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Summary
The germline of multicellular animals is segregated from

somatic tissues, which is an essential developmental process for

the next generation. Although certain ecdysozoans and

chordates segregate their germline during embryogenesis,

animals from other taxa segregate their germline after

embryogenesis from multipotent progenitor cells. An

overlapping set of genes, including vasa, nanos and piwi,

operate in both multipotent precursors and in the germline. As

we propose here, this conservation implies the existence of an

underlying germline multipotency program in these cell types

that has a previously underappreciated and conserved function

in maintaining multipotency.
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Introduction
Multicellular animals consist of specialized cells, most of which are

differentiated and devoid of reproductive potential. However, some

cells, such as stem cells, retain both the ability to self-renew and to

create new differentiated cells. One such stem cell, the germline

stem cell (GSC), gives rise to a continual supply of germ cells,

which are specialized for the task of reproduction. Yet once egg and

sperm fuse, the resulting zygote is totipotent, and thus can give rise

to all cell types of the animal. Although GSCs normally give rise

only to germ cells in vivo, and thus are unipotent, a significant body

of evidence shows that these cells maintain the potential to acquire

many cell fates. For example, mouse primordial germ cells (PGCs)

acquire the morphological and cytological characteristics of

embryonic stem (ES) cells when cultured in the presence of three

growth factors: steel factor, leukemia inhibitory factor (LIF) and

fibroblast growth factor (FGF) (Matsui et al., 1992). These cells

create teratomas when injected into adult mice and chimeric pups

when injected into blastocysts, thus demonstrating their

pluripotency. Isolated human PGCs can also be converted to

pluripotent stem cells without genetic manipulation (Shamblott et

al., 1998). Furthermore, pluripotent cells spontaneously arise from

isolated adult mouse spermatogonial stem cells under specific

culture conditions (Guan et al., 2006). This phenomenon is not

limited to vertebrates as mutations in the translational regulators

mex-3 and gld-1 in Caenorhabditis elegans leads to

transdifferentiation of germ cells into muscle, neurons and intestinal

cells (Ciosk et al., 2006). Thus, although germ cells are highly

specialized, they seemingly retain the capacity to give rise to all cell

types. As such, it is possible that the developmental potential of

GSCs in these organisms is not intrinsically limited but might

instead be restricted by environment. What, then, is the underlying

regulatory program that controls this highly potent cell type?

The molecular regulation of the germline is best understood in a

handful of animals, including in C. elegans, Drosophila

melanogaster and the mouse. Here, we explore the diversity of

germline origins more broadly by examining germline segregation

mechanisms across diverse taxa for which molecular data are

available, including in cnidarians, lophotrochozoans and

echinoderms. From the synthesis of such data collected from a

wide variety of animals with diverse and often complex life

histories, we propose the likely existence of a highly conserved

germline multipotency program (GMP) that operates in both

multipotent cells and germ cells. Furthermore, we highlight key

taxa for which molecular data are lacking, thus helping to guide

future work in uncovering the conserved and critical aspects of this

GMP.

Germline segregation: an overview
Sexually reproducing metazoans generally segregate their germline

away from their somatic tissue before they make gametes; in

Drosophila, C. elegans and mouse, this occurs during

embryogenesis. In both Drosophila and C. elegans, germline

specification is cell autonomous, whereas the mouse germline is

specified by inductive signals (Extavour and Akam, 2003;

Illmensee and Mahowald, 1974; Illmensee and Mahowald, 1976;

Lawson and Hage, 1994; Strome and Wood, 1982; Tam and Zhou,

1996). As these differences have been previously well reviewed

(e.g. Extavour and Akam, 2003), we instead focus here on an

important similarity: that all three animals establish a population of

PGCs during embryogenesis, which migrate into the developing

somatic gonad and become exclusively GSCs in the adult

(Richardson and Lehmann, 2010) (Fig. 1A). Embryonic

segregation of the germline appears to be widely used by both

ecdysozoans (such as flies and nematodes) and by chordates

(which includes ascidians, fish, amphibians and mammals) (Brown

et al., 2009; Extavour and Akam, 2003; Johnson et al., 2001;

Johnson et al., 2003; Takamura et al., 2002; Whitington and Dixon,

1975; Yoon et al., 1997) (Fig. 2).

However, data collected from animal taxa that lie outside of the

chordates and ecdysozoans demonstrate that such embryonic

germline segregation is not universal. For example, in the

lophotrochozoans Ilyanassa (marine snail) and P. dumerilii

(polychaete annelid), and in echinoderms, such as the sea urchin,

the germline is segregated after embryogenesis completes. In these

animals, multipotent progenitor cells are established during

embryogenesis that give rise to both germ and somatic cells in the

developing juvenile (Findley et al., 2003; Juliano et al., 2010;

Rabinowitz et al., 2008; Rebscher et al., 2007; Swartz et al., 2008;

Voronina et al., 2008) (Fig. 1B). We broadly refer to these cells as

multipotent progenitors because of their developmental potential,

but refrain from using the term ‘stem cell’ in cases where the

capacity to self-renew remains undetermined. These multipotent

cells are unique in that they are stably undifferentiated cells that are

set aside and persist beyond the completion of embryogenesis. In

some cases, they remain mitotically quiescent until they are used

later in development, such as in the sea urchin (Tanaka and Dan,
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1990); in others, they are self-renewing and can thus be called stem

cells. For example, in the planarian flat worm, another

lophotrochozoan, germ cells are continually segregated from a self-

renewing population of totipotent adult stem cells called neoblasts

(Newmark et al., 2008). A similar strategy is used in at least some

cnidarians and sponges, which have populations of adult

multipotent or totipotent stem cells that continually give rise to

both germ and somatic cells (Bosch and David, 1987; Funayama,

2010; Muller et al., 2004).

