-
rylated,  fi rst on Serine 5 during initiation and then on Serine 2 during elongation. 
These phosphoepitopes are reduced (Pser5) or completely absent (Pser2) in the 
germline blastomeres (Seydoux and Dunn  1997  ) . Both phosphoepitopes appear 
transiently in Z2 and Z3 shortly after their birth, but return to low/background 
levels by the 1.5-fold stage and do not reappear until after hatching (Furuhashi 
et al.  2010  ) . Z2 and Z3 also lose the active chromatin marks H3K4me2, H3K4me3, 
and H4K8ac (Schaner et al.  2003  ) . Z2 and Z3 are not completely transcription-
ally silent, however: zygotic expression of several germline genes have been 
detected in Z2 and Z3. These include P granule components ( pgl-1 ,  glh-1,  and 
 glh-4 ), the nanos ortholog  nos-1 , and meiotic genes ( htp-3, rec-8 ) (Subramaniam 
and Seydoux  1999 ; Kawasaki et al.  2004 ; Takasaki et al.  2007 ; Spencer et al. 
 2011  ) . In contrast to mRNA transcription, transcription of ribosomal RNAs has 
been detected in all P blastomeres with the possible exception of P 

4
  (Seydoux 

and Dunn  1997  ) .  

    2.1.2.4   Maintenance of Maternal mRNAs 

 In situ hybridization and RNA pro fi ling studies have uncovered two classes of 
maternal mRNAs in early embryos: maternal mRNAs that are maintained in all 
blastomeres, and maternal mRNAs that are rapidly turned over in somatic blasto-
meres and maintained only in germline blastomeres (Seydoux and Fire  1994 ; 
Seydoux et al.  1996 ; Baugh et al.  2003  ) . Some in the latter class are also enriched 
in P granules. For example, the Nanos homolog  nos-2  is partitioned to both 
 germline and somatic blastomeres during the  fi rst two divisions. Between the 
4- and 8-cell stages,  nos-2  is turned over in somatic blastomeres and maintained 
in the P lineage, where it is enriched in P granules. By the 28-cell stage,  nos-2  
RNA remains only in P 

4
 , where it is  fi nally translated (Subramaniam and Seydoux 

 1999 ; Tenenhaus et al.  2001  ) .    
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    2.2   Cellular Mechanisms of Germ Cell Speci fi cation 

 Two general modes of germline speci fi cation have been described in animals: 
 induction by extracellular signals and induction by germ plasm, a specialized 
 cytoplasm inherited from the oocyte (Seydoux and Braun  2006  ) . In this section, we 
describe evidence for each of these mechanisms acting in  C. elegans . 

    2.2.1   Asymmetric Segregation of the Germ Plasm 

 Several lines of evidence suggest that  C. elegans  embryos possess germ plasm. As 
described above, the germline-speci fi c P granules and associated RNAs and RNA-
binding proteins co-segregate to the same side of the P blastomere before each 
asymmetric cleavage (Table  2.1 ). P or “germ” granules have been reported in the 
germline of many different animals, including mammals, and are considered to be 
intimately associated with germ cell fate (Strome and Lehmann  1997  ) . 

 Embryo manipulations support the view that at least some aspects of P cell fate 
are speci fi ed by factors that are asymmetrically localized in the zygote. Using a 
laser microbeam to create holes in the eggshell, Schierenberg  (  1988  )  extruded “par-
tial embryos” containing cytoplasm from only the anterior or posterior of the zygote. 
Partial embryos containing anterior cytoplasm divided symmetrically, whereas par-
tial embryos containing posterior cytoplasm divided asymmetrically, similar to the 
P blastomeres. However, mixing of posterior cytoplasm into anterior cytoplasm was 
not suf fi cient to induce asymmetric divisions. Delaying cell division eliminated the 
ability of posterior cytoplasm to support asymmetric divisions. Together these 
observations suggest that the germ plasm is required for germ cell fate but is not 
suf fi cient to induce germ cell fate when diluted with “somatic cytoplasm.” In con-
trast, in  Drosophila , injection of germ plasm in the anterior pole of the embryo is 
suf fi cient to create ectopic germ cells (Mahowald and Illmensee  1974  ) . 

 Asymmetric distribution of the germ plasm is controlled by the PAR network of 
polarity regulators, which regulates anterior–posterior polarity in P 

0
  and most likely 

also in P 
1
 , P 

2
 , and P 

3
  (see below). The PAR proteins PAR-1 and PAR-2 segregate with 

the germ plasm, and both are maintained in the P lineage through the asymmetric divi-
sions leading to P 

4
  (Guo and Kemphues  1995 ; Boyd et al.  1996  ) . PAR-1 and PAR-2 

become enriched at the cell periphery on the side of the germ plasm during each asym-
metric division. Strong mutations in the  par  genes disrupt all polarity in the 1-cell 
stage and lead to embryonic lethality. Hypomorphic  par  mutations, however, lead to 
viable but sterile worms that lack all germ cells (Kemphues et al.  1988 ; Guo and 
Kemphues  1995 ; Spilker et al.  2009  ) . These observations suggest that asymmetric 
segregation of the germ plasm is required to specify P 

4
  as the germline founder cell. 



