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Summary

Germ plasm, a cytoplasmic factor of germline cell differentiation, is suggested to be a perspective
tool for in vitro meiotic differentiation. To discriminate between the: (1) germ plasm-related
structures (GPRS) involved in meiosis triggering; and (2) GPRS involved in the germ plasm
storage phase, we investigated gametogenesis in the marine medaka Oryzias melastigma. The
GPRS of the mitosis-to-meiosis period are similar in males and females. In both sexes, five
events typically occur: (1) turning of the primary Vasa-positive germ plasm granules into the
Vasa-positive intermitochondrial cement (IMC); (2) aggregation of some mitochondria by
IMC followed by arising of mitochondrial clusters; (3) intramitochondrial localization of
IMC-originated Vasa; followed by (4) mitochondrial cluster degradation; and (5) intranuclear
localization of Vasa followed by this protein entering the nuclei (gonial cells) and synaptonemal
complexes (zygotene—pachytene meiotic cells). In post-zygotene/pachytene gametogenesis, the
GPRS are sex specific; the Vasa-positive chromatoid bodies are found during spermatogenesis,
but oogenesis is characterized by secondary arising of Vasa-positive germ plasm granules followed
by secondary formation and degradation of mitochondrial clusters. A complex type of germ
plasm generation, ‘the follicle cell assigned germ plasm formation’, was found in late oogenesis.
The mechanisms discovered are recommended to be taken into account for possible
reconstruction of those under in vitro conditions.

Introduction

Generation of artificial gametes is demanded in reproductive technologies. Some progress has
been achieved with stem cell transformation into sperm and oocytes. However, no reliable
approaches for meiotic differentiation exist yet. The main problem is insufficient knowledge
of the mechanisms that provide viable meiosis triggering and progression. Studies of the gamete
differentiation mechanisms occurring in the gonads of model animals appear to be basic to
support in vitro technologies (Kashir et al, 2012; Medrano et al, 2013; Hendriks et al,
2015; Moreno et al., 2015; Nikolic et al., 2016).

Germ plasm is still an unclaimed but necessary tool for meiotic differentiation

It is worth noting that in the course of the ongoing experiments on meiotic determination of
stem cells, some external factors were taken into account such as stem cell co-culture with the
feeder cells, influence of embryonic tissue on transplanted grafts from adult gonads, effect of
primordial germ-cell number, variation of growth factor, modification of culture medium,
and improvements of culture conditions (Sakai, 2002; Kawasaki et al., 2010, 2012, 2016;
Riesco et al., 2014; Tzung et al., 2014). However, there is an intrinsic germ-cell fate element
known as ‘germ plasm’. This element has not yet been the focus of reproductive technologies.

Germ plasm is a cytoplasmic substance acting as a factor of germline cell differentiation
(Saffman and Lasko, 1999). To date, it has been known that germ plasm is formed and
stored during oogenesis with the involvement of the mitochondrial cloud, also known as
the Balbiani body (Kalt, 1973; Kloc et al., 2002; Cox and Spradling, 2003; Chang et al.,
2004; Wilk et al., 2004). The germ plasm is referred to as polar granules in Drosophila
(Mahowald, 1962), germinal granules in Xenopus (Kloc et al., 2002; Chang et al., 2004),
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and P granules in Caenorhabditis elegans (Strome and Wood,
1983; Wolf et al. 1983). Following the formation in oocytes/
eggs/early embryos, and eventual incorporation into primordial
germ cells (PGC), the germ plasm granules (GG) are segregated
throughout embryogenesis and play some role in meiotic differ-
entiation of mitotically multiplying germline stem cells of the new
generation in the gonads of both sexes (Williamson and
Lehmann, 1996; Matova and Cooley, 2001; Carré et al., 2002;
Milani et al., 2017). Therefore, there are two phases of germ plasm
state: (1) the ‘storage phase’ including GG formation and trans-
portation during oogenesis/embryogenesis; and (2) the ‘phase of
mitosis-to-meiosis shift’ occurring during early gametogenesis in
the gonad niche. Further elucidation of the cellular and subcellu-
lar mechanisms that underlie both germ plasm phases is of high
importance in a reproductive technology.

