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  Abstract   Germ cells share core attributes and homologous molecular components 
across animal phyla. Nevertheless, abrupt shifts in reproductive mode often occur 
that are mediated by the rapid evolution of germ cell properties. Studies of 
 Caenorhabditis  nematodes show how the otherwise conserved RNA-binding pro-
teins (RBPs) that regulate germline development and differentiation can undergo 
surprisingly rapid functional evolution. This occurs even as the narrow biochemical 
tasks performed by the RBPs remain constant. The biological roles of germline 
RBPs are thus highly context-dependent, and the inference of archetypal roles from 
isolated models in different phyla may therefore be premature.  

  Keywords   RNA-binding protein  •  Translation  •  PUF proteins  •  GLD-1      

    14.1   Comparative Biology of Germline Development 

    14.1.1   Evolutionary Overview 

 In this chapter, we seek to put attributes of the  C. elegans  germ line covered by other 
authors in this volume in an evolutionary context. Two major themes run through it. 
First,  C. elegans  germ cells share many features with those of other animals and are 
thus a useful model system for inferring general principles. Second, we discuss how 
comparisons with other closely related nematodes offer an important window onto 
the role germ cells play in the evolution of important new reproductive adaptations. 
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Before these main issues are addressed, however, it is appropriate to take the widest 
possible view. 

 As the cells that undergo meiosis and produce the haploid gametes that fuse to 
produce sexual diploids, germ cells are the essential mediators of sexual reproduc-
tion in animals. But sex itself is found not only in the multicellular animal, fungal, 
and plant lineages, but also in the unicellular protists that collectively gave rise to 
them (Leonard  2010 ; Ramesh et al.  2005  ) . Thus, the meiotic aspects of germ cells 
have very ancient roots. However, in protists the haploid phase can dominate the 
life cycle, and highly differentiated gametes are often not produced. For example, 
in the unicellular alga  Chlamydomonas , cryptically different haploid cells of 
opposite mating types fuse to produce diploid zygotes. These zygotes immediately 
enter meiosis, and mitotic diploid cell cycles do not normally occur (Goodenough 
et al.  2007  ) . The elegant molecular machinery that regulates mating type in 
 Chlamydomonas  may have evolved, at least in part, to allow reliable detection of 
diploidy in the zygote (Haag  2007  ) . 

 Extensive haploidy and an absence of gametes also characterize the life cycles of 
fungi, where multicellular haploid mycelia (or, in the case of yeasts, individualized 
cells) fuse with others to produce diploid mycelia (Lee et al.  2010  ) . Plants in the broad 
sense (including multicellular algae, ferns, etc.) are variable, but most make gametes. 
Fern gametes are produced by a detached haploid gametophyte, while  Charophytic  
algae and  fl owering plants produce gametes in haploid organs that are retained in the 
diploid plant’s body (McCourt et al.  2004 ; Tanurdzic and Banks  2004  ) . However, 
despite producing specialized gametes, no evidence for (and considerable evidence 
against) a dedicated germ line exists in plants. Thus, animals are unique among mul-
ticellular organisms in producing sexually dimorphic gametes from a dedicated germ 
cell population. That the different groups would show such variation seems at  fi rst 
puzzling, but makes more sense when the independent origin of multicellularity in 
animals, plants, and fungi from distinct protistan ancestors is taken into account 
(Steenkamp et al.  2006  ) . 

 The conservation of germ cells across all metazoa and the ample knowledge 
about  C. elegans  germline biology serve as a solid foundation to identify both core 
and taxon-speci fi c attributes of germ cells, as well as how these features have 
evolved. We start by summarizing what is known about  C. elegans,  and then con-
trast it with other well-characterized developmental systems.  

    14.1.2   Speci fi cation of Germ Cell Lineage 

 In  C. elegans , germline fate is separated from the somatic fate by the 16- to 24-cell 
stage of embryogenesis (Wood et al.  1982  ) . Through asymmetric localization and 
cell divisions, the germline blastomeres inherit electron-dense P granules, and give 
rise to the primordial germ cell P4 (Hird et al.  1996  ) . During this early germline 
speci fi cation, the zinc  fi nger protein PIE-1 is speci fi cally enriched in the germline 
blastomeres, and functions as a transcriptional repressor to prevent somatic 
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 differentiation (Mello et al.  1992,   1996 ; Seydoux et al.  1996  ) . For roughly two 
decades it was believed that P granules themselves were stable, classical cytoplas-
mic determinants that directly speci fi ed germline fate (Strome and Wood  1983  ) . 
More recent studies using real-time imaging, however, indicate that P granules are 
actually  fl uid structures that are constantly disassembled and reformed during early 
development (Brangwynne et al.  2009  ) . In addition, partitioning of P granules to the 
anterior is not suf fi cient for germline fate (Gallo et al.  2010  ) . This suggests that, 
rather than acting as static determinants, P granules are responding to the global 
anterior–posterior axis that independently speci fi es germ cell fate (also see Wang 
and Seydoux  2012 , Chap.   2    ). 