24 J.T. Wang and G. Seydoux

    2.2.1.1   MEX-5 and MEX-6: Germ Plasm Antagonists 

 The PAR network regulate germ plasm asymmetry through the action of the PAR-1 
kinase and its substrates MEX-5 and MEX-6, two highly related and partially redun-
dant RNA-binding proteins that segregate opposite to the germ plasm. Phosphorylation 
by PAR-1 stimulates MEX-5 (and presumably MEX-6) diffusion in the posterior 
cytoplasm of the zygote, causing MEX-5 to become enriched in the anterior (Tenlen 
et al.  2008 ; Grif fi n et al.  2011  ) . As a result, the AB blastomere inherits high levels of 
MEX-5/6 and low levels of PAR-1, and the P 

1
  blastomere inherit low levels of MEX-

5/6 and high levels of PAR-1. This pattern is repeated during the divisions of P 
1
 , P 

2
 , 

and P 
3
  (Schubert et al.  2000 ; Guo and Kemphues  1995  ) . MEX-5 and MEX-6 promote 

both asymmetric partitioning of the germ plasm to germ cells during cell division and 
asymmetric degradation of the germ plasm from the soma after cell division.  

    2.2.1.2   Asymmetric Partitioning of the Germ Plasm During Division 

 Examination of P granule dynamics in live zygotes has revealed that P granule par-
titioning depends both on MEX-5/6-driven granule disassembly in the anterior cyto-
plasm and PAR-1-driven granule assembly in the posterior cytoplasm (Cheeks et al. 
 2004 ; Brangwynne et al.  2009 ; Gallo et al.  2010  ) . P granule proteins that become 
dispersed in the anterior cytoplasm are reincorporated into granules in the posterior 
cytoplasm. As a result, P 

1
  inherits more P granule proteins than AB (Gallo et al. 

 2010  ) . After polarity reversal in P 
2
 , P granules appear to segregate using a different 

mechanism involving association with the P cell nuclei (Hird et al.  1996  ) . PAR-1 
and MEX-5/6 also promote the posterior enrichment of germ plasm proteins that are 
only loosely associated with P granules, such as PIE-1 and POS-1 (Table  2.1 ), but 
the mechanisms involved are not known (Schubert et al.  2000  ) . MEX-5/6 also pro-
motes anterior enrichment of PLK-1 and CDC-25, which contribute to the fast cell 
cycle of the AB blastomere (Rivers et al.  2008 ; Budirahardja and Gönczy  2008  ) .  

    2.2.1.3   Asymmetric Degradation of the Germ Plasm After Division 

 Asymmetric enrichment of the germ plasm during division is not absolute and low 
levels of germ plasm RNAs and proteins are inherited by all somatic blastomeres. 
These low levels are rapidly turned over, and this degradation depends on MEX-5 
and MEX-6. In  mex-5;mex-6  embryos, germ plasm proteins are uniformly partitioned 
to all blastomeres. Heat shock-induced expression of MEX-5 in single blastomere is 
suf fi cient to degrade germ plasm proteins in that cell (Schubert et al.  2000  ) . The 
potent anti-germ plasm effect of MEX-5 may explain why, in the cytoplasmic mixing 
experiments described above (Schierenberg  1988  ) , anterior cytoplasm “suppresses” 
the potential for asymmetric division. 

 In somatic blastomeres, MEX-5 and MEX-6 are required for their own degrada-
tion and the degradation of other CCCH zinc  fi nger proteins (POS-1, PIE-1, and 
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MEX-1). CCCH protein degradation depends on ZIF-1, a substrate recognition 
 subunit for the CUL-2 E3 ubiquitin ligase. ZIF-1 recognizes speci fi c CCCH  fi ngers 
in MEX-5, MEX-1, POS-1, and PIE-1. A fusion between GFP and the PIE-1  fi rst 
zinc  fi nger (GFP:ZF1) is symmetrically segregated to somatic and germline blasto-
meres, but degraded in each somatic lineage in a ZIF-1-dependent manner (DeRenzo 
et al.  2003  ) . The distribution of ZIF-1 protein is not known, but a reporter containing 
the  zif-1  3 ¢  UTR is activated in each somatic lineage, suggesting that ZIF-1 activity 
is restricted to somatic blastomeres by translational regulation of the  zif-1  mRNA. 
Recent studies indicate that  zif-1  translation is controlled combinatorially by several 
RNA-binding proteins that all bind directly to the  zif-1  3 ¢  UTR. In oocytes,  zif-1  is 
silenced by OMA-1 and OMA-2 (Guven-Ozkan et al.  2010 ; Robertson and Lin  2012 , 
Chap.   12    ), two redundant RNA-binding proteins that interact with the eIF4E-binding 
protein and translational repressor SPN-2 (Li et al.  2009 ). In zygotes, OMA-1/2 are 
phosphorylated by the kinase MBK-2 (Nishi and Lin  2005 ; Shirayama et al.  2006 ; 
Stitzel et al.  2006  ) , leading to the displacement of SPN-2 from the  zif-1  3 ¢  UTR and 
the eventual degradation of OMA-1 and OMA-2 during the  fi rst cleavage (Pellettieri 
et al.  2003 ; Nishi and Lin  2005 ; Shirayama et al.  2006  ; Guven-Ozkan et al.  2010 ) . 
 zif-1  continues to be silenced, however, through the combined action of MEX-3 and 
SPN-4 in zygotes and POS-1 in later stages (Oldenbroek et al.  2012  ) . This repression 
is lifted in somatic blastomeres by MEX-5 and MEX-6, which compete with POS-1 
for binding to the  zif-1  3 ¢  UTR (Oldenbroek et al.  2012  ) . Thus, MEX-5 and MEX-6 
promote their own degradation and the degradation of other CCCH-binding proteins 
by promoting the translation of the E3 ligase subunit that targets them for ubiquitina-
tion. MEX-5 activity requires phosphorylation by the Polo kinases PLK-1 and PLK-
2, which directly bind to, and segregate with, MEX-5. Phosphorylation by PLK-1 
and PLK-2 is primed by MBK-2, which is active in zygotes but not oocytes. This 
requirement may explain why MEX-5 promotes germ plasm turnover in embryos, 
but not in oocytes where MEX-5 is also present (Nishi et al.  2008  ) . 

