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Two major approaches to determine primary germ
cells are recognized—preformation (asymmetric distri-
bution of sexual determinants of maternal origin in
early embryogenesis) observed in some multicellular
animals, and epigenesis (induction by signals of
somatic cell environment) observed in mouse with ger-
mline development after blastocyst implantation (Saff-
man and Lasko, 1999; Wylie, 1999; Houston and King,
2000; Extavour and Akam, 2003; Saitou et al., 2003;
Hayashi et al., 2007; Travis, 2007), sea urchin (Juliano
et al., 2006), some insects (Chang et al., 2006), and
other organisms (Extavour and Akam, 2003; Travis,
2007). No early separation of germline cells is observed
in colonial organisms (Buss, 1999): in animals with
asexual reproduction, the line of reserve stem cells that
can differentiate into germ and somatic cells is main-
tained throughout their life. Such capacity of stem cells
(neoblasts) is particularly pronounced in planarians
(Agata and Watanabe, 1999; Shibata et al., 1999; Peter
et al., 2001; Isaeva et al., 2005). Stem cells of this kind
differentiating into germ and somatic ones include
archeocytes in sponges (Simpson, 1974; 

 

M

 

ü

 

ller

 

, 2006),
interstitial cells in cnidarians (Bode et al., 1996), and
neoblasts in turbellarians (Gschwentner et al., 2001;
Peter et al., 2001; Sato et al., 2001; Orii et al., 2005).
Colonial ascidian cells capable to differentiate into both
germ and somatic ones are referred to as stem cells

(Stoner et al., 1999; Weissman, 2000; Laird et al.,
2005). In line with this trend, we designated cells iden-
tified in budding stolons of the interna in representa-
tives of colonial rhizocephalans as stem cells: they are
capable of self-renewal and differentiation into somatic
and germ cells of blastozooids (Isaeva et al., 2001,
2004, 2008; Shukalyuk et al., 2005, 2007; Isaeva and
Shukalyuk, 2007).

In this review, ultrastructural and some cytochemi-
cal, immunochemical, and molecular properties of stem
cells in vertebrates with asexual reproduction were con-
sidered. We studied the morphofunctional organization
of stem cells in representatives of five types of multicel-
lular animal: sponge 

 

Oscarella malakhovi

 

 (Porifera);
colonial hydroid 

 

Obelia longissima

 

 (Cnidaria); asexual
race of planarian 

 

Girardia

 

 (

 

Dugesia

 

) 

 

tigrina

 

 (Platyhel-
mintes); colonial rhizocephalans 

 

Peltogasterella graci-
lis

 

, 

 

Polyascus polygenea

 

 and 

 

Thylacoplethus isaevae

 

(Arthropoda); and colonial ascidian 

 

Botryllus tuberatus

 

(Chordata). The germinal granules were studied as an
ultrastructural marker and key organelle of germline and
reserve stem cells in these invertebrates. The product of
genes related to the evolutionary conserved 

 

vasa

 

 gene
expressing in germline cells in variables metazoans was
used as a molecular marker. Proliferating cell nuclear
antigen (PCNA) was used as a marker of cell reproduc-
tion in the self-renewing lineage of stem cells. The assay
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Abstract

 

—Published and original data indicating evolutionary conservation of the morphofunctional organi-
zation of reserve stem cells providing for asexual and sexual reproduction of invertebrates are reviewed. Stem
cells were studied in representatives of five animal types: archeocytes in sponge 

 

Oscarella malakhovi

 

(Porifera), large interstitial cells in colonial hydroid 

 

Obelia longissima

 

 (Cnidaria), neoblasts in an asexual race
of planarian 

 

Girardia tigrina

 

 (Platyhelmintes), stem cells in colonial rhizocephalans 

 

Peltogasterella gracilis,
Polyascus polygenea

 

, and 

 

Thylacoplethus isaevae

 

 (Arthropoda), and colonial ascidian 

 

Botryllus tuberatus

 

(Chordata). Stem cells in animals of such diverse taxa feature the presence of germinal granules, are positive
for proliferating cell nuclear antigen, demonstrate alkaline phosphatase activity (a marker of embryonic stem
cells and primary germ cells in vertebrates), and rhizocephalan stem cells express the 

 

vasa

 

-like gene (such
genes are expressed in germline cells of different metazoans). The self-renewing pool of stem cells is the cel-
lular basis of the reproductive strategy including sexual and asexual reproduction.
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for alkaline phosphatase activity was used as a
cytochemical marker of stem cells as it was used else-
where to identify the primary germline and embryonic
stem cells in mammals. On the basis of the published
and original data, we propose the common structural
and functional organization of reserve stem cells in ani-
mals with asexual reproduction and germline cells.

TERMINOLOGY

The statement that there is no generally accepted
universal definition of stem cells opens the 

 

Stem Cell
Biology

 

 handbook (2001, p. 1). Stem cells are consid-
ered capable of self-renewal and differentiation into
specialized cells; depending on the cytodifferentiation
potential, totipotent, pluripotent, multipotent, oligopo-
tent, and unipotent stem cells are recognized (Weiss-
man, 2000; 

 

Glossary…; Stem Cell Information

 

). The
current terminology was largely developed in studies of
mammalian stem cells, but has not been unified even
for them. For instance, totipotent cells are considered as
cells capable of differentiation into all cell types in
mammalian body including those of extraembryonic
tissues (

 

Glossary…

 

) or as cells capable of forming the
entire body so that only zygote and early embryonic
cells are totipotent (

 

Stem Cell Information

 

