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Abstract Germ cell cluster organization and the process of
oogenesis in Dactylobiotus parthenogeneticus have been de-
scribed using transmission electron microscopy and light mi-
croscopy. The reproductive system of D. parthenogeneticus is
composed of a single, sac-like, meroistic ovary and a single
oviduct that opens into the cloaca. Two zones can be distin-
guished in the ovary: a small germarium that is filled with
oogonia and a vitellarium that is filled with germ cell clusters.
The germ cell cluster, which has the form of a modified
rosette, consists of eight cells that are interconnected by stable
cytoplasmic bridges. The cell that has the highest number of
stable cytoplasmic bridges (four bridges) finally develops into
the oocyte, while the remaining cells become trophocytes.
Vitellogenesis of a mixed type occurs in D. parthenogeneticus.
One part of the yolk material is produced inside the oocyte
(autosynthesis), while the second part is synthesized in the
trophocytes and transported to the oocyte through the cyto-
plasmic bridges. The eggs are covered with two envelopes: a
thin vitelline envelope and a three-layered chorion. The sur-
face of the chorion forms small conical processes, the shape of
which is characteristic for the species that was examined. In
our paper, we present the first report on the rosette type of
germ cell clusters in Parachela.
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Introduction

Tardigrades (Tardigrada; also called water bears) are minute
(approximately 0.5 mm long) invertebrates that are closely
related to Onychophora and Arthropoda (Aguinaldo et al.
1997; Philippe et al. 2005; Dunn et al. 2008; Rota-Stabelli
et al. 2010, 2013; Campbell et al. 2011; Persson et al. 2012;
Mayer et al. 2013a, b). They are widespread in marine, fresh-
water, and terrestrial habitats throughout the world (Nelson
et al. 2010). The phylum Tardigrada is divided into three
classes: Heterotardigrada, Eutardigrada, and Mesotardigrada.
The class Heterotardigrada contains two orders—
Arthrotardigrada (mainly marine species) and Echiniscoidea
(principally terrestrial species) and the class Eutardigrada also
consists of two orders—Apochela (a limno-terrestrial species)
and Parachela (a primarily limno-terrestrial species with sev-
eral secondary marine taxa), whereas class Mesotardigrada
represented by one species has a dubious status (Nelson
2002; Nelson et al. 2010).

According to the literature (Biining 1994; Swiatek et al.
2009), two types of oogenesis can be distinguished in ani-
mals—panoistic and meroistic. In panoistic oogenesis, all
germ cells have the potential to become the egg cell. In
meroistic oogenesis, only a few germ cells become egg cells,
while the remaining cells differentiate into the nurse cells
(trophocytes) that support the oocytes (Biining 1994; Swiatek
et al. 2009; Jaglarz et al. 2014). Meroistic oogenesis is char-
acterized by the formation of germ cell clusters (germ cell
cysts) as a result of the incomplete cytokinesis of germ cells
(Biining 1994; Haglund et al. 2011). The germ cells in each
cluster are interconnected by stable cytoplasmic bridges (ring
canals) that allow the directional transport of nutrients and
organelles between the cytoplasm of the adjacent cells
(Mazurkiewicz and Kubrakiewicz 2001; Tworzydlo and
Kisiel 2010; Greenbaum et al. 2011; Haglund et al. 2011).
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This directional transport promotes the differentiation of one
cell into the oocyte and the remaining cells into trophocytes.

Although the first description of the ovaries in Tardigrada
was given by Doyeére (1840), knowledge about the course of
oogenesis in these animals is still poor. The process of
oogenesis has been described in detail in four species be-
longing to order Parachela: Paramacrobiotus richtersi (ear-
lier Macrobiotus richtersi) (Macrobiotidae) (Weglarska
1979, 1982), Macrobiotus polonicus (Macrobiotidae)
(Poprawa et al 2014b), Dactylobiotus dispar (Murrayidae)
(Poprawa 2005a, b; Poprawa et al. 2014a), and Isohypsibius
granulifer granulifer (Isohypsibiidae) (Weglarska 1987;
Poprawa and Grzywa 2006; Poprawa and Rost-
Roszkowska 2010; Poprawa 2011), while the organization
of germ cell clusters has only been examined in Milnesium
tardigradum (Apochela, Milnesiidae) (Suzuki 2006). How-
ever, nothing is known about germ cell cluster organization
in Parachela. Therefore, the main aim of our studies was to
describe the organization of germ cell clusters and the pro-
cess of oogenesis in Dactylobiotus parthenogeneticus
(Murrayidae), which is a parthenogenetic species that be-
longs to Parachela.