 The mechanisms by which MEX-5 and MEX-6 also promote RNA degradation 
in somatic blastomeres are less well understood. Activation of mRNA degradation 
in the 4-cell stage is temporally correlated with the recruitment of LSM-1 and 
CCF-1 (CAF1/Pop2 subunit of the CCR4/NOT deadenylase complex) to P bodies, 
cytoplasmic granules that have been implicated in the decapping and deadenylation 
of mRNAs. In  mex-5; mex-6  (RNAi) embryos, LSM-1 is not recruited to P bodies 
and maternal mRNAs are stabilized. Consistent with a role for deadenylation, RNAi 
depletion of  let-711 /Not-1, a component of CCR4/NOT deadenylase, also interferes 
with LSM-1 recruitment and mRNA degradation (Gallo et al.  2008  ) . Whether 
LSM-1 is required for this process, however, has not yet been examined.  

    2.2.1.4   Self-propagation of Germ Plasm and Anti-germ Plasm? 

 The properties of MEX-5 and MEX-6 suggest that in  C. elegans  the distinction 
between soma and germline depends both on maintenance of the germ plasm in the P 
lineage, and on the active degradation of germ plasm in somatic lineages (“anti-germ 
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plasm activity”). In  par-1  mutants, MEX-5 and MEX-6 remain uniform and germ 
plasm RNAs and CCCH proteins are degraded in all cells by the 4-cell stage. 
Presumably, in wild-type embryos, PAR-1 maintains MEX-5 and MEX-6 at low 
enough levels in the P blastomeres to avoid degradation of the germ plasm. PAR-1 is 
maintained in all germline blastomeres and in Z2 and Z3, suggesting that PAR-1 is 
required continuously in the embryonic germ lineage to maintain the germ plasm. 
Intriguingly, in the zygote, MEX-5/6 activity is required for maximal enrichment of 
PAR-1 in the posterior (Cuenca et al.  2003  ) . One possibility is that mutual regulation/
exclusion by PAR-1 and MEX-5/6 functions in a continuous loop to ensure that germ 
plasm asymmetry is reestablished in each P blastomere.   

    2.2.2   Asymmetric Segregation of P Granules: Not Essential? 

 The P granules are the only components of the germ plasm that persist in all germ 
cells throughout the development (except in sperm, Updike and Strome  2010  ) . 
P or “germ” granules have been observed in the germ plasm and/or germ cells of 
all animals examined (Strome and Lehmann  1997  ) . By electron microscopy in 
zygotes, P granules appear as round, electron-dense structures without membranes 
and dispersed throughout the cytoplasm (Wolf et al.  1983  ) . Starting in P 

2
 , P gran-

ules associate with the cytoplasmic face of the nuclear envelope, where they will 
remain until gametogenesis. P granules exclude macromolecules larger than 
70 kDa and greater, and have been proposed to extend the nuclear pore environ-
ment of the nuclear membrane into the cytoplasm (Updike et al.  2011  ) . 

 P granules contain both constitutive components present at all stages of develop-
ment and stage-speci fi c components. Constitutive components include the RGG 
domain RNA-binding proteins PGL-1 and PGL-3 (Kawasaki et al.  1998,   2004  )  and 
the Vasa-related RNA helicases GLH-1,2,3 and 4 (   Roussell and Bennett  1993 ; 
Kuznicki et al.  2000  ) . PGL-1/3 are the core scaffolding components of P granules 
and can assemble into granules when expressed on their own in tissue culture cells 
(   Hanazawa et al.  2011 ). Mutations in  pgl  and  glh  genes interfere with larval germ 
cell proliferation and gamete formation (Kawasaki et al.  2004 ; Spike et al.  2008  ) . 
The most severe defects are seen when the worms are raised at high temperature or 
when mutations in multiple genes are combined. For example,  pgl-1  mutants are 
fertile at 20 °C but sterile with underproliferated germlines at 26 °C. Double loss 
of  pgl-1  and  pgl-3  leads to sterility even at low temperature (Kawasaki et al.  2004  ) . 
In all mutant combinations, however, germ cells are still formed, suggesting that 
P granule proteins are required primarily for germ cell proliferation and/or differen-
tiation, but not for germ cell fate speci fi cation (Kawasaki et al.  2004 ; Spike et al. 
 2008  ) . The redundancy and strong maternal contribution of PGL and GLH proteins, 
however, has made it dif fi cult to exclude a potential role for P granules in germ cell 
fate speci fi cation in embryos. 