; Smith,
2001, 2006). At the same time, the term totipotency is
used in biology to mark the potential of a cell or its
progeny to produce all cell types (

 

Developmental…

 

;
Gilbert, 2006; Seydoux and Braun, 2006). Some
researchers believe that the totipotent potential is main-
tained by female germline cells (Weissman, 2000; Sey-
doux and Braun, 2006; Strome and Lehman, 2007);
while others consider germline cells as pluripotent only
(Hogan, 2001; Smith, 2006). The definition of pluripo-
tent stem cells is even more conflicting: either cells
capable of giving rise to many but not all cell types of
the organism (

 

Developmental…

 

; Winslow, 2001), to
cells of all three germ layers (

 

Stem Cell Information

 

),
to all cell types of the implanted embryo and develop-
ing organism except trophoblastic and placental cells
(

 

Glossary…

 

), or to all embryonic cell types including
extraembryonic ones (Smith, 2006). Multipotent cells
can give rise to many cell types; oligopotent, to few cell
types; unipotent, to a single type of differentiated cells
(

 

Glossary…

 

).

Cultured mammalian embryonic stem cells that can
differentiate into germline cells and to all somatic cell
types under specific conditions are commonly consid-
ered as pluripotent (Smith, 2001, 2006; 

 

Glossary…

 

),
although they are sometimes considered as totipotent
(Reddy et al., 1992; Pesce et al., 1999). We adhere to
the totipotency definition accepted in developmental
biology and to the concept of totipotency maintenance
by female germline cells (see above). In our view, the
ability of embryonic stem cells to differentiate into
female germ cells (

 

H

 

ü

 

bner

 

 et al., 2003; Daley, 2007;
Kerkis et al., 2007) indicates their totipotency.

Stem cells of invertebrates with asexual reproduc-
tion capable of differentiation into both germline and
all somatic cell types are traditionally referred to as toti-
potent; while stem cells giving rise to germline and
many but not all somatic cell types of the body are
sometimes referred to as multipotent. For instance,
archeocytes in sponges and neoblasts in turbellarians
are considered totipotent, while large interstitial cells in
cnidarians are considered multipotent (see below). The
considered stem cells of invertebrates providing for
sexual and asexual reproduction are referred to as
reserve stem cells here. We believe that the capacity of
such cells to differentiate into female germline cells
allow them to be considered as totipotent irrespective of
the range of their somatic derivatives.

To avoid confusion, note that we have excluded
cambial stem cells from consideration; such cells pro-
vide for the physiological and reparative renewal of tis-
sues and have limited morphogenetic potential (multi-,
oligo-, and unipotency), but are incapable of extensive
migration; asymmetric mitosis is considered a priority for
cambial stem cells by some (Wolpert, 1988).

CAPACITY OF RESERVE STEM CELLS 
IN INVERTEBRATES TO DIFFERENTIATE INTO 

GERMLINE AND SOMATIC CELLS

Archeocytes in sponges can differentiate into game-
togenic and somatic cells (Simpson, 1984; 

 

M

 

ü

 

ller,
2006

 

) and are considered as totipotent cells (

 

M

 

ü

 

ller,
2006

 

). Nikitin (1974) has experimentally confirmed
that uniform cell aggregates formed from isolated
nucleolar amoebocytes (archeocytes) in freshwater
sponge 

 

Ephydatia fluviatilis

 

 L. can develop into a
sponge body.

Large interstitial cells in hydra and other cnidarians
can produce both germline cells and some but not all
somatic cell types, since epidermal and gastrodermal
cells are capable of mitotic reproduction (Campbell,
1974; Thomas and Edwards, 1991; Bode, 1996) and, thus,
were assigned to multipotent cells (Mochizuki et al.,
2001). According to our data, gonial cells and early
oocytes in hydroid 

 

O. longissima

 

 can be distinguished
from large interstitial cells only by a larger size (Akh-
madieva et al., 2005; Akhmadieva, 2008).

Neoblasts in asexually reproducing planarians and
other turbellarians can differentiate into both germ line
and somatic cells of all types, and are commonly con-
sidered as totipotent cells (Agata and Watanabe, 1999;
Shibata et al., 1999; Peter et al., 2001; Orii et al., 2005).
Neoblasts in an asexual race of planarian 

 

G. tigrina

 

 can
become gonial cells: one of asexual individuals that
reproduced exclusively by architomy has laid cocoons
after spontaneous sexualization; histological and ultra-
structural study of this planarian demonstrated the pres-
ence of gonads, gonial cells, and oocytes (Isaeva et al.,
2005).
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In the interna of colonial rhizocephalans 

 

P. polyge-
nea

 

 and 

 

P. gracilis

 

 stem cells give rise to all early pri-
mordia in blastozooids; then they differentiate into all
somatic cell types of the body developing through blas-
togenesis and migrate to the developing ovary to
become oogonia (Isaeva et al., 2004; Shukalyuk et al.,
2005; Isaeva and Shukalyuk, 2007). The potential of
stem cells in the colonial interna of rhizocephalans is
similar to that of neoblasts in planarians, and we con-
sider such cells as totipotent.