Materials and methods

Specimens of the parthenogenetic species D. parthenogeneticus
(Eutardigrada, Parachela, Murrayidac) were collected in May
and June 2013 from a small pond in the Botanical Garden of
Jagiellonian University (Cracow, Poland). Animals were reared
in plastic Petri dishes filled with a mixture of distilled water and
Zywiec mineral water (8:2) at a temperature of 20 °C and fed
with algae (Chlorella sp. and Chlorococcum sp.).

Light and transmission electron microscopy

Forty-six specimens of D. parthenogeneticus were fixed in
2.5 % glutaraldehyde in a 0.1-M phosphate buffer, pH 7.4, and
postfixed in 2 % osmium tetroxide in the same buffer. The
fixation was carried out in the same manner as in the case of
the tardigrades that were previously studied (Rost-
Roszkowska et al. 2013a, b). Semi- (700 nm thick) and
ultrathin (50 nm) sections were cut on a Leica Ultracut
UCT?25 ultramicrotome. Six of the 46 specimens (in the stage
of middle vitellogenesis) were cut into serial ultrathin sections.
Semi-thin sections were stained with 1 % methylene blue in
1 % borax and observed using an Olympus BX60 microscope.
Ultrathin sections were mounted on formvar-covered single-
hole copper grids, stained with uranyl acetate and lead citrate,
and analyzed using a Hitachi H500 transmission electron
microscope at 75 kV.
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Histochemical methods
Detection of proteins (Bonhag's method)

Semi-thin sections were treated with a 2 % solution of periodic
acid (10 min at room temperature), stained with bromophenol
blue (BPB; 24 h at 37 °C). After washing the sections with tap
water, the slides were analyzed using an Olympus BX60 light
microscope.

Detection of polysaccharides and glycogen (PAS method)

Semi-thin sections were treated with a 2 % solution of periodic
acid (10 min at room temperature), stained with Schiff’s
reagent (24 h at 37 °C), and washed in tap water. The slides
were analyzed using an Olympus BX60 light microscope.

Detection of lipids (Sudan black B staining)

Semi-thin sections were stained with Sudan black B at room
temperature (15 min), washed in ethanol and water, and
analyzed using an Olympus BX60 light microscope.

Results
Gross morphology of the ovary

The single, sac-like ovary is located in the dorsal part of the
body above the gut (Figs. 1 and 2a). The anterior part of the
gonad is suspended by two ligaments (terminal filament) to
the body wall, while its posterior end is connected to a single
oviduct that opens into the cloaca (Fig. 1). The ovary wall is
formed by a single layer of flattened epithelium that lies on the
basal lamina (Fig. 2¢). The epithelial cells form protrusions
(Fig. 2c) that penetrate the ovary among the germ cells. The
cytoplasm of these cells is rich in ribosomes, mitochondria,
and cisterns of the rough endoplasmic reticulum (Fig. 2c).
During oogenesis, the ovary increases in the volume and the
epithelial cells of its wall become more flattened (Fig. 5c).
The gonad can be divided into two parts—a germarium and
a vitellarium (Fig. 2b). The germarium is a small part of the
ovary that is located in its anterior region (Fig. 2b). It is filled
with oogonia. Oogonia are small, oval cells whose ultrastruc-
ture is characteristic for non-differentiated cells (Fig. 2d). The
central part of each cell is occupied by a large nucleus. Their
cytoplasm contains ribosomes, mitochondria, and a small
number of cisterns of the rough endoplasmic reticulum
(Fig. 2¢). The second region of the ovary is a large vitellarium
that is filled with clusters of the germ cells (Fig. 2c, e, f).
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Fig. 1 Diagrammatic
representation of the ovary
localization in the body of

D. parthenogeneticus. Midgut
(mg), oviduct (od), ovary (ov),

pharynx (ph), salivary gland (sg),
and terminal filament (/)