Regardless of the strategy used, the same set of genes appears

both to specify and maintain PGCs during embryonic germline

segregation and to maintain long-term multipotent progenitor cells

in animals that segregate their germline after embryogenesis.

Extensive functional studies in chordates and ecdysozoans have

begun to identify members of this gene set, including vasa, nanos

and piwi. Loss-of-function studies demonstrate that these genes are

required initially to specify the germline and/or to maintain adult

GSCs in ecdysozoans and chordates. The molecular functions of

these genes are under intense investigation (see Table 1 for a

summary of functional data on the GMP genes and for relevant

references), and the recent identification of their expression

patterns and functions outside of the chordates and ecdysozoans

demonstrate the persistence of this conserved and overlapping gene

set in PGCs, GSCs and multipotent progenitors.

The sea urchin: a key to understanding the GMP
Uncovering the functionally conserved components of the GMP

may reveal the most fundamental and absolutely required regions

of this gene program. Echinoderms are key to understanding the

GMP because, together with the hemichordates, they form the

sister group to the chordates, and thus sit at a critical node at the

base of the deuterostomes (Fig. 2). Embryogenesis in most
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Fig. 1. Germline segregation strategies. (A)In animals that segregate their germline during embryogenesis, primordial germ cells (PGCs) are
specified in the embryo. PGCs give rise exclusively to either male or female germline stem cells (GSCs), which both self-renew (as indicated by the
curved arrows) and give rise to a constant supply of gametes. Gametes are highly specialized cells, but when they fuse at fertilization they create a
totipotent zygote. (B)In animals that segregate their germline after embryogenesis, a multipotent progenitor is established in the embryo from
which the germline is segregated after embryogenesis is completed. We propose that the red cells in both panels operate a conserved germline
multipotency program.
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echinoderms culminates in the creation of a free-swimming larva

that feeds and supports the growth of the developing juvenile (Fig.

3) (Peterson et al., 1997; Raff, 2008). The cells that build the entire

juvenile animal are insulated from the surrounding larval

differentiation program during embryogenesis. These set-aside cells

form the adult rudiment, which develops into the juvenile sea

urchin that emerges at metamorphosis (Fig. 3). The germline of the

sea urchin is clearly separate from the soma in the adult, but it is

unknown when during the sea urchin life cycle the germline is

initially segregated because direct observations are difficult within

the developing juvenile (Houk and Hinegardner, 1980).

The small micromere lineage of the sea urchin embryo, which is

hypothesized to give rise to the germline, is a conspicuous

population of cells that contribute only to adult tissues (Pehrson

and Cohen, 1986; Peterson et al., 1997). This lineage is a product

of two unequal cleavage divisions: the fourth vegetal division,

which produces four macromeres and four micromeres; and the

subsequent unequal division of the micromeres, which produces

four large micromeres and four small micromeres (Fig. 4A).

Descendents of the small micromeres remain relatively quiescent

through embryogenesis, dividing only once before gastrulation and

then integrating into the larval coelomic pouches where the adult

rudiment forms (Fig. 3). In support of the hypothesis that these

cells give rise to the germline, the small micromeres of the sea

urchin Strongylocentrotus purpuratus selectively accumulate vasa,

nanos and piwi mRNA (Fig. 4B) (Juliano et al., 2006). However,

once the small micromere descendents are incorporated into the

coelomic pouches, they begin to proliferate, which is

uncharacteristic of quiescent embryonic PGCs (Tanaka and Dan,

1990). Furthermore, removal of the small micromere precursors,

Table 1. The germline gene set: functions in ecdysozoan and chordate germlines

Gene Key functional discoveries

vasa: deadbox
helicase,
translational
regulator

Required for germline development in Drosophila (Schupbach and Wieschaus, 1986)
Required for gametogenesis in Drosophila, C. elegans and mouse (Kuznicki et al., 2000; Styhler et al., 1998;

Tanaka et al., 2000)
Positive translational regulator of gurken and oskar in Drosophila (Breitwieser et al., 1996; Styhler et al., 1998;

Tomancak et al., 1998)
Interacts with the translational machinery (Carrera et al., 2000; Johnstone and Lasko, 2004)

nanos: zinc-finger
protein,
translational
repressor

Required for germline development in Drosophila, C. elegans and mouse (Kobayashi et al., 1996; Subramaniam
and Seydoux, 1999; Tsuda et al., 2003)

Required for GSC maintenance in Drosophila and mouse (Bhat, 1999; Forbes and Lehmann, 1998; Sada et al.,
2009; Wang and Lin, 2004)

Required with pumilio to repress mitosis in Drosophila pole cells via the translational repression of cyclin B
mRNA (Asaoka-Taguchi et al., 1999; Kadyrova et al., 2007)

Required for transcriptional repression in the newly specified germ cells of Drosophila and C. elegans
(Deshpande et al., 2005; Schaner et al., 2003)

Required for the repression of somatic cell fate in Drosophila pole cells (Hayashi et al., 2004)

piwi: argonaute
protein, associates
with piRNAs

Required for GSC maintenance in Drosophila and C. elegans (Cox et al., 1998; Lin and Spradling, 1997)
Required for spermatogenesis in mouse (Carmell et al., 2007; Kuramochi-Miyagawa et al., 2004)
Associates with a novel class of small RNAs termed piwi-interacting RNAs, or piRNAs (Aravin et al., 2006; Grivna

et al., 2006a)
Required to repress transposons in the germline of Drosophila and mouse (Aravin et al., 2007; Kalmykova et al.,

2005; Saito et al., 2006; Vagin et al., 2006)
Required for germline development in Drosophila (Megosh et al., 2006)
Required with interacting 21U-RNAs for germline maintenance in C. elegans (Batista et al., 2008; Wang and

Reinke, 2008)
Functions in epigenetic regulation in Drosophila and mouse (Aravin et al., 2008; Brennecke et al., 2008; Brower-