Fusion of the vascular systems of colonies in ascid-
ian 

 

Botryllus schlosseri

 

 can lead to the replacement of
sexual and somatic cells in one colony with those from
another one (Pancer et al., 1995; Stoner and Weissman,
1996; Stoner et al., 1999; Weissman, 2000; Laird and
de Tomaso, 2004/2005). In colonial ascidians, germline
and somatic cells differentiate from circulating blood
cells (Pancer et al., 1995; Stoner and Weissman, 1996;
Stoner et al., 1999). It remains unclear if the germline and
somatic lineages separate or they descend from the same
initial stem cell population in botryllids (Stoner et al.,
1999; Broun and Swalla, 2007); accordingly, stem cells in
ascidians are considered as pluripotent (Sunanaga et al.,
2006) or totipotent (Stoner et al., 1999; Laird and Weiss-
man, 2004). Recently, the differentiation of 

 

Botryllus
primigenus

 

 hemoblasts into female germline cells, and the
primary germline cells are morphologically indistinguish-
able from hemoblasts (Sunanaga et al., 2006).

SELF-RENEWAL OF STEM CELLS
IN INVERTEBRATES

Stem, primary germ, and gonial cells have a com-
mon property—self-renewal through mitotic reproduc-
tion over long periods or throughout life span of the
organism (Houston and King, 2000; 

 

Stem Cell Biology

 

,
2001; Hogan, 2000; Winslow, 2001). For instance,
large interstitial cells in hydra and other cnidarians are
stem cells continuously undergoing the mitotic cycle;
the stem cell system in hydroids also includes epider-
mal and gastrodermal cells capable of mitotic repro-
duction (Campbell, 1974; Thomas and Edwards, 1991;
Bode, 1996). Bromodeoxyuridine, a thymidine ana-
logue incorporating into synthesized DNA, was used
to reveal the proliferation of interstitial cells in hydra
(Teragawa and Bode, 1990), neoblasts in flatworms
(Gschwentner et al., 2001; Peter et al., 2001), and
stem cells in annelids (Kozin et al., 2007). PCNA
assay is used to reveal proliferation in vertebrate cells
(Hall and Woods, 1990; Mueller and Wullimann,
2003). Such assay was also used to identify neoblasts
in planarian 

 

Girardia japonica

 

 (Orii et al., 2005).
We used an immunochemical test to identify prolif-

erating cells in colonial rhizocephalan 

 

P. gracilis

 

 and
colonial hydroid 

 

O. longissima

 

 using antibodies against
mouse PCNA. Stem cells in budding stolons proved to
be the only positive cell type in the 

 

P. gracilis

 

 interna
(Shukalyuk et al., 2005; Isaeva and Shukalyuk, 2007).
Such test in 

 

O. longissima

 

 has revealed a more intense

staining of large interstitial and gonial cells, although
reproducing epidermal and gastrodermal cells were also
positive (Akhmadieva et al., 2005; Akhmadieva, 2008).

High activity of telomerase, which protects stem
cell chromosomes from replicative shortening, has
been revealed in cells of sponge gemmules (Müller,
2002) as well as in cells of the embryos, gonads, and
early buds in colonial ascidian 

 

B. schlosseri

 

 (Laird and
Weissman, 2004).

GENERAL MORPHOLOGY AND MOTILITY 
OF STEM AND GONIAL CELLS

IN INVERTEBRATES

The morphological structure of reserve stem cells in
the studied representatives of Porifera, Cnidaria, Platy-
helminthes, Arthropoda, and Chordata shares common
properties: the absence of morphological signs of cyto-
differentiation; high nuclear/cytoplasmic ratio; large
nucleus with dispersed chromatin; large nucleolus and
compact basophilic cytoplasm containing numerous
free ribosomes, mitochondria, and perinuclear germi-
nal granules. A similar morphology is typical of gonial
cells in the studied invertebrates.

Asexual reproduction of sponges includes fragmen-
tation, budding, and gemmule formation (Ivanova-
Kazas, 1977; Simpson, 1984); archeocytes are the dom-
inant cell type in the buds (Müller, 2006). Budding was
also demonstrated in sponge 

 

O. malakhovi

 

 (Eresk-
ovsky, 2006). According to our data, migrating archeo-
cytes morphologically similar to those described previ-
ously in other sponge species actively participate in

 

O.  malakhovi

 

 budding (Akhmadieva, 2008).
In hydra and other cnidarians, large interstitial cells

can actively migrate (Campbell, 1974; Thomas and
Edwards, 1991; Bode, 1996). Interstitial and gonial
cells in colonial hydroid 

 

Obelia longissima

 

 demon-
strate the ultrastructural morphology typical for cnidar-
ian stem and germline cells; numerous large interstitial
cells migrate to the sites of bud formation in 

 

O. longis-
sima

 

 (Akhmadieva et al., 2005; Akhmadieva, 2008).
Neoblasts and gonial cells in planarian 

 

G. tigrina

 

(Isaeva et al., 2005) demonstrate the morphological struc-
ture similar to that described previously in other studies; tur-
bellarian neoblasts can migrate to the injured surface and
sites of gonad formation (Rieger et al., 1991; Auladell et al.,
1993; Agata and Watanabe, 1999; Shibata et al., 1999).

The colonial organization in some rhizocephalans
(Crustacea: Cirripedia: Rhizocephala) appears at the
parasitic stage of their life cycle as a result of asexual
reproduction (H

 

øeg

 

 and 

 

L

 

ü

 

tzen

 

, 1995; Kasyanov et al.,
1997a, 1997b; Takahashi and 

 

L

 

ü

 

tzen, 1998

 

; Isaeva et al.,
1999, 2008; Isaeva and Shukalyuk, 2007); however,
blastogenesis was unambiguously demonstrated only
in some rhizocephalans species. We have found stem
cells at the endoparasitic stage of the life cycle in colo-
nial rhizocephalans 

 

P. polygenea, P. gracilis

 

 and

 

Th. isaevae

 

 (Isaeva et al., 2001, 2003, 2004, 2008;
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Rybakov and Shukalyuk, 2004; Shukalyuk et al., 2005,
2007; Isaeva and Shukalyuk, 2007). Undifferentiated
stem cells have been found inside each early stolon bud;
similar cells migrate within the stolon. Stem cells in
rhizocephalans demonstrate all morphological proper-
ties shared by stem and gonial cells in other studied ani-
mals with asexual reproduction.