Germ cell cluster organization

The number of germ cell clusters in the vitellarium of the
species that were examined depended on the age of the spec-
imen and ranged from three to fifteen. Analysis of the serial
ultrathin sections of six specimens (26 clusters were analyzed)
demonstrated that there are always eight germ line cells in
each cluster in the vitellarium (Fig. 3a). The cells that form the
cluster are interconnected by stable cytoplasmic bridges (ring
canals) (Figs. 2e, f and 3a). These connections are typical
cytoplasmic canals that have one electron-dense rim that is
suspended to the plasma membrane (Figs. 2e and 3a). The
fusome material is not observed. The clusters are asymmetri-
cal—one cell has four cytoplasmic bridges, one cell has three
cytoplasmic bridges, one cell has two cytoplasmic bridges,
and five cells have only one cytoplasmic bridge (Fig. 3a).
During oogenesis, the cell with the largest number of cyto-
plasmic bridges (four bridges) develops into an oocyte. All
alterations of all of the cells that form the germ cell cluster will
be described according to the stages of oogenesis.

Previtellogenesis

In the previtellogenic vitellarium, germ cells (cystocytes) are
oval cells (Fig. 3b) that are connected by stable cytoplasmic
bridges (Fig. 3¢). Each cytoplasmic bridge has one electron-
dense rim (Fig. 3¢c) and is 0.68-0.75 um wide (12 bridges
were measured). All of the cells in a cluster have a similar
ultrastructure. A large nucleus with a spongy nucleolus is
located in the central part of the cell (Fig. 3b, ¢). The cyto-
plasm of the cystocytes is rich in mitochondria, ribosomes,
Golgi complexes, and cisterns of the rough endoplasmic re-
ticulum (Fig. 3b, c).

Vitellogenesis
Early vitellogenesis At the beginning of vitellogenesis, the

cells that form the germ cell clusters are still connected by
stable cytoplasmic bridges (0.78-0.91 wm wide (12 bridges

were measured)) with one electron-dense rim (Figs. 2e, f and
3d). Each cell starts to grow and gradually accumulates
electron-dense material (Figs. 2e, f and 3d, e) and spheres of
a medium electron density (Figs. 2f and 3e). The cytoplasm of
cystocyte is rich in mitochondria, ribosomes, Golgi com-
plexes, and cisterns of the rough endoplasmic reticulum
(Figs. 2¢, e, f, and 3d, e).

Middle and late vitellogenesis During middle vitellogenesis
the cell that has four cytoplasmic bridges in the cluster begins
to grow intensively (Fig. 3f). This cell develops into the
oocyte, while the remaining cells in the cluster differentiate
into nurse cells (trophocytes) (Fig. 3, g). All of the cells of the
cluster (the oocyte and the trophocytes) are still connected by
stable cytoplasmic bridges with one electron-dense rim
(Fig. 5a) and accumulate spheres of the reserve material
(yolk) (Figs. 3g and 5a, b). The cytoplasmic bridges between
the trophocytes are 1.21-1.43 um wide (12 bridges were
measured), while the cytoplasmic bridges between the oocytes
and trophocytes are 0.80-0.98 um wide (ten bridges were
measured). Organelles and spheres of the reserve material
can be observed in the cytoplasm of all of the cytoplasmic
bridges (Fig. 5a).

During middle and late vitellogenesis, the oocyte grows inten-
sively and increases its volume. It is connected to four
trophocytes by stable cytoplasmic bridges (Fig. 3a). The central
part of this cell is occupied by the nucleus (Fig. 5b). A large
number of free ribosomes, mitochondria, cisterns of the rough
endoplasmic reticulum, and Golgi complexes can be observed
in the cytoplasm of the oocyte (Fig. 5b, ¢). Three different types
of sphere reserve material can be distinguished in the cytoplasm
of the oocyte: (y1) the spheres, which contain the internal part
of medium electron density and an electron-dense external part
(Fig. 5b, d) (similar spheres were observed in the cytoplasm of
trophocytes (Figs. 3f and 5a)), (2) heterogenous spheres that
have a mosaic structure (Fig. 5b), ()3) homogenous spheres of a
medium electron density (Fig. Sb—e). Histochemical analysis
showed that spheres of reserve material are BPB positive
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Fig. 2 The morphology and
ultrastructure of the ovary of