 In embryos, several germ plasm proteins are enriched on P granules (e.g., 
PIE-1, POS-1, MEX-1, MEX-3, MEG-1, MEG-2, Sm proteins), raising the 
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possibility that P granules organize the germ plasm. Dynamic association of 
PIE-1 with P granules has been suggested to drive PIE-1 partitioning into P 
blastomeres by slowing down PIE-1 diffusion in the cytoplasm destined for P 
blastomeres (Daniels et al.  2009  ) . Mutants that mislocalize P granules to 
somatic blastomeres or misexpress P granule components in somatic cells, 
however, do not make extra germ cells, suggesting that P granules on their own 
are not suf fi cient to assemble germ plasm and/or specify germ cell fate (Strome 
et al.  1995 ; Tabara et al.  1999 ; Mello et al.  1992  ) . Mutants that mislocalize P 
granules often fail to form primordial germ cells (i.e.,  mes-1 ), but because 
these mutants also missegregate other germ plasm components, a speci fi c 
requirement for P granules could not be inferred. 

 Recently, a gene required speci fi cally for the asymmetric partitioning of P gran-
ules was identi fi ed.  pptr-1  codes for a regulatory subunit of the phosphatase PP2A. 
In  pptr-1  mutants, P granules disassemble during each embryonic cell division. As 
a result, P granule components, including PGL-1/3, GLH-1/2/4 and the P granule-
associated mRNAs  cey-2  and  nos-2  are partitioned equally to somatic and germline 
blastomeres. Surprisingly, other germ plasm components (including PAR-1, MEX-
5/6 and PIE-1) still segregate asymmetrically in  pptr-1  mutants, demonstrating that 
P granules are in fact not essential to organize germ plasm. Consistent with normal 
MEX-5 and MEX-6 partitioning,  nos-2  and  cey-2  mRNAs are quickly degraded in 
each somatic blastomere in  pptr-1  mutants. After MEX-5 and MEX-6 turnover in 
the somatic lineages, PGL and GLH proteins reassemble into granules during inter-
phase, but these granules appear in all cells and become progressively smaller with 
each division. By the time of the birth of Z2 and Z3, all cells have either very small 
or undetectable granules (   Gallo et al.  2010  ) . 

 The PGL granules inherited by somatic blastomeres in  pptr-1  mutants are even-
tually eliminated by autophagy after gastrulation (Zhang et al.  2009  ) . During mid-
embryogenesis, when zygotic transcription of P granule components begins, Z2 and 
Z3 assemble new P granules. At that time, Z2 and Z3 also initiate expression of the 
 nos-2  paralog  nos-1 , as they do in wild-type (   Subramaniam and Seydoux  1999 ). 
Consistent with proper speci fi cation of Z2 and Z3, 100 % of  pptr-1  mutants are 
fertile when raised at 20 °C (Gallo et al.  2010  ) . These observations demonstrate that 
P granule partitioning is not essential to distinguish soma from germline. If P gran-
ules harbor factors that promote germ cell fate, these factors must be quickly inac-
tivated in somatic cells, possibly by MEX-5 and MEX-6. 

 When raised at 26 °C, 20 % of  pptr-1  mutants grow into sterile adults with 
underproliferated germlines. The  pptr-1  phenotype is reminiscent of the pheno-
type of  pgl  and  glh  mutants, and is exacerbated by mutations in  pgl-1 : 15 % of 
 pptr-1;pgl-1  double mutants are sterile at 20 °C (Gallo et al.  2010  ) . These obser-
vations suggest that asymmetric inheritance of maternal P granules, although 
not essential, ensures that Z2 and Z3 have suf fi cient P granule material before 
starting to divide in the larva. Because  pptr-1  mutants  missegregate  but do not 
 eliminate  all maternal P granule components, the possibility remains that P 
granules also  contribute  to germ cell fate speci fi cation, perhaps as permissive 
rather than instructive cues.  
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    2.2.3   Cell-to-Cell Signaling: Also Required? 

 Speci fi cation of the embryonic germ lineage also depends on at least one cell–cell 
interaction. MES-1 is a transmembrane protein that functions with SRC-1 to medi-
ate bidirectional signaling between EMS and P 

2
 . This signaling is required to 

polarize the EMS spindle and to reverse the polarity of P 
2
  to ensure that P 

3
  arises in 

the anterior (Strome et al.  1995 ; Berkowitz and Strome  2000 ; Bei et al.  2002  ) . In 
the absence of MES-1, P 

3
  divides symmetrically, and P 

4
  adopts the somatic fate of 

its sister D. Both cells inherit P granules and other germ plasm components (Strome 
et al.  1995  ) . The P 

4
  to D transformation could be due to “dilution” of the germ 

plasm below a certain threshold necessary to induce germ cell fate. If so, MES-1 
signaling could contribute to germ cell fate indirectly by promoting P 

3
  polarity. 

Consistent with this possibility, MES-1 has been shown to be required for the 
proper localization of PAR-2 (Arata et al.  2010  ) . Another possibility, however, is 
that signaling by MES-1 also induces other changes in P 

2
  and P 

3
  required directly 

to specify or maintain “germ cell fate.” Because no experiment has yet shown that 
the germ plasm is suf fi cient to induce germ cell fate in  C. elegans , the possibility 
that other mechanisms are involved, including induction by cell–cell interactions, 
cannot be excluded at this time.   

