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Abstract 
Primordial germ cells (PGCs) are the first germ cells distinguishable from surrounding somatic 

cells during embryogenesis. In many animal species PGC specification is generally classified into two 
modes: preformation, in which PGCs are determined by maternally inherited components in early 
development, and epigenesis, in which PGCs arise from proximal somatic cells by inductive signal in 
late development. In this review we focused on the process of PGC formation in molluscan bivalves 
and gastropods and compared the PGC specification modes of these two classes. Several reports 
indicated that bivalves tend to adopt preformation, as maternally inherited germline-specific genes are 
transcribed in specific blastomeres differentiating into PGCs. In gastropods, maternal germline-specific 
genes are transcribed in mesodermal stem cells. PGCs seem to be epigenetically determined from 
mesodermal stem cells by inductive signals after the veliger larval stage, which indicates that PGC 
precursor cells not only generate germline tissues but also generate mesodermal somatic tissues. The 
common origin of germline and mesodermal somatic tissues is observed in the annelids 
Platyhelminthes and Cnidaria, and is considered to be an ancient mode of germ cell determination. We 
suggest that gastropods retain the ancient PGC specification mode, while bivalves switch their PGC 
specification mode to preformation. 
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Introduction 

 
Stem cells are defined by the abilities to self-

renew and to differentiate into other cell types by 
asymmetric division (Lin, 1997). They are classified 
by their differentiating abilities as unipotent, 
multipotent, pluripotent and totipotent stem cells. 
Germinal stem cells (GSCs) are pluripotent stem 
cells that can differentiate into almost every cell type 
except extraembryonic tissues. Indeed, GSCs are 
able to generate gametes and transmit the 
individual’s DNA to the next generation. Primordial 
germ cells (PGCs) are germline cells that can be 
genetically and morphologically distinguished from 
somatic tissues during early embryogenesis. The 
origin of the PGCs and the timing of PGC 
segregation from somatic cells during development 
have been reported for many animal species 
(Extavour and Akam, 2003). Several studies have 
also been conducted on the origins of germline cells 
in molluscs, especially in bivalves and gastropods 
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(Woods, 1931; Fabioux et al., 2004; Swartz et al., 
2008; Kranz et al., 2010). 

In this paper we review the existing literature on 
germ cells determination during development in 
various animal species, in particular in molluscan 
bivalves and gastropods. First, we introduce two 
general mechanisms of germline specification 
during embryogenesis: preformation and epigenesis. 
Second, we list genes that are important in 
molluscan GSCs. Finally, we compare the PGC 
specification modes in bivalves and gastropods. 
 
Mechanisms of germline segregation from 
somatic tissues during embryogenesis 
 
Preformation 

Data from many previous studies on PGC 
origins have suggested that there are two distinct 
modes of PGC specification: preformation and 
epigenesis (Extavour and Akam, 2003). In some 
species, PGCs can be identified during early 
development by morphological features such as a 
large round nucleus, a single large nucleolus, 
relatively clear cytoplasmic organelles and granular 
cytoplasmic material. Granular cytoplasmic material 
in particular is a useful PGC marker for many animal 
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species. It is known under various synonyms like 
germ plasm, nuage, mitochondrial cloud and 
chromatoid body. In this study, we use the term 
“germ plasm”, as this is the most commonly used 
term in many animal species (Saffman and Lasko, 
1999). 

Germ plasm can be observed as electron-
dense granules containing mitochondria, proteins 
and RNA. Transcripts of many genes have been 
identified as germ plasm components. Among these, 
the germline markers vasa and nanos are 
conserved among a wide range of animal classes, 
and these genes can thus be used as molecular 
markers for PGC identification. In some species, 
germ plasm is stored in oocytes before fertilization, 
and the maternally inherited cytoplasm is 
transmitted to the PGC precursor cells. This means 
that in some animal species the origin of PGCs is 
determined by maternal factors. This PGC 
specification mode is called preformation. 
Preformation is reported in Drosophila melanogaster 
(Sonnenblick, 1950), anuran species (Bounoure, 
1939), most teleosts (Yoon et al., 1997) and 
Caenohabditis elegans (Deppe et al., 1978; Strome 
and Wood, 1982). 