Toland et al., 2007; Kuramochi-Miyagawa et al., 2008; Yin and Lin, 2007)
Functions as a translational regulator in the mouse germline (Grivna et al., 2006b; Unhavaithaya et al., 2009)

pumilio:
translational
repressor

Required for GSC maintenance in Drosophila and C. elegans (Crittenden et al., 2002; Forbes and Lehmann, 1998;
Lin and Spradling, 1997)

Required for germline development in Drosophila and C. elegans (Asaoka-Taguchi et al., 1999; Parisi and Lin,
1999; Subramaniam and Seydoux, 1999)

tudor: protein
binding

Required for germline development in Drosophila (Boswell and Mahowald, 1985; Thomson and Lasko, 2004)
Required for spermatogenesis in mouse (Chuma et al., 2006)

boule/DAZ: RNA-
binding protein

Required for germline development in Xenopus, human and mouse (Houston and King, 2000; Kee et al., 2009;
Lin and Page, 2005)

Required for gametogenesis in Drosophila, C. elegans, human and mouse (Eberhart et al., 1996; Karashima et
al., 2000; Reijo et al., 1995; Ruggiu et al., 1997)

germ cell-less:
nuclear pore
associated protein

Required for germline development in Drosophila (Jongens et al., 1994; Jongens et al., 1992)
Required for transcriptional repression in Drosophila pole cells (Leatherman et al., 2002)
Required for spermatogenesis in mouse (Kimura et al., 2003; Leatherman et al., 2000)

Maelstrom:
unknown function

Required for spermatogenesis and transposon repression in mouse (Soper et al., 2008)
Required for DNA damage checkpoint activation and transposon repression in Drosophila (Klattenhoff et al.,

2007; Lim and Kai, 2007)

bruno: translational
repressor

Translationally represses the germline nucleating gene oskar in Drosophila (Kim-Ha et al., 1995)
mRNA is localized to zebrafish nuage (Hashimoto et al., 2006) D
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the micromeres, results in cell fate transitions, which allow the

embryo to develop successfully; the resulting larva gives rise to a

gravid adult. Thus, it is clear that the micromeres do not contain

any obligate germ cell factors (Ransick et al., 1996).

An alternative hypothesis suggests that the small micromere

descendents are multipotent progenitor cells that contribute to

diverse adult tissues (Ransick et al., 1996; Tanaka and Dan,

1990; Voronina et al., 2008). The ultimate resolution of small

micromere fate requires genetic lineage tracing because cell-

labeling dyes do not last through the lengthy process of sea

urchin larval and juvenile development. This can be achieved by

creating chimeric embryos that contain small micromeres

expressing a recombinant marker gene (such as GFP) from an

incorporated BAC (Ettensohn et al., 2004b). In the meantime, a

different approach has provided experimental support for small

micromere multipotency: reduction of Nanos protein, a small

micromere-specific gene and member of the GMP (Table 1), by

the injection of a morpholino antisense oligonucleotide (MASO)

in the S. purpuratus embryo completely disrupts formation of the

adult rudiment (Fig. 5B) (Juliano et al., 2010). This finding

strongly argues that the small micromeres are a multipotent

lineage that contributes to diverse adult tissues in the developing

juvenile. We therefore hypothesize that the small micromeres are

embryonic multipotent progenitor cells within which the GMP

operates. Furthermore, we propose that the germline is later

segregated from these cells in the late larva or developing

juvenile.

Uncovering the regulatory program that operates in these

multipotent cells requires that we understand both how these genes

are selectively expressed (upstream network connections) and how
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Fig. 3. The juvenile sea urchin develops from
embryonic multipotent cells. (A)Schematic of
indirect development in sea urchin. During
embryogenesis, cells are set aside for constructing the
adult (the rudiment, shown in purple). The larva swims
and feeds, providing protection and nutritional support
to the developing adult structures. A S. purpuratus
larva is competent to undergo metamorphosis after 
~6-8 weeks of feeding. (B)In the four-armed pluteus,
the small micromere descendents are located in the left
and right coelomic pouches (purple), where the adult
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structures in the rudiment (purple) begin to form, such
as the tube feet and spines. At metamorphosis, the
juvenile emerges as an independent entity (purple) and
larval tissues are lost.
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Fig. 4. Multipotent progenitor cells in the sea urchin embryo. (A)A schematic of the early stages of sea urchin development during which the
small micromere lineage (purple) is set aside. The vegetal fourth cleavage division is unequal, thus giving rise to a 16-cell embryo with four
micromeres (red). The micromeres divide unequally to give rise to four large micromeres (blue) and four small micromeres (purple). The small
micromeres reside at the vegetal plate of the blastula where they divide once more. The eight small micromere descendents are carried at the tip of
the invaginating gut during gastrulation and upon larva formation, are incorporated into the larval coelomic pouches, the site of adult rudiment
formation. The small micromere lineage gives rise exclusively to tissues of the adult. (B)nanos, vasa and seawi (a sea urchin piwi ortholog) whole-
mount in situ RNA hybridizations of S. purpuratus embryos and larva at the indicated stages of development. nanos, vasa and seawi, members of
the germline multipotency program (GMP) gene set, are expressed in the sea urchin small micromere lineage. Images reproduced, with permission,
from Juliano et al. (Juliano et al., 2006). D
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they interact to affect the fate of the small micromeres (downstream

network connections). The discovery of these molecular

connections will allow the GMP across diverse taxa to be

compared; conserved interactions are likely to reflect the key

functions of the GMP. As described below, emerging molecular and

functional data support the hypothesis that the small micromere

GMP shares similarities with the germline program found in

chordates and ecdysozoans.

Small micromere and PGC regulatory programs:
conserved features
Vasa post-transcriptional regulation
vasa mRNA is ubiquitously present during early sea urchin

embryogenesis, but Vasa protein is enriched only in the micromeres

and the small micromeres, respectively, upon their formation (Fig.