Hemoblasts of colonial ascidian 

 

Botrylloides leachi

 

as well as of other ascidians are considered as putative
totipotent or pluripotent stem cells (Burighel and
Cloney, 1997; Cima et al., 2001; Sunanaga et al., 2006).
During fusion of histocompatible colonies of ascidian

 

B. schlosseri

 

:

 

 the replacement of germline and somatic
cells of one colony with those from the other one has
been shown, and it was mediated by stem cells circulat-
ing in the vascular system (Pancer et al., 1995; Stoner
et al., 1999; Wiseman, 2000; Laird and de Tomaso,
2004/2005; Laird et al., 2005), although stem cells have
not been morphologically described in 

 

Botryllus

 

 ascidi-
ans. We have found stem cells in colonial ascidian

 

B. tuberatus

 

:

 

 undifferentiated stem cells capable of
migration were identified in the early buds and vascular
system of the colony (Akhmadieva et al., 2007). Stem
cells in 

 

B. tuberatus

 

 are morphologically similar to
hemoblasts in 

 

B. leachi

 

 (Cima et al., 2001) and other
studied ascidians (Burighel and Cloney, 1997).

The morphofunctional organization of the primary
germline and gonial cells in all studied representatives
of multicellular animals share the same properties with
reserve stem cells in sexually-reproducing inverte-
brates: high nuclear/cytoplasmic ratio, large nucleus
with diffuse chromatin and large nucleolus, and baso-
philic cytoplasm containing structured germinal gran-
ules. The primary germline cells are known to emerge
outside of the future gonad and later migrate into it
using both amoeboid motility and passive morphoge-
netic movements (Wylie, 1999; Matova and Cooley,
2001; Kunwar and Lehmann, 2003; Travis, 2007).

GERMINAL GRANULES IN GERMLINE CELLS

It is common knowledge that differentiation of the
primary germline and later gonial cells is associated
with the functioning of the specialized cytoplasmic
region called the germ (embryonic) plasm. The concept
of preformed germ plasm (Keimplasma) with determi-
nants of germline cells transmitted from generation to
generation and providing for the germline continuity
and inheritance of a sense of species-specific characters
has been developed by Weissmann (1892, 1893).

The germ plasm contains the germinal granules
(germ determinants) as RNA-rich granular or fibrillar
material (not surrounded with a membrane), which can
be used as an ultrastructural marker to identify germ-
line cells and to follow their fate in ontogeny. The main
germinal granules components include proteins,
mRNAs, and noncoding RNAs (Seydoux and Braun,
2006). The germinal granules considered as specific

organelles of germline cells (Saffman and Lasko, 1999;
Amikura et al., 2001; Seydoux and Braun, 2006; Lim
and Kai, 2007; Strome and Lehman, 2007) are also
referred to as polar granules; germinal, chromatoid,
perinuclear, or dense bodies; nuage (cloud in French);
intermitochondrial cement, oosomes, etc. in different
animals (Mahowald, 1971, 2001; Beams and Kessel,
1974; Eddy, 1975; Aizenshtadt, 1984; Ikenishi, 1998;
Saffman and Lasko, 1999; Wylie, 1999; Houston and
King, 2000; Isaeva and Reunov, 2001; Matova and
Cooley, 2001; Chang et al., 2006; Seydoux and Braun,
2006; Strome and Lehnam, 2007). The presence of ger-
minal (perinuclear) granules is an evolutionary con-
served character of germline cells in multicellular ani-
mals. These specific organelles have been found in
more than 80 species of seven animal types (Eddy,
1975). The structure of these organelles is similar, but
they can be represented in cells of different organisms
and at different life cycle stages as either not numerous
large granules (bodies) or as a cloud (nuage) of fine-dis-
persed material. In oogenesis, the germinal bodies
transform morphologically but do not disappear in
female germ cells throughout the life cycle: for
instance, the polar granules are gradually replaced with
nuage during polar cell migration in 

 

Drosophila.

 

 The
continuity of the maternally inherited germ plasm
material throughout the life cycle has been demon-
strated in 

 

Drosophila, Xenopus

 

, and nematode
(Mahowald, 1971, 2001; Ikenishi, 1998).

Proteins localized in the germ plasm granules are
involved in the germline cell determination, and their
genes are evolutionary conserved in different studied
metazoans from sponges to mammals (Ding and Lipshitz,
1993a, 1993b; Ikenishi, 1998; Saffman and Lasko, 1999;
Houston and King, 2000; Matova and Cooley, 2001;
Mochizuki et al., 2001; Chang et al., 2006; Seydoux, Braun,
2006; Klenov et al., 2007; Strome and Lehman, 2007).

As far as is known, the germinal granules rich in
RNA and RNA-binding proteins are involved in mRNA
localization, protection, and translation control (Saff-
man and Lasko, 1999; Extavour and Akam, 2003;
Leatherman and Jongens, 2003; Saitou et al., 2003;
Seydoux and Braun, 2006; Hayashi et al., 2007; Lim
and Kai, 2007; Strome and Lehman, 2007). The germi-
nal granules are thought to function as a specific regu-
latory center preventing the expression of somatic dif-
ferentiation genes, maintaining the genomic totipo-
tency in germline cells (Seydoux and Braun, 2006), and
protecting them from somatic fate (Strome and Leh-
man, 2007).