In D. melanogaster, germ plasm is assembled 
at the posterior poles of the oocytes before 
fertilization (reviewed by Mahowald, 2001). It is then 
transmitted to the five posterior pole cells by 
unequal cleavage before blastoderm formation 
(Huettner, 1923). These pole cells exclusively 
become progenitors of PGCs. Transplanted germ 
plasm can induce PGC formation at ectopic sites 
(Illmensee and Mahowald, 1974; Illumensee et al., 
1976). Moreover, disassembly of germ plasm 
prevents PGC formation (Rongo and Lehman, 1996). 
These results indicate that germ plasm is essential 
for germline formation in Drosophila. 

Many genes, such as vasa, oskar, tudor and 
gurken, are required for posterior germ plasm 
formation in Drosophila (Rongo and Lehman, 1996). 
In particular, oskar has a critical role in germ plasm 
assembly at the posterior of the oocyte, as it is 
required for the posterior localization of the germ 
plasm components vasa, nanos and tudor (Rongo 
and Lehman, 1996). Vasa acts as a translational 
regulator of gurken and oskar (Mahowald, 2001).  
 
Epigenesis 

In some species germ cells cannot be identified 
until late development and PGCs arise by inductive 
signals from surrounding somatic tissues. This PGC 
specification mode is called epigenesis. Epigenesis 
is observed in mammals (Saffman and Lasko, 1999), 
urodeles (Ikenishi and Nieuwkoop, 1978), sea 
urchins (Juliano et al., 2006) and Cnidaria (Noda 
and Kanai, 1977). In mouse embryos, no maternally 
derived germ plasm has been found (Eddy, 1975). 
Unlike vasa transcripts in preformation species, 
mouse vasa orthologs cannot be used to identify 
PGCs in early development, because its protein is 
not localized to a specific subcellular region 
(Toyooka et al., 2000). Germ cells can first be 
identified by alkaline phosphatase staining at 6.5 
days post conception (Lawson and Hage, 1994). 
PGC determination at the proximal epiblast is 
induced by signals from the extraembryonic 

ectoderm and endoderm. It is reported that Bmp4, 
Bmp8b and Bmp2, members of the bone 
morphogenetic proteins (BMP) of the transforming 
growth factor β (TGFβ) superfamily, function as the 
inductive signals (Hogan, 1996; Lawson et al., 1999; 
Ying et al., 2000; Ying and Zhao, 2001). 

Extavour and Akam (2003) reviewed the PGC 
determination modes of 28 Metazoan phyla. In 23 of 
the 28 phyla it was suggested that PGCs are 
determined by epigenesis. This indicates that 
epigenesis is an ancient mode of PGC 
determination in Metazoa.  
 
Transcripts that play an important role in 
molluscan GSCs 

 
Germline-specific transcripts have been 

observed in many animal species, and their 
functions in PGCs have been described. In molluscs 
some gene transcripts have been isolated from 
germline cells and are used to identify the 
localization of PGCs and elucidate the mechanism 
of gametogenesis. Vasa is an ATP-dependent RNA 
helicase of the DEAD-box family of proteins. It 
unwinds double-strand RNA to promote the 
translation of target genes (Hay et al., 1988; Lasko 
and Ashburner, 1988; Carrera et al., 2000; Raz, 
2000; Johnstone and Lasko, 2001). One of the 
target genes of vasa translational control is nanos, 
which in turn regulates the translation of other 
genes (Johnstone and Lasko, 2001). Vasa is widely 
used as a molecular marker for germlines including 
PGCs in many animal species (Extavour and Akam, 
2003). In molluscs, vasa orthologs have also been 
isolated and are used for PGC identification and 
germline observation (Fabioux et al., 2004; Swartz 
et al., 2008; Kranz et al., 2010; Obata et al., 2010). 
Fabioux et al. (2009) performed RNA interference 
on the oyster vasa ortholog oyvlg in Crassostrea 
gigas gonads and suggested that oyvlg has an 
important role in germ cell proliferation and early 
meiosis. 