 In the  fl y  Drosophila melanogaster , germ cells form by cellularization of nuclei 
and surrounding germ plasm at the posterior pole of the embryo (Huettner  1923  ) , 
and these cells have the unique potential to form the germ line (Beer et al.  1987 ; 
Illmensee and Mahowald  1974 ; Williamson and Lehmann  1996  ) . Similar to PIE-1 
in  C. elegans,  the protein Pgc acts as a germ cell transcriptional repressor during 
early germline development (Hanyu-Nakamura et al.  2008 ; Timinszky et al.  2008  ) . 

 The African clawed toad,  Xenopus laevis , is another widely studied model organ-
ism. In Xenopus oocytes, the vegetal cortex contains electron-dense granules known 
as mitochondria cloud nuage. After fertilization, these granules are segregated 
asymmetrically into a few cells that become the primordial germ cells (Heasman 
et al.  1984 ; Whitington and Dixon  1975 ; Zhou and King  1996  ) . Remarkably, tran-
scriptional activity in the PGCs is repressed through the same general mechanisms 
described above for  fl ies and nematodes, preventing the nascent germ line from 
adopting a somatic fate (Venkatarama et al.  2010  ) . 

 Germline speci fi cation in the teleost zebra fi sh  Danio rerio  resembles Xenopus, 
in that germ plasm is localized to the vegetal hemisphere of the oocyte (Komiya 
et al.  1994 ; Yoon et al.  1997  ) . In zebra fi sh, the germ plasm moves from the vegetal 
hemisphere to the cleavage furrows in the animal hemisphere during early develop-
ment (Raz  2003  ) . Germ plasm carrying a  vasa -like gene product and other germline 
determinants is segregated into four cells that eventually development to PGCs 
(Hashimoto et al.  2004 ; Olsen et al.  1997 ; Yoon et al.  1997  ) . 

 The phylogenetic breadth of the above cases might suggest that maternally 
deposited germ plasm (whether a strict determinant or not) is a universal metazoan 
attribute. However, though germ cells in different phyla do indeed share many char-
acteristics (Extavour  2007  ) , this “preformation” mechanism is far from universal 
(Extavour and Akam  2003  ) . Indeed, in mammals and other (i.e., non-Xenopus) 
amphibians, germ cells are induced later in development, as a result of signaling 
events from surrounding tissues (Tam and Zhou  1996  ) . During gastrulation, a small 
cluster of cells in the epiblast are transformed to PGCs by BMP signals from nearby 
tissue (Lawson et al.  1999 ; Ying et al.  2001 ; Ying and Zhao  2001  ) , and then migrate 
to somatic gonads later on. In the axolotl  Ambystoma mexicanum , neither a mito-
chondrial cloud nor obviously localized molecular determinants are present in 
oocytes (Johnson et al.  2001,   2003  ) . PGCs arise in the lateral plate mesoderm as a 
result of inductive signals from the ventral endoderm (Boterenbrood and Nieuwkoop 
 1973 ; Humphrey  1925,   1927 ; Ikenishi and Nieuwkoop  1978  ) . Interestingly, the 
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identi fi cation of somatic genes downregulated in isolated mice PGCs indicates that 
transcriptional repression is a common mode of germ cell speci fi cation across 
   vertebrates and invertebrates (Kurimoto et al.  2008  ) .  

    14.1.3   Germline Maintenance: Germline Stem Cells 
and Their Niche 

 Germline stem cells (GSCs) are long-lived and capable of self-renewal, and provide 
a sustained source of sperm or eggs. In  C. elegans , GSCs reside at the distal end of 
the gonad, where they are surrounded by processes of a distal tip cell (DTC) (Kimble 
and White  1981  ) . This physical interaction of germ cells with the DTC processes 
likely helps maintain stem cell identity (Cinquin et al.  2010 ; Crittenden et al.  2006  ) . 
Activation of Notch signaling in germ cells is necessary and suf fi cient for GSC 
identity (McGovern et al.  2009  ) . 

 The GSC niches have also been identi fi ed in  Drosophila melanogaster . In the 
ovary, the cap and escort stem cells (Kirilly and Xie  2007 ; Lin  2002  )  together form 
the germline stem cell niche (Song and Xie  2002 ; Xie and Spradling  2000  ) . In the 
testis, GSCs contact the hub cells, adjacent somatic cells, and cyst progenitors to form 
the male niche (Gonczy and DiNardo  1996 ; Xie and Li  2007  ) . Unlike  C. elegans , in 
 D. melanogaster  each sex uses distinct signaling pathways for regulation of GSCs. 
Although both sexes need BMP signal to control GSC self-renewal (Cox et al.  1998 ; 
Kawase et al.  2004 ; King and Lin  1999 ; Song et al.  2004  ) , ovarian GSCs require the 
Yb/Piwi-regulated signal (Cox et al.  1998 ; King and Lin  1999  ) , while  Drosophila  
testicular GSCs need the JAK-STAT signal (Brawley and Matunis  2004  ) . 