5A) (Voronina et al., 2008). Thus, selective Vasa protein

accumulation depends on post-transcriptional regulation, which

appears to be a conserved feature of both embryonic (in PGCs) and

post-embryonic (in multipotent progenitor cells) germline

segregation across animal taxa. For example, by the cellular

blastoderm stage in Drosophila embryos, vasa mRNA is uniformly

distributed, whereas Vasa protein is restricted to the pole cells – the

embryonic germline progenitors (Hay et al., 1990; Lasko and

Ashburner, 1990). Vasa protein enrichment in the pole cells is

driven by protein stability, and this requires both a deubiquitinating

enzyme (encoded by fat facets) and the competing actions of two

E3 ubiquitin ligases (encoded by gustavus and fsn) (Kugler et al.,

2010; Styhler et al., 2002). In the zebrafish embryo, vasa mRNA

is localized to the future germline by 6 hours post fertilization

(hpf), but Vasa protein is uniformly distributed until 24 hpf.

Microinjection of vasa-GFP chimeric RNA demonstrates that the

vasa open reading frame (ORF) is sufficient to drive GFP

enrichment in the germline, suggesting that regulation of protein

stability directs eventual Vasa protein restriction to these cells

(Wolke et al., 2002). The post-transcriptional regulation of vasa by

protein stability might be a conserved feature of the GMP and,

therefore, could be the mechanism by which Vasa protein is

restricted to the sea urchin small micromeres. If this were the case,

we predict that the sea urchin vasa ORF would be sufficient to

drive the enrichment of Vasa protein in the small micromere

lineage, which could be tested by injection of a GFP-Vasa chimera

mRNA as was carried out in the zebrafish study (Wolke et al.,

2002). Alternatively, if it is translational control that is required for

Vasa protein enrichment, the vasa 3�UTRs would probably be

required to drive GFP reporter enrichment in the small micromere

lineage.
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Fig. 5. The multipotent small micromere program. (A)Images of S. purpuratus embryos at the four-cell, 16-cell and blastula stages of
development, showing vasa whole-mount in situ RNA hybridizations (upper) (with vasa uniformly distributed throughout blastula formation) and
Vasa protein (lower) enriched in the micromeres and small micromeres, respectively, on their formation [reproduced, with permission, from Juliano
et al. (Juliano et al., 2006) and Voronina et al. (Voronina et al., 2008)]. (B)Control embryos produce larvae with well-formed adult rudiments around
4 weeks of age (broken white circle) that metamorphose around 6 weeks (middle panel). By contrast, when Nanos protein is knocked down in the
embryo, the resultant larva fails to form an adult rudiment or undergo metamorphosis [reproduced, with permission, from Juliano et al. (Juliano et
al., 2010)] (C). Vasa protein is post-transcriptionally enriched in the small micromere lineage (Voronina et al., 2008). nanos1 and nanos2 are
expressed in this lineage at the 60-cell stage and are required for the continued enrichment of Vasa protein, for cell cycle repression and for the
maintenance of the multipotent fate in this lineage (Juliano et al., 2010). Vasa protein enrichment precedes nanos transcription, but whether Vasa
is required for nanos expression is unclear (question mark). Several similarities between the sea urchin small micromere germline multipotency
program (GMP) and the Drosophila pole cell GMP are highlighted: Vasa protein (green) is selectively expressed in the pole cells as a result of
regulated protein stability (Kugler et al., 2010; Styhler et al., 2002); nanos (blue) is required to maintain Vasa expression (Hayashi et al., 2004); and
nanos (orange) is required to maintain cell fate by repression of the cell cycle and repression of apoptosis (Asaoka-Taguchi et al., 1999; Hayashi et
al., 2004; Kadyrova et al., 2007).
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Nanos maintains small micromere fate
Cell cycle lengthening is a conserved feature of newly specified

PGCs and is exhibited by the sea urchin small micromeres (Tanaka

and Dan, 1990). For example, the nuclei of the Drosophila pole

cells exhibit a prolonged cell cycle immediately upon arrival at the

posterior pole (Su et al., 1998). This requires nanos-dependent

translational repression of the mitotic cyclin, cyclin B, which is

present in the germ plasm but remains untranslated until just before

mitotic divisions resume in the pole cells (Asaoka-Taguchi et al.,

1999; Dalby and Glover, 1993; Kadyrova et al., 2007). Consistent

with this mechanism, nanos-null pole cells divide precociously and

then apoptose during mid embryogenesis. If the apoptotic pathway

is suppressed in these nanos-null pole cells, they adopt a somatic

cell fate (Asaoka-Taguchi et al., 1999; Hayashi et al., 2004). This

result suggests that nanos is possibly doing more than repressing

the cell cycle; it may repress other transcripts that inhibit PGC fate

and that promote a somatic cell fate. Newly specified PGCs in both

C. elegans and the mouse also enter a period of cell cycle

quiescence. In C. elegans, the P4 lineage cell, which gives rise

solely to the germline, is formed at the 24-cell stage and then

divides only once to create the Z2 and Z3 cells. These cells remain

arrested in G2 throughout embryogenesis until the larvae feed

(Fukuyama et al., 2006; Subramaniam and Seydoux, 1999). Mouse

PGCs also arrest at G2 (Seki et al., 2007), and in both animals,

nanos expression is coincident with the interruption of the PGC cell

cycle (Subramaniam and Seydoux, 1999; Suzuki et al., 2008). Loss

of nanos function in C. elegans leads to the premature proliferation

of the Z2 and Z3 cells in the larva (Subramaniam and Seydoux,

1999), and loss of nanos3 function in the mouse leads to PGC

apoptosis (Suzuki et al., 2008). Thus, nanos has a conserved

function in maintaining PGC fate, in part by repressing the cell

cycle and apoptosis.