Nanos is a translational regulator in germline 
cells. Its own translation is controlled by vasa. In 
insects it is also required for somatic patterning 
(Lehman and Nusslein-Vorhard, 1991; Lall et al., 
2003). In molluscs, nanos ortholog transcription has 
been observed in Ilyanassa obsoleta and Haliotis 
asinina embryos. In I. obsoleta, nanos orthologs 
were transmitted to the 4d blastomere. Nanos 
ortholog transcriptions remained in 4d derivatives 
including germline and somatic tissues at later 
stages of development (Rabinowitz et al., 2008). 
Inhibition of nanos orthologs by morpholino oligo 
injection resulted in larvae lacking all 4d derivatives. 
These larvae had no hearts and abnormal retractor 
muscles and intestines. In H. asinina embryos, 
nanos orthologs were transcribed in second quartet 
micromeres (2a-2d blastomeres), which give rise to 
the foot and ectoderm anterior. These results 
suggest that nanos functions in both germline and 
somatic tissue development in gastropod embryos. 

The TGFβ family is structurally conserved and 
plays an important role in cell proliferation and 
differentiation during development (ten Dijke et al., 
2000). In Drosophila, TGFβ signal transduction 
pathways affect germline stem cell numbers and the 
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size of the stem cell niche (Schulz et al., 2004). In 
rainbow trout, TGFβ increased spermatogonium 
proliferation and oocyte maturation (Sawatari et al., 
2007). In the bivalve C. gigas, a TGFβ ortholog (og-
TGFβ) is found in the somatic tissues surrounding 
the spermatogonia and oogonia (Fleury et al., 2008). 
Results from an in vivo RNA interference study on in 
male and female gonad in C. gigas suggested that 
og-TGFβ is required for spermatogonial and 
oogonial proliferation and oocyte maturation (Huvet 
et al., 2012). The TGFβ superfamily may play an 
important role in embryogenesis and germ cell 
maintenance in many molluscan species. 

 
Cell lineage and PGC location in spiral cleavage 
embryos 

 
In molluscs, the cleavage mode of early 

development is spiral cleavage. This form of 
cleavage is observed in many phyla like annelids, 
entoprocts, nemertines and Platyhelminthes 
(Nielsen, 2010). The spiral cleavage pattern was 
first shown more than 100 years ago (Conklin, 
1897). In spiral cleavage, embryos are divided into 
AB and CD blastomeres at the two-cell stage, and 
into A, B, C and D blastomeres at the four-cell 
stage. In many annelids and molluscs, a polar lobe 
is produced during each of the first two cleavages 
(Figs 1, A1, A3). The two polar lobes are absorbed 
into the CD blastomere at the two-cell stage and 
the D blastomere at the four-cell stage (Figs 1, A2, 
A4). At the third cleavage (which corresponds with 
the first quartet cleavage), A, B, C and D 
blastomeres divide synchronously and produce 
four micromeres toward the animal pole (1a, 1b, 1c 
and 1d) and four macromeres at the vegetative 
pole (1A, 1B, 1C and 1D) (Henry et al., 2006) (Fig. 
1, A5). The following quartets (second, third and 
fourth) are oblique with alternating directions of 
spindles, resulting in the spiral cleavage pattern 
(Figs 1, A6-A8). 