D. parthenogeneticus. Cisterns of
rough endoplasmic reticulum
(RER), cystocytes (c), gut (2),
Golgi complex (G), germarium
(gr), nucleus (n), nucleolus (nu),
mitochondria (m), oocyte (0),
ovary (ov), ovary wall (ow),
reserve material (), trophocyte
(#), vitellarium (v). a Tardigrade
body. LM, bar=22 pm. b
Anterior part of the ovary. LM,
bar=12 um. ¢ The ovary wall.
Protrusions of the gonad wall
cells (arrow), basal lamina
(arrowhead). TEM, bar=1.2 um.
d Oogonia in the germarium.
TEM, bar=1.1 um. e Germ cell
cluster in the vitellarium. Stable
cytoplasmic bridge

(asterisk). Electron-dense rim
(arrows). TEM, bar=0.4 pm. f
Stable cytoplasmic bridge
(asterisk) connecting cystocytes.
TEM, bar=0.9 um

(Fig. 4a, arrows), PAS positive (Fig. 4b, arrows), and Sudan
black B positive (Fig. 4c, arrows).

The trophocytes are still connected to the oocyte and/or
other trophocytes by stable cytoplasmic bridges. The large
nucleus, which is lobular in shape, is located in the central
part of the cell. A large and spongy nucleolus that is
surrounded by clumps of heterochromatin can be observed
in the nucleoplasm (Fig. 3g). The cytoplasm of the

@ Springer

trophocytes is rich in mitochondria, ribosomes, and cisterns
of the rough endoplasmic reticulum (Fig. 3g).

Choriogenesis and the morphology of the chorion

The process of the formation of egg envelopes (choriogenesis)
begins during the middle vitellogenesis. This process can be
divided into three stages: early, middle, and late choriogenesis.



Oogenesis in Dactylobiotus parthenogeneticus

1023

Fig. 3 Vitellarium of

D. parthenogeneticus. a
Diagrammatic representation of a
germ cell cluster: cystocytes (4—
E>), cytoplasmic bridges formed
during the first (/), second (2),
third (3) and fourth (4) division—
arrow indicates the future oocyte.
TEM and LM images of the germ
cells during previtellogenesis and
vitellogenesis (b—g). Cisterns of
rough endoplasmic reticulum
(RER), Golgi complex (G),
nucleus (n), nucleolus (nu),
mitochondria (m), midgut
epithelium (me), oocyte (0), ovary
(ov), trophocyte (7), reserve
material (y/, y2), and stable
cytoplasmic bridge (asterisk). b
Previtellogenic cystocyte. TEM,
bar=1.1 um. ¢ Stable
cytoplasmic bridge connecting
previtellogenic cystocytes. TEM,
bar=0.5 um. d Cystocytes during
early vitellogenesis. TEM, bar=
1.1 um. e Cytoplasm of the
cystocyte during early
vitellogenesis. TEM, bar=

0.6 pm. f The longitudinal section
through the body during the stage
of middle vitellogenesis. LM,
bar=14.5 um. g Ultrastructure of
the trophocyte. TEM, bar=

1.3 uym

During early choriogenesis, the epithelial cells of the ovary
wall whose cytoplasm is rich in organelles such as ribosomes,
mitochondria, and cisterns of the rough endoplasmic reticu-
lum (Fig. 2¢) synthesize and secrete a flocculent material of a
medium electron density (Fig. 5c). This material is deposited
in the form of clumps on the surface of the oolemma
(Fig. 5c, d). Simultaneously, the vesicles with the fibrous,
medium electron-dense material can be observed in the corti-
cal cytoplasm of the oocyte (Fig. Sc, d). The membrane of

these vesicles fuses with the oolemma (Fig. 5c, d), resulting in
a secretion of their content into the ovary lumen. Eventually,
this is deposited on the surface of the oocyte to form the parts
of the chorion. During the middle choriogenesis, the cells of
the ovary wall together with the oocyte secrete material that
connects the parts of the chorion into the permanent layer and
successive layers of the chorion are deposited. Stable cyto-
plasmic bridges are still present at this stage of choriogenesis
(Fig. 5e). Mitochondria, free ribosomes, and spheres of the
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Fig. 4 Histochemical staining of the oocytes in the stage of late
vitellogenesis—arrows show positive results of staining. a PBP
staining, LM, bar=11 um. b PAS method, LM, bar=9.5 um. ¢ Sudan
black B staining, LM, bar=9.5 um