 The best-characterized vertebrate model for GSC–soma interactions is the mouse 
testis. Here, spermatogonial stem cells (SSCs) are located at the basement mem-
brane of seminiferous tubules, predominantly adjacent to interstitial spaces between 
tubules. In this niche, SSCs receive glial cell line-derived neurotrophic factor 
(GDNF) (Meng et al.  2000  )  and FGF2 (   Goriely et al.  2005 ). These signaling factors 
are produced by surrounding somatic Sertoli cells to promote self-renewal (de Rooij 
 2009  ) . Why GSCs are not uniformly distributed around the tubule circumference 
remains unclear.  

    14.1.4   The Planarian Flatworm: An Emerging Model 
for Germ/Stem Cell Biology 

 Planarians are free-living platyhelminths that can regenerate any part of the body. 
Their regenerative abilities depend on a proliferating population of somatic stem 
cells called neoblasts (Salo and Baguna  1984 ; Shibata et al.  2010  ) . During natural 
physiological tissue turnover, neoblasts generate progeny cells to compensate for 
cell loss. When body transection occurs, the neoblasts are induced to migrate and 
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proliferate, giving rise to a regeneration blastema that heals the wound (Newmark 
and Sanchez Alvarado  2002 ; Reddien and Sanchez Alvarado  2004 ; Sanchez Alvarado 
 2006  ) . Beyond their remarkable capacity for somatic tissue regeneration, planarians 
are also able to regenerate germ cells (Morgan  1901  ) . The neoblasts are thought to 
be the source cell underlying a somatic to germ cell transition (Handberg-Thorsager 
and Salo  2007 ; Sato et al.  2006 ; Wang et al.  2007  ) . This notion is further supported 
by the discovery in neoblasts of electron-dense ribonucleoprotein particles found in 
the germ line in other organisms (Coward  1974 ; Hori and Kishida  2003 ; Sato et al. 
 2001  ) . Neoblasts also express genes that are important for germline development 
(Guo et al.  2006 ; Salvetti et al.  2005 ; Shibata et al.  1999  ) . Understanding inductive 
germ cell speci fi cation in planarians is thus an exciting emerging  fi eld of research.   

    14.2    C. elegans  as a Starting Point for Studying Germline 
Biology and Its Evolution 

 The  C. elegans  hermaphrodite gonad is a  fl attened U-shaped tube with two sym-
metric arms, while the male only has one J-shaped arm (Kimble and White  1981  ) . 
In both sexes, the adult germ line shows distal–proximal polarity, with the distal end 
of the gonad hosting a mitotic GSC population, while meiotic cells are gradually 
displaced proximally (Schedl  1997  ) . The polarity is actively maintained throughout 
the life span to sustain reproductive capacity. Adult  C. elegans  have about 1,000 
somatic cells (Sulston and Horvitz  1977  ) , yet the single PGC in the early embryo 
(P4) will give rise to more than twice this number of germ cells (Crittenden et al. 
 2006  ) . Its large cell number and continuous activity when food is plentiful render 
the germ line the most metabolically active tissue in adult animals. The abundant 
genetic tools, rapid assembly-line development, and transparent cuticle all facilitate 
detailed studies (many of which are highlighted elsewhere in this volume). Thus,  
C. elegans  provides an excellent system to address germline biology, including con-
trol of the balance between proliferation and meiosis and sex determination. Brief 
summaries of these processes are provided below. 

 In  C. elegans , the GLP-1/Notch signaling pathway controls germline cell prolif-
eration during larval development and stem cell maintenance in adults (Kimble and 
Simpson  1997  ) . The Notch receptor GLP-1 is expressed in the germ line, and 
receives a juxtacrine signal from the distal tip cell (DTC) to promote mitotic divi-
sions at the expense of entry into meiosis (Austin and Kimble  1989 ; Crittenden 
et al.  1994 ; Yochem and Greenwald  1989  ) . The DTC signal is mediated by a ligand, 
LAG-2, whose expression strength affects germline proliferation (Henderson et al. 
 1994 ; Tax et al.  1994  ) . GLP-1/Notch signaling is both necessary and suf fi cient for 
germline mitotic proliferation (Berry et al.  1997  ) . AC/VU precursor cells and the 
sheath/spermathecal (SS) precursor cells or their descendants are also important to 
promote germline proliferation (McCarter et al.  1997 ; Pepper et al.  2003a,   b  ) . As 
germ cells move out of the stem cell niche into the transition zone, they exit the 
mitotic cell cycle and enter meiosis (Crittenden et al.  2006  ) . Various RNA-binding 
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proteins are required to regulate the transition between cell proliferation and 
 differentiation. In the mitotic zone adjacent to the DTC, the mitotic cell cycle is 
maintained in part by repression of meiosis-promoting mRNAs by the PUF family 
FBF proteins (Crittenden et al.  2002 ; Lamont et al.  2004  ) . Just prior to when germ 
cells move into transition zone, the in fl uence of GLP-1/Notch signaling decreases, 
which in turn leads to the expression and/or altered activity of the GLD proteins and 
meiosis (Hansen et al.  2004 ; Schmid et al.  2009 ; Suh et al.  2006  ) . 