There are two types of spiral cleavage: early 
equal cleavage and unequal cleavage (Henry et al., 
2006). In early equal cleavage, the first four 
quadrants have an equal cleavage pattern until the 
32-cell stage (Van den Biggelaar and Guerrier, 
1979; Gonzales et al., 2007) (Fig. 1, B). Early equal 
cleavage is considered to be an ancestral condition 
of spiral cleavage (Freeman and Lundelius, 1992; 
Henry, 2002). In unequal cleavage, the first 
cleavage is asymmetrical, which is caused by 
biased mitotic spindle orientation and polar lobe 
absorption. Unequal cleavage results in larger 
blastomeres at the vegetative pole side of the 
embryo, which is derived from D blastomeres at the 
four-cell stage, and smaller blastomeres at the 
animal pole. 

Spiral cleavage patterns and cell lineages are 
conserved among various animal species (Nielsen, 
2004, 2005; Lambert, 2007). 3D Blastomeres arise 
from D blastomeres through three quartet cleavages, 
dividing into large 4D and small 4d blastomeres at 
the fourth quartet cleavage (Figs 1, A8, B6). The 4d 
blastomere differentiates into most mesodermal 
tissues, including germline cells (Conklin, 1897). 
The specification of mesodermal lineages from 4d 

blastomeres by asymmetric cleavage is a common 
phenomenon in animal species with spiral cleavage 
patterns (Wilson, 1892; Conklin, 1897; Woods, 
1931). 

 
PGC segregation during embryogenesis in 
bivalves 

 
PGC specification modes have been reported 

for some molluscan species. The process and mode 
of PGC specification is different in each class, 
although PGCs commonly arise from 4d 
blastomeres. Woods (1931) studied Sphaerium 
striatum oocytes under light microscope and noted 
that the 4d blastomere divided equally into M and 
M1 blastomeres and that PGCs were generated 
from these blastomeres. He also reported that the 
germ plasm was localized at the vegetative pole in 
unfertilized eggs. Germ plasm was specifically 
transmitted to D blastomere derivatives and finally 
segregated in germ cells in the late gastrula. 
Recently, transcripts of the germline-specific gene 
vasa have been used as a germline molecular 
marker in some bivalve species (Fabioux et al., 
2004; Kakoi et al., 2008; Obata et al., 2010). 
Fabioux et al. (2004) observed C. gigas vasa 
ortholog (oyvlg) transcription at the vegetative pole 
of fertilized eggs. The transcripts were specifically 
transmitted to one blastomere during early 
development. At the morula stage, oyvlg was 
observed in the 4d blastomere only. The 4d 
blastomere equally divided into M and M1 
blastomeres, which then differentiated into PGCs. 
The oyvlg transcription pattern is identical to the 
location of germ plasm in S. striatum, which 
suggests that oyvlg is a general component of 
mollusc germ plasm, like in Drosophila. Kakoi et al. 
(2008) reported on the localization of the vasa 
ortholog Sk-vasa in Sakkostrea kegaki embryos. Sk-
vasa was transcribed throughout the embryo until 
the eight-cell stage. At the 50-cell stage, the 
transcripts were limited to the 2d descendant cell 
and a pair of cells located posteriorly, which were 
likely to be 4d blastomeres. In the late gastrula, 
strong Sk-vasa expression was observed in the 
posterior mesoderm. Germline-specific localization 
of Sk-vasa could not be observed until the veliger 
larval stage. 

 
PGC segregation during embryogenesis in 
gastropods 

 
 