Vasa is a main germ plasm component with an unclear role

The vasa gene encoding an ATF-dependent RNA helicase of the
DEAD-box protein family was discovered in Drosophila (Lasko
and Ashburner, 1988; Hay et al. 1990). Its analogues have been
also found in a number of invertebrate and vertebrate animal
species (Raz, 2000; Toyooka et al., 2000; Mochizuki et al., 2001;
Sunagara et al., 2006) and human (Castrillon et al., 2000). All of
the vasa homologue genes undergo expression in germline cells
and usually reside in the GG (Carré et al., 2002). Vasa protein is
a key germ plasm component (Findley et al., 2003), however
its function remains obscure in terms of establishment and main-
tenance of germline cells (Gustafson and Wessel, 2010). A more
detailed knowledge of the Vasa role in both germ plasm phases
is required.

Germ plasm and vasa in fishes

In fish, the importance of artificial germline cell setting up is
increasing in connection with restoration of extinct species and
conservation of endemic and commercially valuable species
(Higaki et al., 2017). Fish germ plasm has been the subject of study
in both the storage and mitosis-to-meiosis phases.

For the storage phase, it is unclear how GG are formed.
Although the bucky ball (buc) gene, which is universally involved
in Balbiani body formation, was detected in zebrafish oogenesis,
and a Balbiani body-like cloud was visualized by immunolight
microscopy (Bontems et al., 2009), an ultrastructural mechanism
of germ plasm formation has not been described yet in any fish
species. It is known that in the freshwater medaka Oryzias latipes,
zebrafish Danio rerio and some other teleost fishes the GG, termed
‘germinal dense bodies’ or ‘nuage’, are initially segregated during
late oogenesis or very early embryogenesis (gastrulation or
epiboly), transferred through embryogenesis by PGC, and are
finally inherited by gonial germ cells that represent a gonadal stage
of PGC differentiation (Hamaguchi, 1982, 1985; Timmermans and
Taverne, 1989; Braat et al, 1999). Knaut et al. (2000) reported
that in zebrafish the numerous small germ plasm particles are
registered in the 1-cell stage embryos in close proximity to the
cortical actin, and that these particles contain vasa RNA but not
Vasa protein. During embryogenesis, maternally provided
(zygotic) Vasa has been identified as a component of the PGC
(Hartung et al., 2014). Vasa localization in adult germline cells
was reported for zebrafish Danio rerio (Braat et al., 1999; Knaut
et al., 2000), and tilapia (Kobayashi et al., 2000) Using electron
microscopy, it was shown that Vasa localizes in GG during
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gametogenesis of the gibel carp Carassius auratus gibelio (Xu et al.,
2005) and freshwater medaka O. latipes (Yuan et al., 2014).

For the mitosis-to-meiosis phase, it has been reported for
O. latipes that GG are present in germline stem cells during gonad
formation (Hamaguchi, 1982, 1985). In O. latipes, Poecilia reticu-
late and teleost fish of the genus Xiphophorus, the embryonic
PGC and adult germ cells (oogonia and spermatogonia) were
reported as having polymorphic GG such as ‘electron-dense
granular material’, ‘nuage’, and ‘intermitochondrial cement’
(IMC) (Satoh, 1974; Billard, 1984; Flores and Burns, 1993;
Braat et al., 1999). However, it is unclear if GG are involved in
mitosis-to-meiosis shift. For meiosis promotion, it has been sug-
gested that differentiation of germ cells is passive and determined
by accessory cells that surround the oogonia in the mature ovary
and the early spermatogonia in the mature testis (Flores
and Burns, 1993, and references therein). However, as GG
represent an actually significant morphologic component of
premeiotic cells, it seems reasonable to verify if GG may be
involved in meiosis onset.

In terms of the Vasa role in mitosis-to-meiosis shift, it was
noted that maternal Vasa mutants failed to progress beyond the
pachytene stage of meiosis and lose germline cells (Hartung
etal., 2014). However, it still has to be elucidated if Vasa is involved
directly in the mitosis-to-meiosis shift. It seems relevant to find out
if Vasa promotes meiosis as unrelated to GG or as a component
of GG.

Interestingly, early germ cells in female and male fish gonads
are normally not sexually determined. Indeed, in O. latipes,
P. reticulata, and teleost fishes of the genus Xiphophorus the
embryonic PGC and adult germ cells (oogonia and spermatogonia)
were reported as similar in both sexes in respect to general ultra-
structure (Satoh, 1974; Billard, 1984; Azevedo, 1984; Flores and
Burns, 1993; Braat et al., 1999). Noteworthy, although the germline
cells anticipating mitosis-to-meiosis shift are morphologically
similar in both fish sexes, it remains unclear whether premeiotic
GG activity may differ between the two sexes. This question
seems important if in vitro sex-specific meiotic differentiation is
targeted.