 Germline sex determination in  C. elegans  is controlled by both the global sex 
determination pathway and by germline-speci fi c regulators (Ellis  2008 ; Zarkower 
 2006 ; Zanetti and Puoti  2012 , Chap.   3    ). Germline sex determination and the mito-
sis/meiosis decision are both ongoing processes linked in space, as indicated by 
sex-speci fi c gene expression at distal mitotic region (Jones et al.  1996 ; Segal et al. 
 2001 ; Thompson et al.  2005  )  and the fact that germ cell sexual fate can be reversed 
in adult animals by certain conditional sex determination mutations (Barton et al. 
 1987 ; Chen and Ellis  2000 ; Otori et al.  2006  )  and chemical compounds (Morgan 
et al.  2010 ).  

    14.3    Caenorhabditis  as a System for Studying Recent Events 
in Germline Evolution 

  Caenorhabditis  nematode species use one of the two modes of reproduction 
(Fig.  14.1 ). Most retain the ancestral gonochoristic mode, with XO males and XX 
females. Self-fertile species like  C. elegans  produce an XX hermaphrodite instead 
and have evolved independently from gonochoristic species multiple times (Cho 

C. briggsae

C. remanei

C. brenneri

C. elegans

C. sp. 16 (JU1873)

C. sp. 5 (JU727)

C. sp. 10 (JU1333)

C. sp. 11 (JU1373)

C. japonica 

C. sp. 9 (JU1325)

  Fig. 14.1    Reproductive 
mode variation in 
 Caenorhabditis  nematodes. 
Inferred shifts from 
gonochorism to self-
fertility (as indicated by 
the hermaphrodite 
designation) in the  Elegans  
group of  Caenorhabditis  
species ( boxed ) are 
mapped onto a recent 
phylogenetic hypothesis 
(modi fi ed from Kiontke 
et al.  2011  )        
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et al.  2004 ; Kiontke et al.  2004,   2011  ) . The novel trait of male gamete production in 
female body is the major anatomical difference between hermaphrodites and 
females, and is rooted in germline development. Below we discuss three aspects of 
 Caenorhabditis  that makes it an attractive system to study germline evolution.  

    14.3.1   Tools for Work with Non-Elegans Species 
Now Extensive and Powerful 

 Twenty-three  Caenorhabditis  species are currently in culture (Kiontke and Sudhaus 
 2006 ; Kiontke et al.  2011  ) . Moreover, their phylogenetic relationships are now well 
understood (Cho et al.  2004 ; Kiontke et al.  2004,   2011  ) , which establishes a frame-
work for evolutionary comparisons. To facilitate and expand genomic resources for 
more of these species, the Caenorhabditis Genome Analysis Consortium (  http://
wormgenomes.caltech.edu/consortium.html    ) has sequenced, or is currently sequenc-
ing, the genomes from seven gonochoristic ( C. remanei, C. brenneri, C. japonica, 
C . sp. 5 JU800,  C . sp. 7 JU1286,  C.  sp. 9 JU1422, and  C. angaria  PS1010), and 
three hermaphroditic ( C. elegans, C. briggsae , and the newly discovered  C.  sp. 11 
JU1373) species. 

 Like  C. elegans, C. briggsae  is androdioecious (with XX hermaphrodite and XO 
male sexes). A number of genetic and genomic tools have been developed for it, 
sparked by the production of a high quality draft shotgun genome assembly (Stein 
et al.  2003  ) . Later, the physical map was organized into chromosomes by recombi-
nation mapping of single nucleotide polymorphisms (Hillier et al.  2007  ) . More 
recently, a larger number of genotyped SNPs were combined with an advanced-
intercross design to further re fi ne the recombination map and genome assembly 
(Ross et al.  2011  ) . In addition, as of 2011, more than 200 mutant strains have been 
generated to allow characterization of the affected loci and to serve as markers in 
linkage mapping (  http://www.briggsae.org    ). 

 Beyond being a resource for comparative biology,  C. briggsae  offers its own 
unique attributes that make it worthy of study. Relative to  C. elegans, C. briggsae  has 
increased levels of single nucleotide and insertion–deletion polymorphisms and 
greater population genetic structure (Cutter et al.  2006 ; Dolgin et al.  2008 ; Graustein 
et al.  2002  ) . It is thus an excellent choice for genome-wide association studies and 
forward genetic mapping. More than 30,000 polymorphisms identi fi ed between two 
 C. briggsae  strains, AF16 and HK104 (Koboldt et al.  2010  )  have supported bulk seg-
regant and single animal-based PCR genotyping assays (Zhao et al.  2010  ) . Such tools 
greatly accelerate genetic mapping of induced mutants, including those affecting 
somatic and germ cell sex determination (Beadell et al.  2011 ; Guo et al.  2009 ; Kelleher 
et al.  2008  ) . In addition, both RNA interference (by injection) and the isolation of 
deletion mutations have been successfully employed to examine  C. briggsae  gene 
functions (Beadell et al.  2011 ; Hill et al.  2006 ; Kuwabara  1996  ) . Moreover, micropar-
ticle bombardment-mediated gene transformation technique (Praitis et al.  2001  )  has 
been successfully applied to the species to study cell lineage and gene expression and 
enables production of germline-expressing transgenes (Zhao et al.  2010  ) .  

http://wormgenomes.caltech.edu/consortium.html
http://wormgenomes.caltech.edu/consortium.html
http://www.briggsae.org
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    14.3.2   How Did Hermaphrodites Evolve? Are Convergent 
Hermaphrodites Made the Same Way? 