The function of nanos in the small micromeres of the sea urchin,

S. purpuratus, appears to be analogous to its conserved germline

functions in other animals. Small micromeres in nanos 1 and

nanos2 knockdown sea urchin embryos appear to precociously

divide, but then these descendents are not incorporated into the

coelomic pouches; consequently, the adult rudiment does not form

(Fig. 5B) (Juliano et al., 2010). Small micromere descendents in

nanos1/2 knockdown embryos may undergo apoptosis, as do the

nanos null pole cells of Drosophila and the nanos3-null PGCs of

mice (Hayashi et al., 2004; Sato et al., 2007; Suzuki et al., 2008;

Tsuda et al., 2003). Support for this idea has been demonstrated in

the sea urchin Hemicentrotus pulcherrimus, in which a pan-caspase

inhibitor appears to prolong the viability of the nanos-depleted

small micromere descendents (Fujii et al., 2009). Thus, it is clear

that nanos plays a conserved role in maintaining the fate of both

multipotent small micromeres in the sea urchin and PGCs in

chordates and flies. Furthermore, nanos achieves this in both cases

via the repression of the cell cycle and of apoptosis.

In summary, several aspects of the GMP that function to

preserve potency in PGCs and small micromeres are conserved,

including: (1) the selective expression of nanos, vasa and piwi; (2)

the post-transcriptional regulation of vasa potentially by protein

stability; and (3) nanos-dependent cell fate via repression of the

cell cycle and apoptosis (Fig. 5C).

Extensive work in model organisms, such as Drosophila, C.

elegans, and the mouse has provided considerable insights into

the molecular nature of the GMP (Table 1). A high percentage of

germline-expressed genes appear to be RNA-binding proteins,

indicating the crucial role of post-transcriptional control in this

cell type. In support of this conclusion, germ cells in Drosophila,

C. elegans and mouse undergo a period of global transcriptional

quiescence after their specification (Nakamura and Seydoux,

2008). During this developmental period, the translational

control of either maternally loaded mRNAs or of previously

transcribed zygotic mRNAs might be crucial for controlling their

fate. For example, vasa acts as a translational activator of two

Drosophila mRNAs that localize to the oocyte: gurken (grk),

which directs both anterior/posterior and dorsal/ventral polarity

and oskar (osk), which directs germ plasm assembly at the

posterior of the oocyte (Markussen et al., 1995; Styhler et al.,

1998; Tomancak et al., 1998). However, as osk and grk are not

conserved outside of flies, it is likely that Vasa regulates a

broader suite of transcripts.

nanos, which contains two CCHC zinc fingers, is a translational

repressor that acts with pumilio by binding the NRE (nanos

response element) located in the 3�UTRs of nanos-regulated

mRNAs. During Drosophila germ cell development, nanos acts as

a translational repressor of cyclin b, to prevent premature divisions

(Asaoka-Taguchi et al., 1999). In Xenopus laevis, nanos and

pumilio regulate cyclin B1 translation during oocyte maturation,

suggesting that the role of nanos as a repressor of cyclin b mRNA

is conserved (Nakahata et al., 2001; Nakahata et al., 2003).

Drosophila germ cells that lack nanos undergo apoptosis, or if

apoptosis is repressed, the germ cells are incorporated into somatic

tissues (Hayashi et al., 2004). This highlights the importance of

nanos and of mitotic quiescence in retaining the germ cell fate.

These cells appear to actively repress differentiation programs and

maintain developmental potency at least in part through

transcriptional and mitotic quiescence. This quiescence in both

germ cells and multipotent germ cell precursors may serve to

protect their DNA. In addition, piwi, another gene found in these

cell types, contributes to protecting germ cell DNA, in conjunction

with a class of small RNAs called piRNAs, by repressing

transposons in these immortal cell types (O’Donnell and Boeke,

2007). Recent evidence in mice also indicates a role for vasa in

transposon suppression by participating in piRNA biogenesis

(Kuramochi-Miyagawa et al., 2010). Thus, the role of the GMP in

part may be to protect the DNA, which will contribute to future

generations.

The GMP in cnidarians, sponges and
lophotrochozoans
Species from cnidarians, sponges and lophotrochozoans segregate

their germline from the soma after embryogenesis, similar to the

sea urchin. Furthermore, in these cases the GMP appears to operate

in the multipotent progenitor cells, thus allowing for functional

comparisons across these diverse animal taxa (Fig. 2; Table 2).

Multipotent germline progenitors in cnidarians
In adult Hydra, a well-studied cnidarian, multipotent interstitial

stem cells, or I-cells, are interspersed among the epithelial cells. I-

cells continually populate the interstitial cell lineage, which

consists of both germ and somatic cell types (Bosch and David,

1987; Bosch and David, 1986; David and Murphy, 1977; Galliot et

al., 2006). The adult I-cells selectively express vasa and nanos,

implicating GMP control of these cells, but the functions of these

genes in the adult stem cells of Hydra are not known (Mochizuki

et al., 2001; Mochizuki et al., 2000). Morphological studies

indicate that I-cells may be widespread in the Medusozoa branch

of cnidarians, which includes all hydroids and jellyfish, but in most

cases the molecular mechanisms of multipotency are unexplored

(Ball et al., 2004; Boelsterli, 1977; Chapman, 1974; Ralph, 1960).
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A recent study in Hydractinia echinata, a colonial hydroid, has

demonstrated that vasa mRNA accumulates specifically in I-cells

of the larva, which is a totipotent lineage in this animal (Muller et

al., 2004; Rebscher et al., 2008). Thus, the GMP may be involved

in the initial specification of I-cells in Hydractinia.

I-cells have not been found in any Anthozoans, the branch of

cnidarians that includes corals and sea anemones, even though

germ cells in sea anemones segregate continuously in the adult

(Extavour and Akam, 2003). In the sea anemone Nematostella

vectensis, vasa and nanos transcripts are present in many somatic

domains early in the embryo. Then in the larva, these transcripts

specifically accumulate in two patches of cells that give rise to

the adult mesenteries – in-foldings of epithelium that extend

from the body wall into the body cavity (Extavour et al., 2005).