Recently, processing bodies (P-bodies) have been
found in somatic cells; their function is translation and
they are considered as a structural and functional analog of
the germinal (perinuclear) granules (Seydoux and Braun,
2006; Kotaja et al., 2006; Klenov et al., 2007).
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GERMINAL GRANULES IN STEM CELLS 
OF INVERTEBRATES WITH ASEXUAL 

REPRODUCTION

The germinal granules in stem cells of invertebrates,
whose life cycle includes asexual reproduction, were
previously known only in hydra and planarians. The
electron-dense bodies similar or identical to the germi-
nal granules in germline cells were found in large inter-
stitial cells of hydra 

 

Pelmatohydra robusta

 

 (Noda and
Kanai, 1977; Mochizuki et al., 2001) and in neoblasts
of planarians (Hori, 1982; Rieger et al., 1991; Auladell et
al., 1993; Agata and Watanabe, 1999; Shibata et al.,
1999). The number and size of the germinal granules
(dense bodies) in 

 

P. robusta

 

 decreases as somatic cells
(cnidoblasts) differentiate from interstitial cells and
vice versa increases during early oogenesis (Noda and
Kanai, 1977). Similarly, the germinal (chromatoid)
bodies in planarian neoblasts disappear in the course of
their differentiation into somatic cells, which is consid-
ered a marker of their function related to totipotency
maintenance (Shibata et al., 1999).

In the cytoplasm of archeocytes in sponge 

 

O. mala-
khovi

 

 we have found small germinal granules with a
typical morphology located near the nuclear envelope
(Akhmadieva, 2008). The electron-dense germinal
bodies that we have found in large interstitial cells and
oogonia of hydroid 

 

O. longissima

 

 have similar ultra-
structure to the dense bodies in germline and interstitial
cells of 

 

P. robusta

 

 (Noda and kanai, 1977) as well as in
oocytes of 

 

Hydra carnea

 

 (Honegger et al., 1989) and
other cnidarians (Thomas and Edwards, 1991). Such
germinal granules proved common for large interstitial
cells as well as for gonial cells and oocytes of 

 

O.

 

 

 

longis-
sima

 

 (Akhmadieva et al., 2005; Akhmadieva, 2008). The
germinal granules (chromatoid bodies) have been found
near the nuclear envelope (often in contact with nuclear
pores) surrounded by mitochondria in neoblasts and
gonial cells of planarian 

 

G. tigrina

 

 (Isaeva et al., 2005).

The cytoplasm of embryonic and reserve stem cells
in the studied rhizocephalans species proved to contain
germinal granules morphologically similar to those in
germline cells of Drosophila and other multicellular
organisms. In particular, stem cells in rhizocephalan
P. gracilis feature the presence of the germinal bodies
with a typical ultrastructural morphology; all or most
blastomeres contain large germinal granules in cleav-
ing P. gracilis embryos (Shukalyuk et al., 2005, 2007;
Isaeva and Shukalyuk, 2007).

Hemoblasts in colonial ascidian B. primigenus con-
tain neither electron-dense material nor mitochondrial
clusters; such organelles appear later in differentiating
oogonia and oocytes (Sunanaga et al., 2006). In the
cytoplasm of some stem cells in the early buds of ascid-
ian B. tuberatus we have found small electron-dense
bodies in dispersed nuage, which is not uncommon in
vertebrates, rather than with large germinal granules in
other invertebrates (Akhmadieva et al., 2008).

Thus, reserve stem cells in all studied asexually
reproducing sponges, cnidarians, turbellarians, arthro-
pods, and chordates feature the presence of the germi-
nal granules.

EXPRESSION OF VASA AND RELATED GENES 
IN GERMLINE AND STEM CELLS

The protein products of the Drosophila vasa gene
and its homologs, RNA helicases of the protein family
containing conserved DEAD box sequences, are a com-
ponent of the germinal granules and a universal marker
of germline cells in metazoans (Saffman and Lasko,
1999; Raz, 2000; Extavour and Akam, 2003; Chang et al.,
2006; Juliano et al., 2006). DEAD family proteins are
involved in splicing, nucleocytoplasmic transport,
translation initiation, and RNA degradation in all
eukaryotes (Raz, 2000). Vasa protein is required for the
formation and maintenance of the structural organiza-
tion of the polar (germinal) granules and, presumably,
for the totipotency maintenance in germline cells
(Houston and King, 2000; Raz, 2000; Seydoux and
Braun, 2006; Strome and Lehman, 2007). In animals
with solely sexual reproduction, vasa expression is lim-
ited to germline cells throughout their development—
from early embryogenesis to gametogenesis (Raz,
2000; Mochizukie, 2001; Sunanaga et al., 2006). Selec-
tive expression of a vasa-like gene was detected in ger-
mline cells of cnidarian Nematostella vectensis
(Extavour et al., 2005) and crustacean (amphipod) Par-
hyale hawaiensis (Extavour, 2005), in the primary ger-
mline cells and their precursor blastomeres of ascidian
Ciona intestinalis (Fujimura and Takamura, 2000;
Takamura et al., 2002), and in human oogenic cells
(Castrillon et al., 2000; Stoop et al., 2005). The genes
structurally similar to vasa have been found in all stud-
ied multicellular animals (from sponges and cnidarians
to vertebrates); the products of these genes (RNA
and/or protein) is localized to the germinal granules in
germline cells of nematodes, insects, turbellarians, cha-
etognaths, and vertebrates. Vasa protein is considered
as a key determinant of the fate of these cells (Hay et al.,
1988; Ding and Lipshitz, 1993a, 1993b; Ikenishi, 1998;
Saffman and Lasko, 1999; Shibata et al., 1999; Castril-
lon et al., 2000; Houston and King, 2000; Matova and
Cooley, 2001; Mochizuki et al., 2001; Carre et al.,
2002; Seydoux and Braun, 2006). Antibodies against
Vasa protein react with both polar granules and nuage
in Drosophila (Hay et al., 1988), which confirms the
functional identity of these structures (Mahowald,
2001). The presence of Vasa-like proteins in the germ
plasm of different animals indicates the conservation of
similar and molecular mechanisms underlying the for-
mation and maintenance of the germ plasm (Saffman
and Lasko, 1999; Raz and 2000; Houston and King,
2000; Carre et al., 2002; Extavour and Akam, 2003;
Juliano et al., 2006).