  Caenorhabditis  species are morphologically very similar, and germline anatomy 
and development are no exception. However, the most obvious difference is that 
hermaphroditic  Caenorhabditis  have each acquired limited XX spermatogenesis. 
This allows self-fertility, a trait with enormous implications for ecology and popula-
tion genetics. The tools described above allow comparisons between independently 
evolved hermaphrodite species and between hermaphrodites and females of closely 
related gonochoristic species. These contrasts, in turn, make  Caenorhabditis  an 
excellent system for assessing the reproducibility of the evolution of an adaptive 
trait at the level of developmental genetics. 

    14.3.2.1    C. elegans  Hermaphrodites Evolved by Fine-Tuning a Conserved 
Sex Determination Pathway 

 Hermaphrodite spermatocytes have the XX karyotype characteristic of female cells, 
suggesting that hermaphrodites evolved by modifying the regulation of sex determi-
nation downstream of X dosage. The core sex determination pathway in  C. elegans  
is conserved in other  Caenorhabditis  species. In  C. elegans ,  C. briggsae , and  
C. remanei ,  tra-1  (de Bono and Hodgkin  1996 ; Kelleher et al.  2008  ) ,  tra-2  (Haag 
and Kimble  2000 ; Kelleher et al.  2008 ; Kuwabara  1996  ) ,  tra-3  (Kelleher et al. 
 2008  ) ,  fem-2  (Hansen and Pilgrim  1998 ; Hill et al.  2006 ; Stothard et al.  2002 ; 
Stothard and Pilgrim  2006  ) ,  fem-3  (Haag et al.  2002 ; Hill et al.  2006  ) , and  fog-3  
(   Chen et al.  2001 ) play conserved roles in somatic sex determination. Moreover, the 
physical interaction between TRA-2 and FEM-3 (Haag et al.  2002  )  and FEM-2 and 
FEM-3 (Stothard and Pilgrim  2006  )  is conserved among  C. elegans ,  C. briggsae , 
and  C. remanei , and the TRA-2-TRA-1 interaction has been documented in both  C. 
elegans  and  C. briggsae  (Wang and Kimble  2001  ) . 

 The above studies might suggest that sex determination in generally congruent in 
all  Caenorhabditis , and for the soma this is a fair statement. However, in the germ 
line more dynamic evolution is seen, and this correlates with the rapid phenotypic 
evolution of this tissue in hermaphroditic lineages.  C. elegans  is the best character-
ized hermaphrodite species, and has been the subject of genetic and molecular stud-
ies for many years (Kimble and Crittenden  2007  ) . We thus turn our attention to the 
control of germline sex in  C. elegans  hermaphrodites and how it may have evolved. 

 In  C. elegans , initiation of XX spermatogenesis requires repression of  tra-2  
translation (Goodwin et al.  1993  ) . This is accomplished by the RNA-binding pro-
tein GLD-1 (Jan et al.  1999  )  and its co-factor FOG-2, which form a heterodimer that 
binds to a cluster of GLD-1-binding elements (GBEs) residing in a short direct 
repeat element (DRE) in the 3 ¢ UTR of the  tra-2  mRNA (Clifford et al.  2000 ; Francis 
et al.  1995 ; Jones et al.  1996 ; Schedl and Kimble  1988  ) . GLD-1 repression of  tra-2  
mRNA may be a conserved regulatory linkage (Haag and Kimble  2000 ; Jan et al. 
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 1997  ) . However, the multimerized GBEs in  C. elegans tra-2  are all necessary for 
XX spermatogenesis (Goodwin et al.  1993  ) , are not found in other  Caenorhabditis  
species, and correlate with unusually strong interaction between  tra-2  mRNA and 
GLD-1 in  C. elegans  (Beadell et al.  2011  ) . Thus, it is likely that recent changes in 
the  cis- regulatory RNA sequences of  tra- 2 were important for the evolution of self-
fertility in  C. elegans.  

 While  gld-1  is highly conserved (Nayak et al.  2005  ) ,  fog-2  is the product of 
recent tandem duplications (Clifford et al.  2000  ) . Further,  fog-2  is the only gene in 
the large  C. elegans  the F-box family that carries the C-terminal sequences neces-
sary to mediate an interaction with GLD-1 (Nayak et al.  2005  ) . Therefore,  fog-2  is 
likely a new gene with a new function, and thus represents another key step in the 
evolution of XX spermatogenesis in the  C. elegans  lineage. 