    2.3   Molecular Mechanisms of Germ Cell Speci fi cation 

 While no single molecular mechanism has been shown yet to be  suf fi cient  to induce 
germ cell fate, several have been suggested to be  required  for the proper develop-
ment of P blastomeres and/or Z2 and Z3. We consider each of these in turn below. 

    2.3.1   Translational Regulation of Maternal RNAs 

 Several germ plasm components are RNA-binding proteins (Table  2.1 ). Mutations 
in these proteins lead to embryonic lethality and cell fate transformations affecting 
both somatic and germline blastomeres. POS-1 and MEX-3 regulate the translation 
of several mRNAs and are required to maintain germ plasm asymmetry (Tabara 
et al.  1999 ; Jadhav et al.  2008 ; Mello et al.  1992 ; Draper et al.  1996  ) . The complex 
phenotypes of these mutants make it dif fi cult to evaluate their direct contribution to 
germ cell fate. Because each RNA-binding protein exhibits a unique pattern of per-
durance within the germ plasm, one possibility is that they function combinatorially 
to specify the fate of each germline blastomere and their somatic daughters. 

 As described above, combinatorial control involving multiple RNA-binding pro-
teins has been demonstrated to restrict the translation of  zif-1  RNA to somatic blas-
tomeres. Analysis of the  nos-2  mRNA supports the view that similar mechanisms 
cooperate to regulate the translation of mRNAs in the germ plasm. As described 
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above,  nos-2  mRNA is maintained throughout the P lineage but translated only in 
P 

4
 . Silencing of  nos-2  translation requires SPN-4, OMA-1, OMA-2, MEX-3, 5, and 

6, and activation requires PIE-1 and POS-1 (Jadhav et al.  2008 ; Tenenhaus et al. 
 2001 ; D’agostino et al.  2006  ) . OMA-1, OMA-2 and MEX-3 silence  nos-2  during 
oogenesis ,  whereas SPN-4 is required primarily to silence  nos-2  in embryos. POS-1 
and SPN-4 compete for binding to the  nos-2  3 ¢  UTR; when SPN-4 levels fall 
below a threshold in P 

4
 , POS-1 prevails and activates  nos-2  translation (Jadhav 

et al.  2008  ) . 
 The role of PIE-1 in the translational activation of  nos-2  is less understood, but 

is distinct from PIE-1’s role in transcriptional repression (described below). A  pie-1  
transgene with mutations in the second zinc  fi nger (PIE-1 ZF2− ) rescues the transcrip-
tional defects of a  pie-1  null mutation, but is not suf fi cient to activate  nos-2  transla-
tion in P 

4
  (see below). In embryos expressing PIE-1 ZF2− , Z2 and Z3 form normally, 

but do not gastrulate ef fi ciently. In some embryos, Z2 and Z3 are never incorporated 
into the embryo proper, and are left behind when the larva crawls out of the egg 
shell at hatching (Tenenhaus et al.  2001  ) . 

 These observations support the view that germ plasm proteins, such as PIE-1, 
promote the translation of mRNAs required for the proper development and/or 
speci fi cation of Z2 and Z3. The identity of these mRNAs is not yet known. In 
embryos where  nos-2  is depleted by RNAi, Z2 and Z3 gastrulate normally, and only 
occasionally fail to associate with the somatic gonad, suggesting that PIE-1 also 
regulates other mRNAs besides  nos-2 . 

 Analysis of MEG-1 and MEG-2 supports the view that regulation of germ plasm 
mRNAs is essential for the proper speci fi cation of Z2 and Z3. MEG-1 and MEG-2 
are two partially redundant novel proteins that associate with P granules speci fi cally 
in the P 

2
 , P 

3
 , and P 

4
  blastomeres. Loss of  meg-1  and  meg-2  leads to germ cell death 

in the L3 stage (Leacock and Reinke  2008  ) . Interestingly,  meg-1  interacts geneti-
cally with  nos-2 .  nos-2(RNAi);meg-1(vr10)  animals show the most severe pheno-
type reported for Z2 and Z3: the cells never proliferate, lose perinuclear P granules, 
and die by the  fi rst larval stage in an apoptosis-independent manner (Kapelle and 
Reinke  2011  ) . Since MEG-1 and NOS-2 expression overlaps only in P 

4
 , events criti-

cal for germ cell fate speci fi cation likely occur  fi rst in this cell. 
 NOS-2 levels are partially reduced in  meg-1  embryos, raising the possibility that 

like other germ plasm components, MEG-1 regulates the expression of germ plasm 
RNAs. MEG-1 does not contain any recognizable RNA-binding motif, but shows 
complex genetic interactions with RNA-binding proteins that function during larval 
germline development (Leacock and Reinke  2008 ; Kapelle and Reinke  2011  ) . One 
possibility is that RNA regulation by the MEGs and other germ plasm components 
initiates the network of protein–RNA regulation that drives germ cell proliferation 
(see Chap.   8    , Nousch and Eckmann  2012  ) . 