yolk can be observed in the cytoplasm of these junctions
(Fig. 5e). During late choriogenesis, the cytoplasmic bridges
break and the last part of the chorion is secreted by the cells of
the ovary wall. When the chorion is completely formed, the
oocyte synthesizes and secretes the fibrous, medium electron-
dense material, which is deposited between the oolemma and
the chorion (Fig. 5f). This material forms the thin vitelline
envelope.

The completely formed egg capsule of D. parthenogeneticus
is composed of a thin vitelline envelope and a three-layered
chorion. The chorion is composed of (1) a medium electron-
dense inner layer, which adheres to the vitelline envelope, (2) a
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labyrinthine layer formed by lamellae connecting the inner and
outer layers, and (3) a medium electron-dense outer layer
(Fig. 51).

The female lays 2—15 eggs (Fig. 5g) freely on the surface of
leaves or under the epidermis of leaves. The surface of the
chorion forms small conical processes (Fig. 5g, h) that are 4—
4.5 um high. The wide of their base is 3.5-4.2 pm.

Discussion
The germ cell cluster organization

The reproductive system of D. parthenogeneticus, similar to
other tardigrades that belong to the order Parachela (Wgglarska
1979, 1987; Dewel et al. 1993; Kinchin 1994; Poprawa 2005a;
Nelson et al. 2010) is composed of a single, sac-like ovary and a
single oviduct that opens into the cloaca. The ovary of tardi-
grades is of the meroistic type, which means that an oocyte is
supported by the nurse cells (trophocytes) that originated from
the germ line cells (Biining 1994). In the meroistic ovary
mitotic divisions of the germ cells are often followed by incom-
plete cytokineses, which leads to the formation of germ cell
clusters (Swiqtek et al. 2009, 2014; Greenbaum et al. 2011;
Haglund et al. 2011). In such clusters, the germ cells are
interconnected by specific cell junctions that are called stable
cytoplasmic bridges (Haglund et al. 2011). Germ line clusters
have been found in the ovaries of a great number of inverte-
brates and vertebrates (Robinson and Cooley 1996; de Cuevas
et al. 1997; Pepling et al. 1999; Matova and Cooley 2001;
Mazurkiewicz and Kubrakiewicz 2001; Swiqtek et al. 2009;
Urbisz et al. 2010; Urbisz and Swiatek 2013; Bilifski et al.
2014; Jaglarz et al. 2014), and they are supposed to be an early
and conservative phase of gametogenesis (Pepling et al. 1999).
The literature data show that three major types of germ cell
clusters can be distinguished in animal oogenesis: linear germ
cell clusters, clusters in the shape of a rosette, and clusters with a
central mass of cytoplasm (Swiatek et al. 2009). A linear germ
cell cluster is the simplest form in which interconnected cells
form a chain-like structure. Each cell of the cluster has two
cytoplasmic bridges. Only terminal cells are linked to their
sister cells by one cytoplasmic bridge. Linear clusters have
been found in some polychaetous annelids (Anderson and
Huebner 1968), in some crustaceans (Criel 1989; Kubrakiewicz
et al. 1991), and in some insects (Bilinski 1994). Germ cell
clusters in the form of a rosette is the best known type of cluster
and is present in the ovary of many insects (i.e., Drosophila
melanogaster) (Biining 1994; Lin and Spradling 1995;
Kubrakiewicz 1998; Huynh and Johnston 2004). In this type
of cluster, the cells might be connected to their neighbor cells by
more than two stable cytoplasmic bridges that form “branches.”
The last type of germ cell clusters in animal oogenesis are
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Fig.5 Structure and formation of
the egg envelopes in