In I. obsoleta, the vasa ortolog loVasa 
accumulates during early development (Swartz et 
al., 2008). The transcripts were observed 
ubiquitously throughout the first seven cleavage 
cycles, while the RNA became more abundant in the 
D quadrant as the cleavage cycle progresses. 
Maternally inherited loVasa accumulated at 4d 
specifically between the 28-cell and the 35-cell 
stage. At the 70-cell stage, loVasa transcription was 
limited to 4dL121 and 4dR121. Swartz et al. (2008) 
suggested that 4dL121 and 4dR121 are likely to be 
homologous to the PGC lineage founder cells 
identified in S. striatum (Woods, 1931). However, 
loVasa could not be detected after the 108-cell stage. 
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Fig. 1 Diagram of unequal and equal spiral cleavage. A) Unequal spiral cleavage of Ilyanassa obsoleta. A1) Polar 
lobe formation at first cleavage. A2) Two cell stage. A3) Polar lobe formation at second cleavage. A4) Four cell 
stage. A5) First quartet blastomeres at the 8 cell stage. A6) Second quartet blastomeres at the 12 cell stage. A7) 
Third quartet blastomeres at the 24 cell stage. A8) 4d Blastomere formation at fourth quartet cleavage. B) Equal 
spiral cleavage of Crepidula fornicata. B1) Two cell stage. B2) Four cell stage. B3) First quartet blastomeres at the 
8 cell stage. B4) Second quartet blastomeres at the 12 cell stage. B5) Third quartet blastomeres at the 24 cell 
stage. B6) 4d Blastomere formation at fourth quartet cleavage. After third quartet cleavage, 4d blastomeres arise 
from 3D blastomeres by unequal cleavage in both spiral cleavages. 4d blastomere is shown as dark gray 
area.Polar lobe (pl). 
 
 
 
 
 

Kranz et al. (2010) observed transcription of 
vasa, nanos and PL10 orthologs in Haliotis asinina 
embryos. The vasa ortholog HasVasa was 
ubiquitously expressed throughout the embryo until 
the 16-cell stage. Strong transcription of HasVasa 
was observed in 4d blastomere at the 60–64-cell 
stage (3.5 hours post-fertilization (hpf)). At the 
gastrula stage, HasVasa was apparently distributed 
at the mesodermal band until the trochophore stage. 
HasVasa and HasPL10 were colocalized in early 

veliger larvae. It was hypothesized that PL10 is 
transcribed in mesodermal cells, which also produce 
PGCs (Rebscher et al., 2007). From these results, 
Kranz et al. (2010) suggested that HasVasa is 
transcribed in undifferentiated multipotent cells that 
are precursor cells for PGCs and mesodermal 
somatic tissues. Germline-specific transcription of 
HasVasa could not be observed until the veliger 
larval stage. In Viviparus viviparus, PGCs have also 
not been identified in early development and 
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germline cells arise from the mesodermal pericardial 
epithelium (Griffond, 1977). Thus, in gastropods, 
maternally inherited germ plasm or mRNA is not 
reported to be transmitted to PGCs, which is in 
contrast with the findings in bivalves. 

 
Comparison of PGC specification modes in 
bivalves and gastropods 

 
In the bivalves C. gigas and S. striatum, 

maternally inherited germ plasm is transmitted to 
specific blastomeres by unequal cleavage from the 
first cleavage to the 4d blastomere formation. At the 
gastrula stage, germ plasm is distributed at 
germline-specific blastomeres only. Thus it can be 
concluded that the PGC specification mode in these 
species is preformation, since maternally inherited 
germ plasm is specifically transmitted only to 
germlines in early development, like in D. 
melanogaster and C. elegans. In the case of S. 
kegaki, however, maternally inherited Sk-vasa was 
ubiquitously transcribed during early development. 
Although the signal became stronger in the 4d 
blastomere, germline-specific localization of Sk-vasa 
could not be observed until the veliger larval stage. 
This suggests that PGC specification mode of S. 
kegaki is epigenetic, meaning that not all bivalve 
species may use preformation as the mode of PGC 
specification. However, more studies are required to 
clarify the PGC specification mode of S. kegaki. 