The aim of this study was to extend our knowledge concerning
GG and the Vasa role during meiotic differentiation in spermato-
genesis and oogenesis of the marine medaka Oryzias melastigma.
We investigated Vasa and germ plasm-related structures (GPRS)
in their dynamic localization with a focus on: (1) sex-specific
difference/similarity of GPRS activity during mitosis-to-meiosis
shift; (2) sex-specific difference/similarity of GPRS activity
after mitosis-to-meiosis shift; and (3) mechanisms of germ
plasm formation in oogenesis.

Materials and methods
Animals

The marine medaka O. melastigma individuals were kindly
provided by the State Key Laboratory in Marine Pollution,
the City University of Hong Kong. All animals were kept in
optimal rearing conditions (28 +2°C, 30 £2%o, DO >5 mg/l,
pH 8.0£0.2, 12-h light/12-h dark cycle). Animal maintenance
and the experiments described below were reviewed and approved
by the City University of Hong Kong Research Committee for its
compliance with the Animals (Control of Experiments)
Ordinance, Cap. 340, of the Hong Kong Special Administrative
Region.
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Anti-Vasa antibodies production

Anti-Vasa polyclonal antibodies were raised in rabbit
against conserved the teleost Vasa sequence peptide
DDILVDVSGTNPPKAIMTFEEAKLC at the Almabion com-
pany (Voronezh, Russia).

Western blot analysis

Tissues (testes and ovary) were briefly homogenized on ice in
RIPA buffer supplemented with protease inhibitor. Samples were
incubated on ice for 10 min to maximize protein solubilization and
then centrifuged at 19,000 g at 4°C. The supernatant was saved for
protein determination by Bradford assay. Protein samples were
mixed with loading buffer and then denatured at 100°C for
10 min. Samples were resolved using 8% SDS-PAGE and trans-
ferred to a nitrocellulose membrane. The membrane was blocked
with 5% skimmed milk in phosphate-buffered saline with 0.1%
Tween 20 (PBST) for 1 h at room temperature and then incubated
with primary antibodies diluted with 5% skimmed milk in 0.1%
PBST overnight at 4°C. Rabbit anti-Vasa antibodies were used
at a concentration of 0.1 pg/ml. The membrane was washed
with PBST and incubated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibodies (1:5000 dilution, PI-1000,
Vector Laboratories, USA) for 1 h at room temperature, rinsed
with PBST and PBS and then developed using the Amersham
Western ECL Substrate (GE Healthcare Life Sciences, USA).

Histology

Ovaries were fixed in 2.5% glutaraldehyde in a 0.1 M cacodylate
buffer and post-fixed in OsO4 (2%) in a 0.1 M cacodylate buffer.
After washing in 0.1 M cacodylate buffer, the tissues were
dehydrated through an ethanol series. The material was then
penetrated using an increasing series of LR White Resin diluted
in alcohol. Finally, the tissues were embedded in LR White
Resin. Semi-thin sections (0.5 pm) were cut on an Ultracut
Leica UC6 ultramicrotome (Leica Microsystems, Germany) using
a glass knife and placed onto slides. Sections were stained with
methylene blue and examined under a light microscope.

Processing of whole medaka fish and immunolight
microscopy

Whole medaka fish were anesthetized in ice water. GPHS fixative
(0.05% glutaraldehyde-2% paraformaldehyde-80% HistoChoice
containing 1% sucrose and 1% CaCl,) was flushed over the gills
and injected into the abdominal cavity through the mouth. After
removing the skull roof, otoliths and fins were cut out with a
scalpel, and a small hole was punched into the swim bladder to
release the air inside. The body was slit open along the mid-
ventral line (from the anal vent to the operculum) to facilitate
rapid penetration of the fixative. The medaka were immersed
in fixative for 24 h at 4°C and then dehydrated in a graded series
of methanol (70%, 80%, 95% 2X, and 100% 3X) for 20 min per
step, followed by clearing in chloroform three times (30 min
each). The fish were then infiltrated and embedded in paraffin.
Paraffin sections (5-pm thick) of fish were cut using a rotary
microtome (Leica RM2125, Germany) and mounted onto
Superfrost® Plus slides (Menzel-Gléaser, Germany).