D. parthenogeneticus. Chorion
(ch), cisterns of rough
endoplasmic reticulum (RER),
Golgi complex (G), nucleus (n),
nucleolus (nu), mitochondria (),
oocyte (0), ovary wall (ow),
trophocyte (7), reserve material (3,
yl, y2, y3), inner layer of the
chorion (7), labyrinthine layer of
the chorion (2), outer layer of the
chorion (3). a Stable cytoplasmic
bridge (asterisk) connecting
vitellogenic trophocytes. TEM,
bar=0.7 um. b Oocyte during
middle vitellogenesis. TEM,
bar=1.5 um. ¢ Deposition of
chorion precursors. Flocculent
material secreted by the cells of
the ovary wall (asterisk), vesicles
filled with chorion precursors
(arrows). TEM, bar=0.6 um. d
Oocyte during early
choriogenesis. Flocculent
material secreted by the cells of
the ovary wall (asterisk), vesicles
filled with chorion precursors
(arrows), and exocytotic vesicles
(arrowhead). TEM, bar=0.3 um.
e Stable cytoplasmic bridge
(asterisk) connecting the oocyte
and trophocyte during
choriogenesis. TEM, bar=

0.9 um. f Oocyte during the
secretion of the precursors of the
vitelline envelope. Exocytotic
vesicle (arrows) TEM, bar=

0.4 um. g-h. Eggs of

D. parthenogeneticus. Arrows
show conical processes. g LM,
bar=30 um. h LM, bar=15.7 pm

clusters with a central mass of cytoplasm, and this type occurs
in clitellate annelids, flat worms, and nematodes (Foor 1968,
1983; Gibert et al. 1984; Swiatek 2008; Swiatek et al. 2009,
2012). A characteristic feature of this type of cluster is the
presence of anucleate, spherical mass of cytoplasm to which
each germ cell is connected by only one cytoplasmic bridge.
The central cytoplasmic mass in annelids is called a cytophore
(Swiatek 2008; Swiatek et al. 2009, 2012), while in nematodes

this mass is called a rachis (Foor 1968, 1983; Gibert et al.
1984).

The germ cell clusters of D. parthenogeneticus consist of
eight cells that are connected by stable cytoplasmic bridges.
Because some cells have more than two cytoplasmic bridges
and because “branches” are formed, this cluster can be classi-
fied as a rosette type similar to that described in
D. melanogaster and many other insects (Biining 1994; Lin
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and Spradling 1995; Kubrakiewicz 1998; Huynh and John-
ston 2004; Haglund et al. 2011); however, it is a slightly
modified rosette. In D. melanogaster, the germ cell clusters
consist of sixteen cells and are formed as a result of four
incomplete mitotic divisions. During each division all of the
cells of the cluster divide in synchrony (Lin and Spradling
1995; Huynh and Johnston 2004). However, the structure of
the germ cell clusters of D. parthenogeneticus suggests that
this cluster is also formed as a result of four incomplete
divisions, but in contrast to D. melanogaster not all of the
cells undergo each division (asynchronous divisions). The
fusome material that is present in the cytoplasm of cytoplas-
mic bridges that interconnect germ cells of D. melanogaster
provides the synchrony of divisions (Lighthouse et al. 2008;
Ong and Tan 2010). Fusome is not observed in
D. parthenogeneticus, which may explain the asynchronism
of divisions during the formation of germ cell clusters. Ac-
cording to our hypothesis (for a better understanding of the
following description see Fig. 3a), the formation of the germ
cell clusters of D. parthenogeneticus starts with the mitotic
division of the cystoblast (the mother cell of a cluster—cell A
on Fig. 3a). As a result, cystocyte B (the sister cell of A) is
formed. Both cells A and B divide incompletely during the
second division and form cells C; (the sister cell of A) and C,
(the sister cell of B). All of the sequences proceed in the same
manner as in D. melanogaster until the second division
(Huynh and Johnston 2004). However, beginning with the
third division, differences appear. In D. melanogaster, all of
the cells in a cluster divide and form “branches,” while in
D. parthenogeneticus only cells A and C, divide. The ability
to divide of the cell B and C; are temporarily blocked. During
this division, cells D, (the sister cell of A) and D, (the sister
cell of C,) are formed. At this stage, the cell cluster in the
species that was examined has an almost linear structure (only
one cell makes a “branch’), while it is much more branched in
D. melanogaster (Huynh and Johnston 2004). Subsequently,
the fourth division occurs in which only cells A and B divide
(cell B regains the ability to divide). Eventually, cells E; (the
sister cell of A) and E; (the sister cell of B) are formed. As a
result of the four incomplete mitotic divisions, a germ cell
cluster consisting of eight cells that are interconnected by
stable cytoplasmic bridges is formed. In D. parthenogeneticus,
the directional transport of nutrients and organelles between
the cells in a cluster promotes the differentiation of the cell
with the highest number of cytoplasmic bridges (cell A) into
the oocyte. The remaining cells of the cluster become
trophocytes. A similar situation can be observed in a female
germ cell cluster of D. melanogaster in which one cell that has
the largest number of cytoplasmic bridges (four bridges) dif-
ferentiates into the oocyte (Lin and Spradling 1995; Huynh
and Johnston 2004). The germ cell cluster organization of
D. parthenogeneticus is completely different from that de-
scribed in the tardigrade M. tardigradum, which is a species
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that belongs to the order Apochela. According to Suzuki
(20006), four large multinuclear cells are situated in the center
of the M. tardigradum cluster. These multinuclear cells are
connected to each other by cytoplasmic bridges and they are
considered to be nurse cells (trophocytes). They are
surrounded by a large number (104) of mononuclear cells.
Each of the mononuclear cells is connected to the trophocyte
by one cytoplasmic bridge. The mononuclear cells are oo-
cytes. The germ cell clusters of M. tardigradum can be clas-
sified as a modification of the rosette type cluster or as a
combination of the rosette cluster and the cluster with a central
mass of cytoplasm. Therefore, we present the first report on
the rosette type of the germ cell cluster in Parachela.