 A second important translational regulatory mechanism implicated in  C. elegans  
hermaphroditism affects  fem-3 . As with  fem-1  and  fem-2 ,  fem-3  promotes male 
development throughout the body, including XX spermatogenesis (Hodgkin  1986  ) . 
However,  fem-3  activity must also be kept in check to allow the switch to oogenesis 
(Ahringer and Kimble  1991  ) . This is mediated through post-transcriptional control 
on its 3 ¢ UTR by the PUF family FBF proteins and their co-factors (Kraemer et al. 
 1999 ; Zhang et al.  1997  ) , and the  mog  genes (Gallegos et al.  1998  ) . Therefore, post-
transcriptional regulation of  fem-3  regulation is another candidate mechanism for 
how  C. elegans  evolved limited XX spermatogenesis. Surprisingly, in  C. remanei,  
while  Cr-fem-3(RNAi)  feminizes the XO male soma, it does not feminize the germ 
line, nor does it suppress the germline masculinization of XX  Cr-tra-2(RNAi)  (Haag 
et al.  2002  ) . This suggests (but does not prove) that the role of  fem-3  in germline sex 
is not constant, something we return to again below. 

 The above results lead to a tentative model for the evolution of  C. elegans  her-
maphrodite germline patterning, in which changes in multiple genes altered transla-
tional regulation of key sex-determining genes. Recently, it was demonstrated that 
hermaphrodites dependent upon the seminal  fl uid of males for partial self-fertility 
could be produced via downregulation of a single sex determination gene (Baldi 
et al.  2009  ) . In the gonochoristic  C. remanei  female, partial RNAi knockdown of 
 Cre-tra-2  produces a bisexual germ cell population, but such animals are not self-
fertile (Haag and Kimble  2000  ) . By simultaneously reducing the function of a 
repressor of sperm activation,  swm-1 , such intersexual XX animals can produce 
active sperm autonomously, and as a result become self-fertile to a limited extent 
(Baldi et al.  2009  ) . Baldi et al. proposed that the evolution of hermaphroditism in 
 Caenorhabditis  probably required two steps: a mutation in the sex-determination 
pathway that initiated spermatogenesis and a mutation that allowed these sperma-
tids to self-activate. This hypothesis is very plausible, but we note that these lab 
manipulations may or may not affect the same loci or have the same overall genetic 
architecture as in actual historical transitions. 

 Relevant to the above issue of lab manipulation versus historical reality is a recent 
study employing interspecies hybrids between  C. briggsae  and its close gonochoris-
tic relative,  C.  sp. 9 (Woodruff et al.  2010  ) . Woodruff et al. found that XX spermato-
genesis is recessive in F1 hybrids, and the inability of backcrosses of hybrids to  
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C. briggsae  to produce hermaphrodites is consistent with a polygenic basis of 
 self-fertility. However, hybrid incompatibilities are also pervasive and  C. briggsae  
alleles are preferentially lost in some parts of the hybrid genome. This leaves open 
the possibility that a key sel fi ng locus cannot be made homozygous for the  C. brigg-
sae  allele. The exact genetic architecture of the trait therefore remains unclear.  

    14.3.2.2   Hermaphrodites Have Evolved Using Distinct Genetic Paths 

 In  C. elegans  and  C. briggsae , hermaphrodite development is similar in extent and 
timing, yet has evolved convergently (Cho et al.  2004 ; Kiontke et al.  2004  )  .  As 
described above, genetic comparisons between  C. elegans  and  C. briggsae  reveal 
that the global sex determination pathway is conserved. However, species-speci fi c 
germline sex determination genes and gene regulation have been described. Both  
C. elegans  and  C. briggsae  utilize F-box genes ( fog-2  and  she-1 , respectively) to 
promote XX spermatogenesis. However, each of these genes is a recent, species-
speci fi c gene duplicate (Guo et al.  2009 ; Nayak et al.  2005  ) . Another example is the 
role of the  fem  genes. Although they promote male somatic fate in both species, their 
germline sex determination function differs. In  C. elegans ,  fem  mutations transform 
germ cells to female mode in both males and hermaphrodites (Hodgkin  1986  ) , while 
XX  C. briggsae Cbr-fem-2  and  Cbr-fem-3  mutants (single or double) are normal 
hermaphrodites, while XO counterparts are transformed to hermaphrodites, not to 
females as in  C. elegans  (Hill et al.  2006  ) . In addition, double mutants with  Cbr-
tra-2  and any of the  Cbr-fem  genes produce normal, self-fertile hermaphrodites, as 
opposed to the true females seen in the equivalent mutants of  C. elegans . Thus, while 
the FEM complex has a conserved role in the soma, its role is different in the germ 
line of the two convergent hermaphrodites. More precisely, these results suggest that 
 C. briggsae  regulates XX spermatogenesis via factors downstream of the FEM com-
plex. These controls remain unknown, but an important component is likely to be 
factors other than Cbr-TRA-1 that are regulated by FEM-3 (Hill and Haag  2009  ) . 