Extavour and co-workers suggest that these cells are PGCs

because gametes are found in the mesenteries of the adult

(Extavour et al., 2005). However, the possibility remains that

these cells are precursors to multipotent stem cells that give rise

to both somatic and germ cells in the adult. This is an important

issue to resolve in the future, as reconstructing the ancestral

mode of germline segregation in cnidarians is key to

understanding the evolution of this process in their sister group,

the bilaterians (Peterson and Eernisse, 2001).

Sponge totipotent stem cells express piwi
Members of the phylum Porifera, or sponges, long ago diverged

from the bilaterian lineage. The exact evolutionary relationships

among the non-bilaterian phyla, such as among sponges,

ctenophores and cnidarians, have been difficult to ascertain

because, in order to resolve such relationships, significantly

divergent sequences need to be compared, which requires deep

sequencing of numerous taxa (DeSalle and Schierwater, 2008;

Dunn et al., 2008; Holder and Lewis, 2003; Rokas et al., 2005).

Regardless, these groups are important for discerning the

evolutionary origins of the GMP. Sponges contain an adult

totipotent stem cell, called an archeocyte, which gives rise to

both differentiated somatic cells and oocytes. Archeocytes also

give rise to the choanocytes, which function in food collection

and can give rise to sperm. Choanocytes can transdifferentiate

back into archeocytes, and thus probably maintain a totipotent

capacity (Funayama, 2010). In the sponge Ephydatia fluviatilis,

two piwi orthologs are specifically expressed in both the

archeocytes and choancytes, potentially indicating the presence

of the GMP in these totipotent germline precursors (Funayama

et al., 2010).

Flatworms: totipotent stem cell maintenance and the GMP
Flatworms have an extraordinary ability to regenerate owing to

a population of totipotent adult stem cells called neoblasts that

gives rise to somatic cells and germ cells (Baguna et al., 1989;

Newmark and Sanchez-Alvarado, 2000). The neoblasts of adult

flatworms express tudor, pumilio, piwi, bruno and vasa, all of

which were first identified in the germline of flies and mice and

have conserved functions there (Table 1) (De Mulder et al.,

2009; Guo et al., 2006; Palakodeti et al., 2008; Pfister et al.,

2008; Reddien et al., 2005; Rouhana et al., 2010; Salvetti 

et al., 2005; Shibata et al., 1999; Solana et al., 2009). tudor,

pumilio and bruno are required for neoblast maintenance, as

neoblasts are lost when these genes are knocked down (Guo 

et al., 2006; Rouhana et al., 2010; Salvetti et al., 2005; Solana et

al., 2009). The two piwi homologs in the planarian flatworm

Schmidtea mediterranea, Smedwi-2 and Smedwi-3, are not

required for maintenance, but are essential for neoblast

differentiation (Guo et al., 2006; Palakodeti et al., 2008; Reddien

et al., 2005; Salvetti et al., 2005; Solana et al., 2009). However,

in the marine flatworm Macrostomum lignano, piwi is required

for the maintenance of neoblasts, similar to its function in

maintaining GSCs in the Drosophila ovary (Cox et al., 1998; De

Mulder et al., 2009). In contrast to the other members of the

conserved GMP, the S. mediterranea ortholog of nanos is not

expressed in neoblasts, although it is required for gonad

regeneration (Wang et al., 2007). In general, genes required for

flatworm neoblast maintenance and differentiation include those

required for germ cell specification and development in other

organisms, implying that the GMP operates within these

neoblasts.

GMP genes in lophotrochozoan multipotent progenitor
cells
Many lophotrochozoans develop indirectly through a feeding

larva, similar to the sea urchin, and some cells that arise during

embryogenesis will be used later in building adult structures.

One such population of cells is the conserved 4d lineage, which

gives rise to the adult mesoderm and endoderm in

lophotrochozoans (Boyer et al., 1996; Lambert, 2008). In the

snail Ilyanassa obsoleta, the 4d cell divides to create the

mesoblastic teloblasts – self-renewing stem cells that contribute

to larval mesoderm and endoderm. These 4d-derived lineages

contribute to the adult snail, but it is unclear whether the

mesoblastic teloblasts themselves remain into adulthood.

However, some evidence in another mollusc suggests that, after

populating the mesodermal lineages, the mesoblastic teloblasts

retain their uncommitted morphology until after metamorphosis

and arrival into the adult gonad, whereupon they become

definitive germ cells (Woods, 1931). Both vasa (mRNA) and

nanos (mRNA and protein) are uniformly distributed during

early cleavage in this snail and then become selectively

expressed in the 4d lineage (Rabinowitz et al., 2008; Swartz et

al., 2008). In a second sea snail, Haliotis asinina, both vasa and

nanos mRNA are detected in the mesodermal region of the larva,

thus supporting the conclusion that these genes are expressed in

multipotent cells of snails (Kranz et al., 2010). Furthermore,

nanos is required to maintain the fate of the 4d lineage in

Ilyanassa; loss of nanos protein by morpholino injection into the

embryo results in a loss of all 4d-derived structures (Rabinowitz

et al., 2008). In the leech Helobdella robusta, a direct developing

lophotrochozoan annelid, nanos is also expressed in the D

quadrant early in embryogenesis, which gives rise to the

mesodermal and ectodermal teloblasts (Kang et al., 2002; Pilon

and Weisblat, 1997). A reduction in Nanos protein by

morpholino injection severely disrupts development, leading to

shorter germinal bands that cannot undergo epibolic movements

and to eventual death (Agee et al., 2006). This phenotype may

be due to subtle changes in division rates and patterns of the

teloblast cells that give rise to the germinal band (Agee et al.,

2006). Therefore, the GMP-related function of nanos in sea

urchin, snail and leech embryos in the maintenance of cell fate

via cell cycle control may be conserved.