 By the mid-embryogenesis, Z2 and Z3 initiate the transcription of  nos-1 , another 
Nanos homolog which functions partially redundantly with  nos-2 . Embryos lacking 
both  nos-1  and  nos-2  do not downregulate marks of active transcription in Z2 and 
Z3 and all germ cells degenerate during the L3 and L4 larval stages (Subramaniam 
and Seydoux  1999 ; Furuhashi et al.  2010  ) . Nanos family members are RNA-binding 
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proteins that often function with the PUF family of translational regulators (Parisi 
and Lin  2000  ) , so  nos-2  and  nos-1  likely function by regulating the translation of 
other mRNAs, but the identity of these targets is not known. 

 Biochemical experiments have begun to de fi ne the RNA-binding speci fi city of 
some germ plasm proteins (POS-1, MEX-3, MEX-5, Pagano et al.  2007 ; Farley et al. 
 2008 ; Pagano et al.  2009  ) . These types of approaches, together with the identi fi cation 
of RNAs bound by germ plasm proteins in vivo, may help elucidate the complex 
network of protein–RNA interactions that specify the fate of Z2 and Z3.  

    2.3.2   Inhibition of mRNA Transcription 

 As described above, the germline blastomeres P 
0
 –P 

4
  maintain many maternally 

inherited mRNAs, but do not transcribe any mRNAs  de novo . RNA polymerase II is 
present in the P blastomeres, but kept inactive by two distinct mechanisms. 

    2.3.2.1   Inhibition of TAF-4 by OMA-1 and OMA-2 

 In addition to their role as translational regulators (see above), OMA-1 and OMA-2 
also inhibit transcription in the zygote. OMA-1 and OMA-2 interact with TAF-4, a 
component of the TFIID transcription complex. To activate transcription, TAF-4 
must bind to TAF-12 in the nucleus. OMA-1 and 2 compete with TAF-12 for bind-
ing to TAF-4, and sequester TAF-4 in the cytoplasm (Guven-Ozkan et al.  2008  ) . 
OMA-1 and OMA-2 are made during oogenesis, but become competent to bind 
TAF-4 only in the zygote due to phosphorylation by MBK-2, a kinase activated dur-
ing the oocyte-to-embryo transition (see above). Phosphorylation by MBK-2 also 
induces degradation of OMA-1/2 by the two-cell stage (Pellettieri et al.  2003 ; Stitzel 
et al.  2006  ) . Regulation by MBK-2 ensures that OMA-1/2 inhibit zygotic transcrip-
tion speci fi cally in the zygote and early 2-cell stage. OMA-1/2 turnover in the 2-cell 
stage releases TAF-4 and activates mRNA transcription in the somatic blastomeres 
ABa and Abp by the three-cell stage (Guven-Ozkan et al.  2008 , also see Robertson 
and Lin  2012 , Chap.   12    ).  

    2.3.2.2   Inhibition of RNA Polymerase II Phosphorylation by PIE-1 

 In the germline blastomeres P 
2
 , P 

3
 , and P 

4
 , transcription remains repressed through the 

action of PIE-1. Unlike other germ plasm components, which are primarily cytoplas-
mic, PIE-1 also accumulates in the nuclei of each P blastomere (Mello et al.  1996  ) . In 
 pie-1  mutants, high levels of CTD phosphorylation appear prematurely in P 

2
 , P 

3
 , and 

P 
4
  (Seydoux and Dunn  1997  ) . Studies in mammalian cells have shown that PIE-1 

inhibits P-TEF-b, the cyclin T-Cdk9 complex that phosphorylates Serine 2 in the CTD 
repeats of RNA polymerase. PIE-1 binds to cyclin T and inhibits P-TEF-b kinase 
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activity using a pseudo-substrate motif that resembles a nonphosphorylatable version 
of the CTD (Batchelder et al.  1999  ) . Genetic studies have shown that this activity, 
although functional in the germline blastomeres, is not essential to promote germ cell 
fate. A  pie-1  transgene with mutations in the pseudo-substrate motif fails to repress 
Serine 2 phosphorylation as expected, but still inhibits Serine 5 phosphorylation and 
mRNA transcription. In fact, such a transgene is suf fi cient to rescue a  pie-1  loss-of-
function mutant to viability and fertility (   Ghosh and Seydoux  2008  ) . These observa-
tions suggest that PIE-1 uses redundant mechanisms to inhibit RNA polymerase II 
activity and promote germ cell fate. 

 Why inhibit mRNA transcription in germline blastomeres? The phenotype of 
 pie-1  null mutants provides one clue. In  pie-1  mutants, P 

2
  adopts the fate of its 

somatic sister EMS.  pie-1  embryos die as disorganized embryos with excess intes-
tine and pharyngeal cells (EMS fates) and no germ cells (Mello et al.  1992  ) . This 
cell fate transformation depends on the transcription factor SKN-1. SKN-1 is mater-
nally encoded and present at high levels in both P 

2
  and EMS (Bowerman et al. 

 1993  ) . One hypothesis therefore is that repression of mRNA transcription serves to 
protect germline blastomeres from transcription factors like SKN-1 that would oth-
erwise induce somatic development (Seydoux et al.  1996  ) . 