 Two recent studies in the authors’ lab provide more evidence of  fl exibility in the 
convergent evolution of germline sex determination. The  fi rst study (Beadell et al. 
 2011  )  examined why loss of  gld-1  function has opposite effects on germline sex 
determination in  C. elegans  and  C. briggsae  (Nayak et al.  2005  ) . While  C. elegans  
XX  gld-1  loss-of-function mutants are feminized (and tumorous), the equivalent 
mutants in  C. briggsae  are strongly masculinized. Cross-species rescue experiments 
indicate that these different roles are not a consequence of evolution in  gld-1  itself, 
but instead result from distinct contexts for GLD-1 action that evolved in each her-
maphrodite lineage. Further, while Beadell et al.  (  2011  )  found the expected strong 
in vivo association between  tra-2  mRNA and GLD-1, it is not observed in  C. brigg-
sae . This is most likely because the latter lacks the DREs and the associated multi-
merized GBEs (Wright et al.  2010  ) . 

 If  Cbr-tra- 2 is not a target of Cbr-GLD-1, then this can explain why  Cbr-gld-1  
mutants are not feminized—presumably no major increase in TRA-2 expression 
occurs. However, this is not suf fi cient to explain why are they masculinized. A 
genome-wide search for Cbr-GLD-1 target mRNAs identi fi ed the Puf family gene 
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 Cbr-puf-8  as a direct sperm-promoting target gene, and reduction of  Cbr-puf-8  
 function can suppress the  m asculinization  o f  g ermline (Mog) phenotype of  Cbr-
gld-1  mutants (Beadell et al.  2011  ) . This led us to propose a model in which  tra-2  
hyperactivity largely explains the germline feminization of  C. elegans gld-1  mutants, 
while  Cbr-puf-8  hyperactivity causes masculinization of  C. briggsae gld-1  mutants. 

 In a second study (Liu et al.  2012  ) , we characterized homologs of the FBF pro-
teins that limit XX spermatogenesis in  C. elegans  hermaphrodites. A comprehensive 
 Caenorhabditis  PUF family phylogeny de fi ned nine distinct sub-families whose ori-
gins predate the common  Caenorhabditis  ancestor. However, the lineages leading to 
 C. elegans  and  C. briggsae  experienced complementary losses in the FBF and PUF-2 
subfamilies, such that  C. elegans  has FBFs but not PUF-2 orthologs, while  C. brigg-
sae  lacks FBF orthologs but retains three duplicated PUF-2 orthologs ( Cbr-puf-1.1, 
Cbr-puf-1.2,  and  Cbr-puf-2 ). This is intriguing because, similar to the  fbf  genes, 
 Cbr-puf-1.2  and  Cbr-puf-2  have redundant roles in hermaphrodite germline sex 
determination. However, as with  gld-1  above, these roles are opposite: While loss of 
 C. elegans fbf - 1/2  function creates a Mog animal, simultaneous knockdown of  Cbr-
puf-1.2/2  produces a strong  f eminization  o f  g ermline (Fog) phenotype. This femini-
zation is not seen males of  C. briggsae  or when  fbf  and PUF-2 sub-family members 
are knocked down in related gonochoristic species (though other abnormalities are 
observed). This suggests that the  fbf-1/2  and  Cbr-puf-1.2/2  genes were indepen-
dently co-opted into germline sex determination in  C. briggsae  and  C. elegans . 

 One feature the FBF and PUF-2 share, however, is the repression of  gld-1  mRNA 
through a conserved binding site (Crittenden et al.  2002 ; Liu et al.  2012  ) . Liu et al. 
 (  2012  )  provided molecular and genetic evidence consistent with  Cbr-gld-1  being 
the major oocyte-promoting target of repression by Cbr-PUF-2/1.2. Thus, the oppo-
site roles of both  gld-1  and  fbf  homologs in  C. briggsae  and  C. elegans  are likely not 
coincidental. We suggest that the PUF family genes are a case of “cooption by asso-
ciation,” due to a conserved negative regulatory linkage connecting them to  gld-1 . 

 In summary, the generally conserved  Caenorhabditis  sex determination pathway 
has repeatedly provided the raw material for adaptive evolution of germ cells. Its 
germline regulation is modi fi ed post-transcriptionally in the two characterized her-
maphrodites by both species-speci fi c gene co-option and altered target gene link-
ages of otherwise conserved mRNA-binding proteins. Thus, though homologous 
players often act to pattern the hermaphrodite germ line in both  C. elegans  and  
C. briggsae , their exact roles are idiosyncratic.   