The structure of the stable cytoplasmic bridges

The cytoplasmic bridges that connect the cells in the germ cell
clusters of D. parthenogeneticus form the standard ring canals
that have one electron-dense rim that is linked to the plasma
membrane. A similar structure of the cytoplasmic bridges was
observed in the female germ cell clusters of the tardigrades
D. dispar and M. polonicus (Poprawa 2005a; Poprawa et al.
2014ab) and the male germ cell clusters of Xerobiotus
pseudohufelandi and 1. granulifer granulifer (Rebecchi
1997, Swiqtek et al. 2014), while in the female clusters of
L. granulifer granulifer, the cytoplasmic bridge has two rims:
an electron-dense outer rim that is linked to the plasma mem-
brane and a less electron-dense inner rim (Poprawa et al.
2014a). The structure of this connection is similar to the
female ring canals that were described for D. melanogaster
(Robinson et al. 1994; Ong and Tan 2010). The presence of
stable cytoplasmic bridges in the oogenesis of tardigrades that
belong to the order Parachela plays a similar role to that
described for other animals (Mazurkiewicz and Kubrakiewicz
2001; Tworzydto and Kisiel 2010; Urbisz et al. 2010;
Greenbaum et al. 2011; Haglund et al. 2011). Because of these
connections, the cytoplasm, organelles, macromolecules
(mostly mRNAs), and the yolk can be transported from the
trophocytes to the oocyte. However, the cooperation of cells in
a germ cell cluster of Apochela remains unknown.

Vitellogenesis

The process of oogenesis in tardigrades has a meroistic charac-
ter (Weglarska 1979, 1987; Poprawa 2005a; Hyra et al. 2014b).
As was mentioned above, the oocyte is supported by the
trophocytes. According to the literature (Bilinski 1979;
Eckelbarger 1994), two types of vitellogenesis can be distin-
guished in animals. The participation of the oocyte in the
process of yolk formation in the oogenesis of animals is called
autosynthesis (Bilinski 1979; Eckelbarger 1994). The precur-
sors of a yolk can be synthesized in other structures such as the
trophocytes (Adiyodi and Subramoniam 1983; Siekierska
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2003; Urbisz et al. 2010; Urbisz and Swiqtek 2013; Jaglarz
etal. 2014), the epithelial cells of the midgut (Rost-Roszkowska
etal. 2011), the storage cells (Szymanska 1994; Poprawa 2006;
Hyra et al. 2014a), and the fat body (Raikhel and Dhadiala
1992) and then transported to the oocyte by pinocytosis or by
cytoplasmic bridges. This type of yolk formation is called
heterosynthesis. Sometimes, a mixed vitellogenesis is distin-
guished. In this case, both autosynthesis and heterosynthesis
occur during oogenesis (Bilinski 1979; Eckelbarger 1994).