 Since the original observations in  C. elegans , inhibition of RNA polymerase II 
phosphorylation has been observed in the embryonic germlines of Drosophila, 
Xenopus, ascidians, and mice (   Nakamura and Seydoux  2008 ; Hanyu-Nakamura 
et al.  2008 ; Shirae-Kurabayashi et al.  2011 ; Kumano et al.  2011 ; Venkatarama 
et al.  2010  ) . The factors responsible have been identi fi ed in Drosophila and ascid-
ians and, remarkably, bear no resemblance to OMA-1/2 or PIE-1 (Hanyu-Nakamura 
et al.  2008 ; Shirae-Kurabayashi et al.  2011 ; Kumano et al.  2011  ) . Inhibition of 
RNA polymerase II appears, therefore, to be conserved characteristic of germline 
development that depends on multiple mechanisms that have diverged during ani-
mal evolution.   

    2.3.3   Chromatin Regulation 

 While the chromatin of P 
0
 –P 

3
  resembles that of somatic blastomeres, the chromatin 

of P 
4
 , Z2, and Z3 adopts a distinct compact con fi guration. PSer2 and PSer5 appear in 

Z2 and Z3 at birth coincident with degradation of PIE-1 at that time (Seydoux and 
Dunn  1997  ) . By mid-embryogenesis, however, PSer2 and PSer5 levels are low again 
and Z2 and Z3 also become negative for the “active” chromatin marks H3K4me2, 
H3K4me3, and H4K8ac (Furuhashi et al.  2010 ; Schaner et al.  2003  ) . PSer2, PSer5, 
and H3K4me reappear in Z2 and Z3 after hatching (Furuhashi et al.  2010  ) . These 
observations suggest that Z2 and Z3 remain in a relatively transcriptionally repressed 
state during embryogenesis, although unlike P 

0
 –P 

4
 , they are capable of transcribing 

at least a few messages (see Sect.  2.1.2.3 ). Loss of H3K4me depends on  nos-1  and 
 nos-2  (Schaner et al.  2003  ) . Whether the unique chromatin of Z2 and Z3 depends on 
their arrest in G2 is also not known (Fukuyama et al.  2006  ) . 
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 Genetic screens designed to identify maternal factors required for fertility 
identi fi ed four genes coding for chromatin regulators: MES-2, 3, 4, and 6. Mutations 
in these genes are maternal effect sterile (MES): homozygous mothers are fertile but 
give rise to sterile progeny (“grandchildless” phenotype). Z2 and Z3 cells are made 
in embryos derived from  mes/mes  mothers, and proliferate during the  fi rst two larval 
stages but die by necrosis in the L3 and L4 stages (Capowski et al.  1991 ; Paulsen 
et al.  1995  ) . In  mes-4  mutants, Z2 and Z3 retain pSer 2 (Furuhashi et al.  2010  ) , sug-
gesting that these cells are already compromised during embryogenesis.  mes  germ 
cells are also unable to differentiate: ablation of somatic gonadal cells in the L2 
stage, which causes wild-type germ cells to differentiate prematurely, only causes 
 mes-3  germ cells to stop proliferating (Paulsen et al.  1995  ) . 

 MES-2/3/6 forms a complex related to Enhancer of Zeste that methylates Lys 27 
of histone H3, a repressive mark that accumulates on the X chromosome (Xu et al. 
 2001 ; Bender et al.  2004  ) . Consistently, the X is mostly inactive in germ cells (with 
the exception of oocytes; Schaner and Kelly  2006 ; Reinke  2006 ; Spencer et al.  2011  ) . 
MES-4 methylates Lys 36 of histone H3, and MES-4 accumulates preferentially on 
autosomes (Bender et al.  2006  ) . This speci fi city depends on MES-2/3/6: in  mes-2 ,  3 , 
and  6  mutants, MES-4 binds all along the X chromosome and the X is inappropri-
ately activated in germ cells (Fong et al.  2002 ; Bender et al.  2006  ) . Chromatin immu-
noprecipitation experiments revealed that, in embryos, MES-4 associates preferentially 
with genes that were active in the maternal germ line. For example, MES-4 associ-
ates with meiotic genes that are transcribed in germ cells but not in embryos, and 
does not associate with genes that are transcribed in embryos but not in the maternal 
germline (Rechtsteiner et al.  2010  ) . H3K36 methylases typically mark genes in a 
transcription-dependent manner. Surprisingly, MES-4 appears unable to establish the 
H3K36 mark  de novo , but is able to maintain the mark in the embryonic germ lineage 
even though RNA polymerase II is not active in the P blastomeres (Furuhashi et al. 
 2010 ; Rechtsteiner et al.  2010  ) . Although further analysis is necessary to clarify the 
link between genes bound by  mes-4  and those that are misregulated in  mes-4  mutants, 
the results so far suggest that MES-4 functions as an “epigenetic memory factor” that 
marks genes expressed in the maternal germline for the next generation. Maternal 
contribution of another chromatin-associated protein, MRG-1, is also required for 
robust germ cell proliferation in the progeny (Takasaki et al.  2007  ) , suggesting that 
inheritance of a speci fi c chromatin state is key for germ cell development. 