Tissue sections were deparaffined by immersing the slides
in xylenes (5 min 3X). After rehydration in 100% ethanol, the
sections were incubated in 100% methanol containing 0.3%
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H,0, for 15 min to quench endogenous peroxidases. For immune
localization of Vasa protein, sections were first heated in an
antigen retrieval medium (0.01 M citrate buffer, pH 6.0) in a micro-
wave oven for 15 min, followed by protein blocking in 1% BSA in
PBS for 30 min at room temperature. The blocking solution was
then tipped off, and the sections were incubated with primary
antibody (rabbit anti-Vasa, 1:200 dilution) at 37°C for 30 min.
For the negative control, a 1% BSA solution in PBS was used instead
of primary antibody. Treatment with the primary antibodies was
followed by incubation with HRP-conjugated secondary goat
anti-rabbit antibodies (1:1000 dilution, 7074P2, Cell Signalling
Technologies, USA) at 37°C for 30 min. The sections were rinsed
in PBS and signals were detected with the chromogenic substrate,
3,3’-diaminobenzidine chromogen (DAB) (Dako Cytomation,
Denmark). The sections were counterstained with Mayer’s haema-
toxylin (Dako Cytomation, Denmark) and mounted with Permount
(Fisher Scientific). Then the sections were examined and photo-
graphed under a light microscope (Nikon Eclipse 90i, Japan)
equipped with a SPOT Xplorer 4MP Slider digital imaging
system (USA).

Immunoelectron microscopy

Opvaries and testes were fixed in 4% paraformaldehyde and 0.5%
glutaraldehyde in a 0.1 M sodium cacodylate buffer (pH 7.4).
After dehydrating the samples through increasing concentrations
of ethanol, the pellets were embedded into LR White Resin. The
blocks were cut on an Ultracut Leica UC6 ultramicrotome (Leica
Microsystems, Germany) using a diamond knife. Thin sections
were mounted on formvar-coated nickel grids. The grids were
floated on drops of 1% BSA/0.01% Tween 20 in PBS for 1 h
and then incubated for 1 h with primary anti-Vasa antibodies
at a 1:200 concentration. Next, the samples were washed in
PBST and incubated for 2 h with a mixture of secondary antibody
in PBST. The secondary antibodies were 12-nm colloidal gold-
conjugated goat anti-rabbit IgG antibodies (111-205-144,
Jackson) that were applied in a 1:50 dilution for 2 h at room tem-
perature. For control sample preparation, primary antibodies
were omitted and only secondary antibodies were used. The grids
were washed three times in PBST, rinsed in distilled water, stained
with uranyl acetate and lead citrate, and observed and photo-
graphed using a Zeiss Libra 120 transmission electron microscope
(Carl Zeiss Group, Germany) and Philips 410 transmission
electron microscope (Philips 123 Electronics, Eindhoven,
The Netherlands).

Transmission electron microscopy

Ovaries and testes were fixed in 2.5% glutaraldehyde in a 0.1 M
cacodylate buffer and post-fixed in OsO, (2%) in a 0.1 M
cacodylate buffer. After washing in the 0.1 M cacodylate buffer,
the samples were dehydrated through an ethanol series. The
material was then penetrated with an increasing series of LR
White Resin diluted in alcohol. Finally, the tissues were embedded
in LR White Resin. Ultrathin sections (80 nm) were cut on an
Ultracut Leica UC6 ultramicrotome (Leica Microsystems,
Germany) using a diamond knife and placed onto copper grids
coated with formvar film. The sections were stained with uranyl
acetate and lead citrate solutions and examined under a Zeiss
Libra 120 transmission electron microscope (Carl Zeiss Group,
Germany) and Philips 410 transmission electron microscope
(Philips 123 Electronics, Eindhoven, The Netherlands).
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Figure 1. Western blots using anti-Vasa antibodies in the material extracted from the
testes (A) and ovary (B) of the marine medaka Oryzias melastigma. Both the ovary and
the testis have a signal of approximately 75 kDa. The testis signal consists of two
bands.

GPRS quantification during meiosis induction

Three pieces of testis and three pieces of ovary were taken from
each of three males and three females and embedded in resin
blocks. From each of these 18 blocks (nine for females and nine
for males), three sections were taken from different levels.
Therefore, 54 sections were examined (27 for females and 27 for
males). In each section, the presence of such GPRS as: (1) compact
germinal granules; (2) loosened germinal granules; (3) mitochon-
drial clusters; (4) partly degraded mitochondrial clusters; and (5)
degraded mitochondrial clusters were determined in 10 premeiotic
cells and 10 zygotene—pachytene cells. Therefore, 540 cells for the
premeiotic stage and 540 cells for the zygotene-pachytene stage, in
total 1080 cells were studied. GPRS were identified by electron
microscopy and counted. All values are expressed as mean values
with standard error of the mean (SEM). Percentages were calcu-
lated using Student’s t-test, and a P-value < 0.05 was considered
statistically significant.