In the polychaete P. dumerilii, another lophotrochozoan annelid,

the 4d lineage gives rise to a group of proliferating cells, the

mesodermal posterior growth zone (MPGZ), which contributes to the

mesodermal tissues of the developing adult segments. Vasa protein

is restricted to the 4d lineage by post-transcriptional mechanisms,

which may again reflect a conserved feature of the GMP (Rebscher
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et al., 2007). Subsequently, vasa, nanos and piwi are expressed

selectively in the MPGZ of the larva. The proliferating cells of the

MPGZ give rise to all of the mesodermal tissues of the developing

adult segments, including the germ cells. vasa, nanos and piwi

expression is retained in the newly specified germ cells, and lost in

other differentiated tissues (Rebscher et al., 2007). Thus, similar to

the sea urchin, the GMP of lophotrochozoans is associated with the

establishment of multipotent progenitor cells from which the

germline is segregated after embryogenesis. Comparisons across

these two clades will be useful in uncovering the conserved features

of the GMP in multipotent precursors.

Models for the origin of post-embryonic germline
segregation
What is the evolutionary relationship between multipotent

progenitor cells (as found in sea urchins, snails and Hydra) and

embryonic PGCs (as found in Drosophila and mice)? More

specifically, how did the small micromere lineage of the sea urchin,

the 4d lineage of lophotrochozoans, and the cnidarian stem cells

obtain their GMPs? Below, we propose two mutually exclusive

hypotheses.

Post-embryonic germline segregation is ancestral
This model proposes that post-embryonic germline segregation

from a multipotent precursor is ancestral, an idea that has been

supported by several investigators (Fig. 6A) (Agata et al., 2006;

Ewen-Campen et al., 2010; Extavour, 2007; Funayama, 2010;

Juliano et al., 2010; Rebscher et al., 2007). In particular, this model

argues that the protostome/deuterostome ancestor (the so-called

‘urbilaterian’) segregated its germline through a pluripotent or

multipotent stem cell (Agata et al., 2006; Extavour, 2007;

Funayama, 2010). We offer a similar model here with the

additional proposal that the urbilaterian germ cell multipotent

progenitor was controlled by the GMP and that dedicated germ

cells were segregated post-embryonically. This model also predicts

that the acquisition of embryonic PGC specification in chordates

and ecdysozoans must have occurred independently, perhaps by

precocious specification of germ cells from the multipotent

progenitor cells. A broader sampling of other taxa may reveal that

the acquisition of embryonic PGC specification is common. For

example, in the oyster C. gigas, a lophotrochozoan, vasa mRNA is

localized to the vegetal pole of the unfertilized egg and is inherited

by a small number of cells, indicative of embryonic PGC

specification (Fabioux et al., 2004). This implies an advantage to

this mode of germ cell specification that provides a selective

pressure. Potentially, early segregation of the germline, which is

then kept in a quiescent state, allows increased protection from

mutations associated with DNA replication and/or additional

morphogenetic freedom in subsequent development.

Post-embryonic germline segregation is derived
In this model, the urbilaterian segregated its germline by specifying

PGCs during embryogenesis using the GMP, as is currently

exhibited by chordates and ecdysozoans. This model necessitates

that the evolution of multipotent progenitor cells in

lophotrochozoans and sea urchins occurred relatively recently and

were independent acquisitions (Fig. 6B). For example, during the

transition from direct to indirect development, the ancestor of the

sea urchin small micromere lineage could have co-opted the GMP

from the PGC specification pathway of the juvenile. The

‘intercalation hypothesis’ suggests that plankton-feeding larvae

evolved slowly by co-opting adult gene regulatory modules to build

new larval structures (Sly et al., 2003). In support of this

hypothesis, an almost identical set of regulatory genes appears to

direct the formation of both the sea urchin larval and adult

skeletons, thus suggesting co-option of the adult module by the

larva (Gao and Davidson, 2008). Perhaps in a similar manner, the

small micromere lineage co-opted the GMP from the germline cells

of the adult, enabling it to remain multipotent. If this were the case,

a similar scenario must also have occurred in the 4d lineage of

lophotrochozoans.

Investigating the origins of the GMP
These models are based on data from a very limited number of

animals and, in order to discern the evolutionary origins and

conserved portions of the GMP, it is crucially important to further

extend the phylogenetic tree with data from a wide variety of

organisms. Given their important phylogenetic position as part of

the chordate sister group, a better understanding of germline

segregation in other echinoderm classes is essential to this

endeavor. Is post-embryonic germline segregation through a

multipotent progenitor ancestral for this phylum as is assumed by

the first model? Or instead, is it specific to sea urchins, which

diverged relatively recently within echinoderms? A better
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Fig. 6. Models of the origin of post-embryonic germline
segregation. (A)Model 1: post-embryonic germline
segregation is ancestral. The echinoderms and
lophotrochozoans use the same post-embryonic mechanism
(blue) and obtained their multipotency program from a
common origin. In this scenario, the acquisition of embryonic
germline segregation in some chordates (dark green) and
ecdysozoans (light green) must have occurred independently.
(B)Model 2: post-embryonic germline segregation is derived.
In this model, the last common bilaterian ancestor used
embryonic germline specification (green), which is still used by
at least some chordates and ecdysozoans. Thus, the
acquisition of post-embryonic germline segregation in
echinoderms (red) and lophotrochozoans (orange) must have
occurred independently. In this scenario, the last common
bilaterian ancestor probably acquired embryonic germline
segregation after splitting from the cnidarians. Germline
segregation in hemichordates and platyzoans remains largely
unexplored (black).
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understanding of how the germline is segregated in the five

echinoderm classes is necessary to discern between these two

scenarios. Currently, in addition to the sea urchin, the sea star, sea

cucumbers and brittle stars could be ideal model systems for future

functional studies of the GMP as they are easily cultured in the

laboratory and are amenable to morpholino-based gene knock

down techniques (Ettensohn et al., 2004a). Some experimental

evidence from the sea star, for example, indicates that a larval

structure called the posterior enterocoel, which expresses Vasa,

contributes to the adult germline; thus, the GMP may operate in

these cells, although their developmental potential remains to be

determined (Inoue et al., 1992; Juliano and Wessel, 2009).