 MES-4 is inherited maternally and segregated to all blastomeres. After the 100-cell 
stage, MES-4 is maintained primarily in Z2 and Z3 (Fong et al.  2002  ) . The mecha-
nisms that allow high levels of MES-4 to persist only in the germline are not known. 
Genetic evidence suggests that MES-4 is also active, at least transiently, in somatic 
lineages and is antagonized there by the synMuv B class of chromatin regulators. In 
synMuvB mutants, intestinal cells express germline genes and this ectopic expression 
requires MES-4 (Unhavaithaya et al.  2002 ; Wang et al.  2005  ) . When grown at high 
temperatures, synMuv B mutants arrest as starved larvae, perhaps because germline 
gene expression compromises intestinal function (Petrella et al.  2011  ) . One possibility 
is that maternal MES-4 initially confers competence for the germline transcriptional 
program to all blastomeres, including the intestinal founder cell (E blastomere). 
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During embryogenesis, this competence is erased by the  synMuv B complex in 
somatic lineages, but not in the P lineage, perhaps because that lineage activates tran-
scription later and maintains maternal MES-4 for longer.  

    2.3.4   Epigenetic Licensing by Maternal RNA 

 A recent report suggests that activation of the germline transcriptional program also 
depends on maternal inheritance of speci fi c germline transcripts. The  fem-1  gene is 
required for masculinization of the germline and soma (Doniach and Hodgkin 
 1984  ) . Mothers homozygous for deletions that remove the  fem-1  gene produce 
progeny with feminized germlines, even when these progeny inherit a wild-type 
copy of the  fem-1  gene from their father. This maternal effect can be rescued by 
injecting  fem-1  RNA in the maternal germline. Remarkably, rescue is observed even 
when the injected RNA lacks a start codon, spans only short sub-regions of the  fem-
1  gene, or is antisense to the  fem-1  transcript, indicating that inheritance of maternal 
 fem-1  RNA, but not FEM-1 protein, is needed to “ license ” zygotic expression of the 
 fem-1  gene (Johnson and Spence  2011  ) . One possibility is that new germline tran-
scripts are continuously compared to maternally inherited transcripts to avoid 
expression of potentially toxic “intruder genes.” Whether this phenomenon is 
speci fi c to  fem-1  or extends to other germline genes remains to be determined.   

    2.4   Conclusions and Remaining Questions 

 While the precise molecular mechanisms that specify germ cell fate remain elusive, 
several themes have emerged. First key to the delineation of distinct soma and germ 
lineages is the PAR-1-MEX-5/6 polarity axis. MEX-5/6 promotes the disassembly 
and degradation of germ plasm components in somatic lineages and PAR-1 stabi-
lizes the germ plasm in the germ lineage, in part by physically excluding MEX-5 
and MEX-6. The distinction between soma and germline, therefore, involves both 
active turnover of the germ plasm in somatic cells and protection of the germ plasm 
in the P blastomeres. Second, although P granules contribute to the proliferation and 
viability of germ cells during post-embryonic development, P granules are unlikely 
to be suf fi cient to  specify  germ cell fate during embryogenesis. We suggest instead 
that germ cell fate is speci fi ed by the collective action of RNAs and RNA-binding 
proteins found throughout the germ plasm. In the germline blastomeres, these fac-
tors mediate two important functions: (1) inhibition of mRNA transcription which 
prevents somatic transcription factors from activating somatic development and (2) 
translation of  nos-2  and other maternal mRNAs whose products promote gastrula-
tion of the primordial germ cells, adhesion to the intestine, and a unique partially 
repressive chromatin con fi guration. In Z2 and Z3, the chromatin regulator MES-4, 
perhaps with the help of “licensing RNAs” in the germ plasm, transmits the “mem-
ory” of the maternal germline transcriptional program. 
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 The task of germ cell speci fi cation in the embryo may be viewed as a careful 
balancing act between the need to generate new (somatic) cell types and the need to 
preserve the germ cell program of the oocyte. In this context, the P 

0
 –P 

3
  blastomeres 

may be considered an intermediate cell type, similar to the epiblast cells of the 
mammalian embryo, where the potential for soma and germline fates temporarily 
co-exist. Global silencing of transcription and of the translation of certain germline 
mRNAs (e.g.,  nos-2 ) in these cells ensures that neither program takes over. P 

4
  in 

contrast may be considered the  fi rst cell where the germ cell fate program is returned 
to its original state, but how this program is implemented to modify the chromatin 
of P 

4
  is not known. 

 We also do not yet know when P 
4
  and/or Z2 and Z3  fi rst activate the germline-

speci fi c transcription program. In many studies, “germ cell fate” is evaluated using 
markers present in germ plasm (such as P granules), but such markers do not neces-
sarily indicate active commitment to germ cell fate. For example, Subramaniam 
et al. concluded that  nos-1  and  nos-2  are not required for germ cell fate because in 
 nos-1;nos-2  larvae, the dying “germ cells” still expressed certain germline-speci fi c 
markers, but whether these markers were maternally inherited or expressed de novo 
in those cells was not determined (   Subramaniam and Seydoux  1999 ). Because 
maternal products can perdure in the germline into larval stages (Kawasaki et al. 
 1998  ) , it will be important in future studies to use markers indicative of an “active 
germline  program” such as germline-speci fi c chromatin marks or zygotic transcripts 
(as in Schaner et al.  2003 ; Takasaki et al.  2007  ) . Sequencing of RNAs isolated from 
Z2 and Z3 dissected from mid-stage embryos has con fi rmed that these cells already 
produce several germline-speci fi c transcripts (Gerstein et al.  2010 ; Spencer et al. 
 2011  ) . Analyses of the zygotic transcriptome of Z2 and Z3 may provide further 
insights into the molecular mechanisms that specify germ cell fate.      
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