    14.3.3   Translational Control: An Emerging Regulatory Domain 
in Evolutionary Developmental Biology 

 The above studies suggest that translation regulation is an important emerging area 
of evolutionary developmental biology, especially for tissues that depend heavily 
upon it. Germline gene regulation is dominated by control at the 3 ¢ UTR through 
RNA-binding proteins (RBPs; Merritt et al.  2008  ) . It is therefore not surprising, in 
retrospect, that RBPs dominate germline-speci fi c regulators of sexual fate and cell 
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cycle control. However, germline regulatory networks are complex, as RBPs 
( including those regulating sex) are often pleiotropic and regulate many downstream 
targets (Kershner and Kimble  2010 ; Lee and Schedl  2001,   2010 ; Merritt and Seydoux 
 2010 ; Wright et al.  2010  ) , which complicates genetic analysis. For example, in addi-
tion to sexual fate, the entry into meiosis and oocyte maturation is also regulated by 
GLD-1, and the loss-of-function phenotypes include a wide variety of germline 
defects (   Beadell et al.  2011 ; Francis et al.  1995 ; Jones et al.  1996  ) . Germline regula-
tors also often belong to gene families, in which members may have both redundant 
and speci fi c functions (Crittenden et al.  2002 ; Kraemer et al.  1999 ; Lamont et al. 
 2004 ; Zhang et al.  1997  ) . For example, while FBF-1 and FBF-2 act redundantly to 
repress spermatogenesis in  C. elegans  hermaphrodites (Kraemer et al.  1999 ; Zhang 
et al.  1997  ) , loss of FBF-1 or FBF-2 individually produces weak but opposite effects 
in sex determination and the meiosis/mitosis decision (Lamont et al.  2004  ) . Despite 
these challenges, however, general classes of evolutionary phenomena affecting 
translational controls can still be discerned. We summarize two of these below: 

    14.3.3.1   RBP Co-Option 

 The loss-of-function phenotypes of  gld-1  (Beadell et al.  2011  )  and  fbf  (Liu et al. 
 2012  )  homologs in gonochoristic  Caenorhabditis  suggest that the XX female ances-
tors of  C. briggsae  and  C. elegans  relied on them for meiotic commitment and 
oocyte differentiation, but not for regulation of gamete sex. This repeated repurpos-
ing may re fl ect two developmental constraints on adaptive evolution of the germ 
line. First, the PUF and GLD-1 proteins are pleiotropic germline mRNA-binding 
proteins (Ariz et al.  2009 ; Lublin and Evans  2007 ; Subramaniam and Seydoux 
 2003 ; Wickens et al.  2002  ) , and are thus  a priori  on a short list of candidates for 
mediating germline gene regulation, including sex determination. Second, the spa-
tial and temporal overlap between the events regulating germline cell cycle control 
and sexual fate positions genes that regulate conserved aspects of XX germline 
development to be repeatedly co-opted into hermaphrodite patterning. The altera-
tion of the af fi nity for mRNA targets may result in target gain or loss, or quantitative 
strengthening or weakening of preexisting regulation.  

    14.3.3.2   Novel Genes 

 In addition to recycling of conserved RBPs, novel genes also have important roles in 
the evolution of hermaphroditism. In  C. elegans, fog-2  evolved through a series of 
lineage-speci fi c duplications in the F-box family (Nayak et al.  2005  ) . The GLD-1-
binding domain in FOG-2 was probably created by a unique frameshift mutation 
(Nayak et al.  2005  ) . Therefore, FOG-2 acquired its germline sex determination func-
tion in  C. elegans  recently.  C. briggsae  also utilizes a species-speci fi c F-box genes, 
 she-1 , to promote spermatogenesis (Guo et al.  2009  ) . SHE-1 does not bind Cbr-GLD-1, 
nor has it been implied in translational control, so its molecular function remains 
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unknown. As F-box genes encode components of E3 ubiquitin ligases typically involved 
in degradation of speci fi c target proteins, a role for SHE-1 in proteolysis is likely.    

    14.4   Conclusions and Prospects for Future Research 

 The research summarized here paints a picture of the germ line as an evolutionary 
mosaic. Its reliance upon post-transcriptional, mRNA-level regulation through con-
served RBPs is probably universal, as are some features of the gametes it eventually 
produces. Indeed, the most widely used markers for germ cell fate across the meta-
zoa are RBPs like Vasa and Nanos (e.g., Wu et al.  2011  ) . However, layered upon this 
conservatism is a remarkable capacity for rapid change. As the studies of both the 
STAR family protein GLD-1 and the PUF family proteins FBF-1/2 and Cbr-
PUF-1.2/2 indicate, well-conserved proteins with evolutionarily stable binding sites 
can nevertheless come to play highly variable roles in different taxa. In being pleio-
tropic regulators of many targets, and in having the ability to gain and lose individual 
target genes through changes in  cis -regulatory elements, the functional evolution of 
germline RBPs is reminiscent of transcription factors (Carroll  2008  ) . Also similar to 
transcription factors (Heffer et al.  2010 ; Mann et al.  2009  ) , lineage-restricted cofac-
tors (like FOG-2) play important roles in modulating the activities of RBPs. However, 
at this point we know very little about how such cofactors accomplish this. 

 In this review, we have illustrated how  Caenorhabditis  serves a model genus to 
study germline biology and evolution. The evolution of mating system in this genus 
is a fundamental organismal phenomenon, but is also rooted in the dynamics of 
germline gene regulation. Future research will likely focus on the ways that RBP-
target gene linkages are modi fi ed by  cis- regulatory modi fi cations to mRNAs, and on 
how novel proteins interact with deeply conserved RBPs to alter their function. 
Understanding these processes will help link organismal phenomena that evolve 
over large spatial scales and millions of years with the details of molecular biology 
that underpin them, details that act on the molecular scale to alter gene expression 
in minutes to hours. Building this link is a grand challenge, but one well worth 
undertaking.      
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