A key class in which to further investigate the origins of the GMP

is the crinoids (sea lilies and feather stars), which are the

echinoderm out-group (Janies, 2001; Nakano et al., 2003).

Currently crinoid studies are limited to expression analysis owing

to the difficulty of culturing these animals in the laboratory

(Nakano et al., 2003). However, expression analyses could reveal

the mode of germline segregation used in this class, especially if

these data are compared with those collected in the other

echinoderm classes. If crinoids set aside multipotent progenitor

cells from which the germline is segregated later, this would

suggest that post-embryonic germline segregation is ancestral

amongst echinoderms, thus supporting model one. However, if

crinoids set aside a population of lineage-restricted PGCs during

embryogenesis, this would call model one into question; model

two, in which embryonic germline segregation is ancestral among

echinoderms would be equally likely in this case. A confident

reconstruction of the ancestral echinoderm mechanism is essential

for inferring whether the urbilaterian segregated its germline

embryonically through PGCs, or later through multipotent

progenitor cells. Equally important to this effort is a more detailed

analysis of other taxa by MASO- or RNAi-based approaches,

including the lophotrochozoans, in which entire clades are

unexplored, and the cnidarians, for which very little functional data

have been collected. Expression data from diverse animals can also

be used to extend the GMP tree.

The possibility remains that the coincident expression of GMP

genes in similar cell types is not indicative of an interdependent

program of multipotency, but rather that each gene works

independently. Several potential GMP members have distinct

functions outside of multipotent and germline cells. For example,

Drosophila piwi is expressed in the somatic cells of the ovary,

where it is required in a non-cell autonomous manner for GSC

maintenance (Cox et al., 1998). The jellyfish Podocoryne carnea

exhibits a low level of piwi expression in all somatic cells, and this

expression increases upon transdifferentiation, thus implicating

piwi function in reprogramming (Seipel et al., 2004). Furthermore,

human CD34+ hematopoetic stem cells are piwi positive, and lose

piwi as they differentiate (Sharma et al., 2001). nanos also has

known functions outside of multipotent or germline cells. For

example, it was initially discovered as an early patterning gene in

Drosophila, and Nanos1 is expressed in the mouse brain

(Haraguchi et al., 2003; Irish et al., 1989). However, independent

and/or alternate functions for these genes do not preclude them

from acting together in a conserved program in multipotent and

germline cells. Rather, they may have been independently co-opted

by other cells types with similar requirements as multipotent

progenitors and germ cells, such as mitotic quiescence and

protection from transposons. Another alternative possibility is that

the GMP described here is not required for multipotency itself

within multipotent progenitors, but rather for specifically

conferring germline competency to those progenitors. However,

given the dramatic loss of many adult tissues when nanos is

knocked down in the sea urchin and the snail, and the loss of

regenerative ability when piwi is knocked down in planarians, we

favor the interpretation that the GMP is integrally entwined in

maintaining multipotency itself. Further elucidation of the

conserved functions of GMP genes in multipotent and germline

cells will help to discern whether these genes are actually acting in

a conserved and interrelated network.

Conclusion
The data collected in sea urchins, sponges, cnidarians and several

lophotrochozoans, demonstrate that genes traditionally classified as

‘germline genes’ have a broad role in establishing and maintaining

multipotency. The specification and maintenance of potency in all of

the cell types that express genes, such as vasa, nanos and piwi,

probably shares a common underlying mechanism of regulatory

control. PGCs and multipotent progenitor cells appear to be sister

cell types, each realizing their developmental potential differently,

but still closely linked by a common regulatory program. A

comparison of mechanisms of germline segregation across animal

taxa and in animals that use varied developmental strategies will

allow us to uncover the crucial and ancient parts of this regulatory

program. Our understanding of the germline will be limited if we

focus only on organisms that represent extremes in what is likely to

be a continuum between embryonic PGC and adult germline

segregation from multipotent stem cells. This does not necessarily

require that several new model systems be established, but rather that

more emphasis be placed on less well-studied organisms, such as the

snail, polychaete, sea urchin, sea star, planarian, Hydra and sea

anemone, which are amenable to experimental investigation (Chera

et al., 2006; Ettensohn et al., 2004b; Fischer and Dorresteijn, 2004;

Genikhovich and Technau, 2009; Lohmann et al., 1999; Rabinowitz

et al., 2008; Sanchez Alvarado and Newmark, 1999). Expression

data from diverse animals that are less amenable to such

experimental manipulation can also be used to bolster our

understanding of the evolution of germline development and of the

GMP. Lineage-restricted germ cells can reacquire pluripotency, either

experimentally or in natural human disease states when ovarian-

derived teratomas form. Furthermore, piwi and vasa overexpression

is found in somatic and human germline cancers (Hashimoto et al.,

2008; Lee et al., 2006; Liu et al., 2006; Qiao et al., 2002). Given

these observations, the molecular pathways that are uncovered in sea

urchin, lophotrochozoan and cnidarian multipotent cells as a result

of such studies may be of broader relevance.

Note added in proof
Recent results reveal that Vasa accumulation selectively in the

small micromeres of the sea urchin, when its mRNA is uniformly

present in the embryo, uses a mechanism of selective Vasa protein

degradation in non-small micromeres. Injection of mRNA into eggs

encoding full length Vasa linked to GFP results in selective

accumulation of GFP into the small micromeres. Gustavus, the

ubiquitylation E3 ligase, is involved in this regulation.
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