In polyembryonic insect Copidosoma floridanum,
the secondary embryos develop either into normal lar-
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vae and then into fertile wasps or into soldier larvae
whose function is defense. At the stage of four blas-
tomeres, one of them is Vasa-positive, and it gives rise
to primary germline cells; precisely these embryos
become fertile imagoes. The caste of soldiers with no ger-
mline cells develops from the embryos expressing no vasa
homolog or after experimental eliminating the Vasa-posi-
tive blastomere, which confirms the involvement of this
protein in germline and caste determination in C. flori-
danum (Donnell et al., 2004; Corley et al., 2005).

The presence of a Vasa-like protein was demon-
strated not only in germline cells but also in large inter-
stitial cells of hydra P. robusta (Mochizuki et al., 2001)
and neoblasts of planarians (Shibata et al., 1999);
hence, the product of vasa-related genes can be a useful
molecular marker of stem cells in invertebrates with
asexual reproduction (Shibata et al., 1999; Mochizuki
et al., 2001). Vasa-like gene expression was demon-
strated in oogonia, oocytes, and primary germline cells
morphologically indistinguishable from hemoblasts in
ascidian B. primigenus (Sunanaga et al., 2006). Expres-
sion of vasa-like genes has been revealed in stem cells
of annelids (Kozin et al., 2007).

We have found evolutionary conserved genes of the
DEAD family in rhizocephalans P. polygenea and Clis-
tosaccus paguri in particular, vasa-like genes closely
related in structure to such genes in other arthropods.
The localization of the vasa-like gene was limited to
gametogenic and stem cells as well as to the germinal
granules in all or most blastomeres in the early P. poly-
genea embryos (Shukalyuk et al., 2007; Isaeva and
Shukalyuk, 2007).

Thus, the product of vasa-related genes has been
found in both germline and reserve stem cells of planar-
ians, hydra, and colonial rhizocephalan P. polygenea. In
planarians (Shibata et al., 1999) and rhizocephalan
P. polygenea (Shukalyuk et al., 2007), the product of
these genes was selectively localized to the germinal
granules. Thus, the maintenance of the stem cell mor-
phofunctional organization involves evolutionary con-
served developmental mechanisms common for asexu-
ally reproducing multicellular animals.

ROLE OF MITOCHONDRIA IN GERMINAL 
GRANULE BIOGENESIS

The contact with mitochondria is a typical property
of structured germinal granules in diverse multicellular
animals (Aizenshtadt, 1984; Isaeva and Reunov, 2001;
Matova and Cooley, 2001; Carré et al., 2002). In Droso-
phila, planarians, and Xenopus, ribosomal RNA of
mitochondrial origin and some other products of the
mitochondrial genome have been revealed in the
embryonic germinal granules (Ding and Lipshitz,
1993a, 1993b; Kobayashi et al., 1993, 1998, 2005;
Kashikawa et al., 1999). The germinal granules are
commonly surrounded with polysomes (Mahowald,
2001); polysomes in Drosophila embryos were shown

to contain ribosomes similar to mitochondrial ones by
size properties (Amikura et al., 2001; Kobayashi et al.,
2005). Mitochondrial rRNA can restore polar cell for-
mation in Drosophila embryos after UV irradiation
(Kobayashi and Okada, 1989), while the absence of
extramitochondrial 16S rRNA (synthesized in mito-
chondria) suppresses germline cell formation (Iida and
Kobayashi, 1998). In Xenopus 16S rRNA can be found
outside of mitochondria only in the germ plasm gran-
ules (Kobayashi et al., 1998). The products of both
nuclear and mitochondrial genomes are thought to be
critical for the structural organization and functioning
of germ plasm determinants (Kobayashi et al., 1993,
1998, 2005; Ding and Lipshitz, 1993, 1993b; Iida and
Kobayashi, 1998; Kashikawa et al., 1999).

Mitochondrial (both large and small) ribosomal
RNA has also been detected in the chromatoid bodies in
turbellarian neoblasts (Sato et al., 2001). The presence
of mitochondrial rRNA outside of mitochondria in
association with the germinal granules has been gener-
ally accepted; it becomes apparent that mitochondrial
rRNA and other products of the mitochondrial genome
are involved in the formation of germline cells in
diverse multicellular animals (Ikenishi, 1998; Saffman
and Lasko, 1999; Houston and King, 2000; Kloc et al.,
2000; Mahowald, 2001; Amikura et al., 2001; Matova
and Cooley, 2001; Leatherman and Jongens, 2003; Sey-
doux and Braun, 2006). Moreover, mitochondrial 16S
rRNA has been found in the nuclei of spermatogonia, sper-
matocytes, and spermatids of mammals (Villegas et al.,
2002). The transport of the large and small rRNA subunits
from mitochondria to the germinal granules is no longer
questioned, but the underlying mechanism is considered
unprecedented and enigmatic (Ding and Lipshitz, 1993a,
1993b; Amikura et al., 2001).