Like in S. kegaki, vasa transcripts in gastropods 
do not have a specific distribution pattern during 
early development. In I. obsoleta, loVasa is more 
strongly transcribed in 4d blastomeres and the 
signal was transmitted to 4dL121 and 4dR121, which 
presumably differentiate into PGCs. From these 
results, Swartz et al. (2008) suggested that maternal 
loVasa RNA may be involved in germ cell 
specification. However, the localization of PGC 
could not be identified until the veliger larval stage in 
I. obsoleta, because loVasa transcription 
disappeared after the 108-cell stage. In H. asinina, 
transcription of HasVasa was observed in 4d 
blastomeres at 3.5 hpf. However, the transcription 
was observed in multipotent mesodermal cells, 
which differentiate into PGCs and mesodermal 
somatic tissues like heart and retractor muscles in 
veliger larvae. This suggests that PGCs are not 
established until the veliger larval stage, although 
maternal vasa is specifically transmitted to 4d 
blastomeres in gastropods. Judging from these 
results, the PGC specification mode of gastropods 
appears to be epigenesis. 

Rebscher et al. (2007) reported that the 
transcription pattern of the vasa ortholog Pdu-vasa 
of P. dumerilli that is similar to that of H. asinina; 
ubiquitous distribution in most blastomeres during 
early development and specific localization at the 
mesodermal posterior growth zone (MPGZ; 
mesodermal stem cells) that arises from the 4d 
blastomeres at the gastrula stage. Specification of 
germlines from the MPGZ occurred at the juvenile II 
stage in late development. Rebscher et al. proposed 
that PGC specification in P. dumerilli is a two-step 
process. First, a population of undifferentiated cells 
that can differentiate into both somatic tissues and 
PGCs is established in the MPGZ. This process 

apparently requires maternally inherited germ plasm, 
suggesting that the establishment of MPGZ is by 
preformation. PGC are then determined by induction 
signals from the MPGZ in late development, which 
is the epigenetic mode of PGC specification. We 
suggest that this PGC specification mechanism is 
similar to that of H. asinina. 

The studies on H. asinina and P. dumerilli 
indicate that the germline-specific gene is 
distributed in the mesodermal stem cells, and not 
only the germlines. Moreover, PGCs and somatic 
tissues arise from a common precursor cell, the 
mesodermal stem cells. In fact, in some animal 
species such as annelids (Vincent et al., 2011), 
Platyhelminthes (Shibata et al., 1999) and Cnidaria 
(Noda and Kanai, 1977), germ plasm is not only 
observed in germlines but also in the somatic stem 
cells. Germline-specific genes like vasa and Piwi 
have an important role in the maintenance of 
somatic stem cells as well as in germlines in these 
species (Thomson and Lin, 2009). PGC 
specification by induction of multipotent somatic 
stem cells is considered to be an ancient 
mechanism of germline formation. Thus, H. asinina 
adopts an epigenetic mode for PGC specification, 
which may be the most ancient mode among 
molluscan species (Kranz et al., 2010). On the other 
hand, the PGC specification mode used in some 
bivalve species like C. Gigas and S. Striatum is 
preformation. Extavour and Akam (2003) suggested 
that the basal PGC specification mode in Metazoa is 
epigenetic. Thus, we suggest that many bivalve 
species change their PGC specification mode from 
epigenetic to preformation. With this shift in germline 
specification mode, it is likely that germ plasm 
components like vasa lose their function in somatic 
stem cells. However, it is possible that not all bivalve 
species shift their germline specification mode to 
preformation, as S. Kegaki apparently adopts the 
epigenetic germline specification. 

In conclusion, PGC specification modes are 
species-specific in molluscs, although 4d 
blastomeres are common precursor cells in both 
bivalves and gastropods. It is suggested that 
bivalves tend to use preformation while gastropods 
use epigenesis as their mechanism of PGC 
specification. Koop et al. (2007) suggested that 
equally cleaving gastropods tend to use inductive 
signals, while unequally cleaving gastropods tend to 
rely on inherited determinants. Kranz et al. (2010) 
hypothesized that this different strategy between 
equal and unequal spiral embryos may be 
correlated to the PGC specification mechanism. 
More information on PGC specification modes 
should be accumulated in other molluscan species 
to confirm this hypothesis. 
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