In D. parthenogeneticus, similar to other tardigrades
(Weglarska 1979, 1987; Poprawa 2005a; Poprawa et al.
2014a), a mixed vitellogenesis takes place. Both the oocytes
and trophocytes participate in the formation of the yolk. At the
beginning of vitellogenesis, electron-dense granules of the re-
serve material begin to be synthesized in the cytoplasm of all of
the cystocytes in the germ cluster. This material is synthesized
by the cisterns of the rough endoplasmic reticulum, modified in
Golgi complexes, and then accumulated in vacuoles. Some-
times the reserve material is also formed in the mitochondria
(Weglarska 1979; Poprawa 2005a). The yolk material that is
synthesized in the cytoplasm of the trophocytes is transported to
the oocyte by stable cytoplasmic bridges (Weglarska 1979,
1987; Poprawa 2005a). The participation of the storage cells
in the process of yolk formation was described in P. richtersi
(Szymanska 1994), D. dispar (Poprawa 2006), and 1. granulifer
granulifer (Hyra et al. 2014a). Moreover, the synthesis of the
yolk precursors in the cells of the midgut epithelium of
L granulifer granulifer was described by Rost-Roszkowska
et al. (2011). Histochemical analysis showed that the reserve
material accumulated in the oocytes of D. parthenogeneticus
contains a large amount of proteins, polysaccharides, and lipids.

Choriogenesis

In tardigrades, the process of choriogenesis starts during middle
vitellogenesis (Weglarska 1982; Poprawa 2005b, 2011). This is
the process of the formation of the egg envelopes, the structures
that protect the oocyte and embryo against any harmful effects
of the environment and provide optimal conditions for devel-
opment (Margaritis 1985; Poprawa and Rost 2004). All of the
egg envelopes that covered the egg cell form an egg capsule.
The precursors for the egg envelopes can be synthesized by the
oocyte, by the follicular cells, by the cells of various parts of the
reproductive system (Margaritis 1985; Poprawa et al. 2002;
Poprawa and Rost 2004; Norman and Tait 2008), or outside
the reproductive system, for example, in the liver of fish (Wal-
lace 1985). The egg capsule of tardigrades is composed of two
envelopes—a thin vitelline envelope and a three-layered chori-
on (Weglarska 1982; Poprawa 2005b, 2011). In
D. parthenogeneticus, similar to other tardigrades (Weglarska
1982; Poprawa 2005b, 2011), precursors of the chorion are
synthesized and secreted by the oocyte and by the cells of the
ovary wall, while the precursors of the vitelline envelope are

synthesized and secreted by only the oocyte. The classification
of egg envelopes that is based on the way and the place of the
formation of the egg envelope precursors that is most often
applied was established by Ludwig in 1874 (Weglarska 1982).
Ludwig distinguished three types of egg envelopes: primary,
secondary, and tertiary. The primary egg envelopes are pro-
duced by the oocyte, the secondary are secreted in the ovary but
not by the oocyte (they are secreted by follicular cells or by the
cells of the ovary wall), and the tertiary are secreted outside the
ovary. According to this classification, the vitelline envelope of
D. parthenogeneticus and other tardigrades (Weglarska 1982;
Poprawa 2005b, 2011) is of the primary type while the chorion
is of a mixed type—primary (secreted by the oocyte) and
secondary (secreted by the cells of ovary wall).

Conclusions

Our studies show that (1) the germ cell clusters consist of eight
cells that are connected by stable cytoplasmic bridges; (2) the
germ cell clusters have the form of a modified rosette; (3) the
cell that has the largest number of stable cytoplasmic bridges
(four bridges) develops into the oocyte, while the remaining
cells become trophocytes; (4) in D. parthenogeneticus,
meroistic oogenesis takes place; (5) a mixed vitellogenesis
occurs in the species that was studied; and (6) the vitelline
envelope is of the primary type, while the chorion is of a
mixed type—primary (secreted by the oocyte) and secondary
(produced by the cells of the gonad wall).
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