Our ultrastructural study of mitochondria in the
germ plasm of gonial and stem cells exposes this trans-
port mechanism of mitochondrial products to the ger-
minal granules. Degradation of the mitochondrial outer
membrane, release of mitochondrial matrix material to
the cytoplasm, and its transformation into the germinal
granules was observed in gonial cells of sea urchin
(Reunov et al., 2000), trepang, and flatfish (Reunov et al.,
2004). The ultrastructural evidence of mitochondrial
origin of the germinal granules (chromatoid bodies) in
gonial cells and neoblasts of planarian G. tigrina have
been obtained—transformation of mitochondrial
matrix with inner membrane cristae into the germinal
bodies (Isaeva et al., 2005). The mitochondrial deriva-
tives deprived of the outer membrane but still contain-
ing inner membrane cristae is a usual picture observed
in the germ plasm of stem and gonial cells in the studied
representatives of diverse taxa including sponge
O. malakhovi and hydroid O. longissima (Akhmadieva,
2008). The release of the mitochondrial matrix material
in the germ plasm is the way to incorporate the mito-
chondrial derivatives into the germinal granules, which
mediates the involvement of mitochondrial genome prod-
ucts in the biogenesis of the macromolecular complex of
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germinal determinants (Isaeva and Reunov, 2001; Isaeva
et al., 2005). We assume that molecular components of the
germinal granules are transported to the nucleus, which
programs the totipotency maintenance, and molecular
information flows connecting the nucleus, mitochondria,
and germinal granules (Isaeva et al., 2005).

The export of mitochondrial rRNA from mitochon-
dria to the polar granules in Drosophila depends on the
activity of nuclear genes oskar, vasa, and tudor (Saff-
man and Lasko, 1999; Matova and Kooley, 2001;
Amikura et al., 2001). Vasa protein or its homolog, a
component of the germinal granules in different ani-
mals, has been found in the mitochondrial matrix of
germline cells in Xenopus embryos (Watanabe et al.,
1992). Similarly, the protein encoded by the nuclear
gene tudor is present both in the polar granules and
inside mitochondria in the early Drosophila embryos
(Ding and Lipshitz, 1993). In addition to these proteins,
the germ determinants include many more components
encoded in the nuclear genome (Ikenishi, 1998; Saff-
man and Lasko, 1999; Houston and King, 2000;
Matova and Cooley, 2001). The formation of the germi-
nal (perinuclear, chromatoid) bodies is a complex
assembly process involving RNA-binding protein com-
plexes specifically interacting with each other and dif-
ferent RNA species (Ding and Lipshitz, 1993, 1993b;
Williamson and Lehman, 1996; Ikenishi, 1998; Matova
and Cooley, 2001; Klenov et al., 2007; Strome and Leh-
man, 2007).

The maintenance of the preexisted structural and
functional organization of the germ plasm determinants
is likely governed by ancient conserved mechanisms
common for all multicellular animals. We believe that
the specific complex of proteins and RNAs in the germinal
granules is the regulatory center of the macromolecular
organization including the maternal inheritance structures
(Isaeva and Reunov, 2001; Isaeva et al., 2005).

ALKALINE PHOSPHATASE ACTIVITY

Histochemically detectable high level of alkaline
phosphatase activity has become an empirical marker
of mammalian primary germline and embryonic stem
cells in vivo and in vitro (Chiquoine, 1954; Mintz,
1959; Merchant-Larios et al., 1985; Talbot et al., 1993;
Lacham-Kaplan, 2004). High alkaline phosphatase
activity was also found in cultures of embryonic stem
cells of birds (Pain et al., 1996) and fishes (Hong et al.,
1998). Alkaline phosphatase was also immunochemically
detected in human oogonial cells (Stoop et al., 2005).

High alkaline phosphatase activity is observed only
in the cytoplasm of stem cells in the studied colonial
rhizocephalans; all other cells and tissues of the endopar-
asitic interna have no such activity (Isaeva et al., 2003;
Shukalyuk et al., 2005; Isaeva and Shukalyuk, 2007). In
blastomeres of cleaving P. polygenea embryos, high
alkaline phosphatase activity is locally detected in the
germinal granules (Shukalyuk et al., 2005; Isaeva and

Shukalyuk, 2007). Histochemical assay for alkaline
phosphatase reveals intense staining of interstitial and
gonial cells in hydroid O. longissima (Akhmadieva et al.,
2005; Akhmadieva, 2008) as well as of the early buds
and a fraction of hemocytes (apparently, stem cells
hemoblasts) in ascidian B. tuberatus (Akhmadieva et al.,
2007).

Specific brick-red staining of reserve stem cells in
the studied colonial cnidarians, arthropods, and chor-
dates is similar in color and intensity to that of cultured
mouse embryonic stem cells used for reference.

REPRODUCTIVE STRATEGY INCLUDING 
ASEXUAL REPRODUCTION

Reproductive strategy within the wide frames of
ecology and evolution is considered as a complex of
adaptive characters and properties of reproductive and
developmental biology from subcellular and cellular to
specific and biocenotic levels (Kasyanov, 1989, 2001).
Blastogenesis and colonial structure of representatives
of rhizocephalans involve the radical and evolutionary
secondary rearrangement of the initial reproductive
strategy of crustaceans due to their transition to para-
sitic life. Asexual reproduction and the more so coloni-
ality are quite untypical for arthropods: polyembryony
is observed in a few insects in association with either
parasitism or viviparity (Ivanova-Kazas, 1977, 1981).
The metamorphosis of larvae typical of Cirripedia leads
to the loss of an individual organism and its systems of
organs as well as of segmentation in female larvae. The
metamorphoses of male larvae leads to even further
reduction—a population of spermatogenic cells cul-
tured in the female body (stated differently, parasitic).
As a result, rhizocephalans demonstrate gonochorism
with the extreme sexual dimorphism with dwarf males
reduced to germline cells; no such reduction is observed
in other multicellular animals (Kasyanov et al., 1997a,
1997b, 1998, 1999; Kasyanov, 2001).

The presence of germinal bodies (with the selective
localization of vasa-related transcript) in all or most
blastomeres in cleaving embryos of rhizocephalans
P. polygenea indicates a radical rearrangement of the
initial arthropod type of early development typical of
the whole Ecdysozoa branch—and an evolutionary
jump from determined mosaic cleavage with the early
separation of the germ cell line (preformation) to regu-
lative development with epigenesis.

Following the fate of the germ layers after metamor-
phosis in rhizocephalans is impracticable (Ivanova-
Kazas, 1979; Kasyanov et al., 1998). The attempts to
correlate the early bud components in blastogenesis of
other colonial animals with the germ layers in embryo-
genesis are also not very successful (Ivanova-Kazas,
1977). We believe that totipotent stem cells play the key
role in blastogenesis in invertebrates with asexual
reproduction. The finding of undifferentiated stem cells
in the early buds of ascidian B. tuberatus (Akhmadieva
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et al., 2007; Akhmadieva, 2008) addresses the problems
of the previously proposed development of all three
germ layers from a single epithelial layer, atrial epithe-
lium, during parallel budding of botryllids (Berrill,
1961; Ivanova-Kazas, 1978). Colonial rhizocephalans
and Botryllus ascidians fit to the group of multicellular
animals whose reproductive strategy includes asexual
reproduction realized through reserve stem cells.

Let us sum up. Stem cells in asexually reproducing
animals from various taxa such as sponges, cnidarians,
flatworms, arthropods, and chordates share evolution-
ary conserved properties presumably related to the toti-
potency maintenance. Stem cells in the studied inverte-
brates with asexual reproduction can differentiate into
gametes and are similar to germline cells. They have a
similar morphology including the ultrastructural level
(the presence of the germinal bodies; express a vasa-
related gene; have alkaline phosphatase activity; and
are capable of mitotic reproduction. The primary germ
line and reserve stem cells in colonial invertebrates are
capable of extensive migrations in the body targeted to
the gonads, asexual reproduction sites, or, in solitary
species with asexual reproduction (turbellarians), to the
wound surface resulting from fission or damage.

Primary germ line and totipotent stem cells share
many morphological characters and rely on the activity
of related genes; their evolutionary and ontogenetic
relationship is proposed (Weissman, 2000; Extavour
and Akam, 2003; Hayashi et al., 2007; Travis, 2007).
The common properties of these cell lineages reflect
their common origin from totipotent cells in the early
embryo (Weissman, 2000). Note also the common
properties of the morphofunctional organization of
germ line and totipotent stem cells in multicellular ani-
mals with asexual reproduction (Shukalyuk and Isaeva,
2005a, 2005b; Isaeva et al., 2007). Both germline and
reserve stem cells in animals with asexual reproduction
derive in the early embryogenesis from totipotent blas-
tomeres or their yet totipotent derivatives. We believe
that evolutionary and ontogenetically related cells in
the early embryos, primary germ line and totipotent
stem cells, belong to the pool of reserve cells that can
realize the whole developmental program. The concept
of set-aside cells retaining a wide morphogenetic
potential, which is realized after metamorphoses, was
elaborated by Davidson and other scientists (Davidson,
1991; Davidson et al., 1995; Peterson et al., 1997; Jen-
ner, 2000; Collins and Valentine, 2001) for animals
with indirect larval development. During asexual repro-
duction, reserve stem cells in invertebrates retain the
capacity of differentiation into both somatic and germ-
line cells, i.e., unlimited morphogenetic potential or
totipotency. Such cells in invertebrates with asexual
reproduction potentially able to realize the entire pro-
gram of embryonic development and blastogenesis are
similar in their potential to mammalian embryonic stem
cells, although the latter are artificial cell systems cul-
tured in vitro. In parasitic rhizocephalans, stem cells are
“cultured” in the host hemolymph or, in free-living

invertebrates, in their own body. Germline and totipo-
tent stem cells are privileged “predatory” cells that can
survive starvation through “cannibalism” (Kerszberg
and Wolpert, 1998) and are disposed to “parasitism”
(Pancer et al., 1995; Laird and de Tomaso, 2004/2005).

Thus, published and original data indicate evolu-
tionary conservation and similarity of the studied mor-
phofunctional properties of reserve stem cells in meta-
zoans with asexual reproduction (from sponges and
cnidarians to chordates) and germline cells. In inverte-
brates with asexual reproduction, stem cells can differ-
entiate into both germline and somatic cells; thus, they
represent a source of cells for the life strategy realiza-
tion including sexual and asexual reproduction.
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