Results

GPRS in spermatogonia and zygotene-pachytene
spermatocytes

Rabbit polyclonal antibodies against Vasa were investigated
using western blot for marine medaka testes. Blots ran at the level
equivalent to 75 kDa. The assay showed that the signal for the testes
was represented by two blots (Fig. 1A). The Vasa signal was not
found in the control staining (not shown) but was rather extensive
in experimental studies using both immunolight microscopy and
electron microscopy (Figs 2A-S, 4A-], 5A-L, 6A-L, 7A-L, 8A-K,
and 9A-G).

By transmission electron microscopy (TEM), we verified
spermatogonia cells using such traits such as the nuclei filled with
granular chromatin uniformly distributed over the nucleus and
having nucleoli (Fig. 2A). Some cysts contained early spermato-
genic cells that lacked the nucleoli in their nuclei and showed
chromatin arranged into condensed strands. We examined the
cells with chromatin strands and synaptonemal complexes to
make sure that these cells were primary spermatocytes that
belonged to the zygotene-pachytene stage of meiosis (Fig. 2B).
Both spermatogonia and zygotene-pachytene spermatocytes
were distinguished by having GG. There were compact GG that
were positive for Vasa, as shown by iEM (Fig. 2A,C,D). Some
Vasa-positive GG had an irregular shape and were characterized
by having a loosened content (Fig. 2E). A quantitative analysis
revealed that the proportions of GG patterns varied. In spermato-
gonia, the compact GG constituted 21.0%, and 11.0% belonged to
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the loosened GG. Zygotene-pachytene spermatocytes lacked
compact GG, but loosened GG constituted 6.0% (Fig. 3A).

As shown by immunohistology, the spermatogonia had a very
dense Vasa signal located asymmetrically relative to its localization
in the cell (Fig. 4A). The localization of GG at one of the cell poles
was also shown by electron microscopy (Fig. 2A). Zygotene-
pachytene spermatocytes were positive for Vasa, but, contrary to
spermatogonia, the signal was more faint and distributed across
the entire cytoplasm (Fig. 4B).

In both spermatogonia and zygotene-pachytene spermato-
cytes, the substance of the loosened GG tended to contact the
nucleus. The Vasa-positive strands of these GG were found in
direct connection with the nuclear membrane (Fig. 2E). Some
Vasa was found in cytoplasm and in close vicinity to the nuclear
membrane, inside the nuclear membrane (nuclear pores), and near
the nuclear membrane inside of the nucleus (Fig. 2F). Vasa was also
located in the vicinity of and inside the nucleolus (Fig. 2G and its
magnification in Fig. 2H). In zygotene-pachytene spermatocytes,
the Vasa was also found inside the nucleus and synaptonemal
complexes (Fig. 2I). Magnification of the square outlined in
Fig. 2(I) showed that Vasa is located in the light periphery of
the synaptonemal complex (Fig. 2]). Also, Vasa was found directly
inside the synaptonemal complex stripe (Fig. 2K).

Some spermatogonia and zygotene-pachytene spermatocytes
were found with mitochondrial clusters formed by mitochondria
and attached to the loosened GG, which play the role of IMC.
The IMC tends to contact some neighbouring mitochondria
(Fig. 2L) and at the next stage appeared as the central core collared
by several mitochondria that form tight connection with the core
(Fig. 2M,N). In mature mitochondrial clusters the mitochondria
were profoundly introduced into the IMC and closely attached
to each other (Fig. 20). The magnification of the square outlined
in Fig. 2(O) shows that Vasa was located in the IMC and inside
mitochondria contacting the IMC (Fig. 2P). Vasa clusters were
often found near mitochondrial membranes, between membranes,
and in the vicinity of the inner membrane inside mitochondrial
remnants (Fig. 2Q).

Some clustered mitochondria were typically found at various
stages of degradation. A part of the mitochondrion content was
autolyzed (Fig. 2R). In some clusters, the mitochondria appear
as membraneous remnants having Vasa-positive substance
between and inside the mitochondria (Fig. 2S).

To quantify mitochondrial clusters, we distinguished the
following cluster types: ‘mitochondrial cluster’ (MC) (for clusters
consisting of mitochondria having intact structure); ‘partly
degraded mitochondrial clusters’ (PDMC) (for clusters having
both normal and autolyzed mitochondria); and ‘degraded
mitochondrial clusters’ (DMC) (for clusters consisting of
mitochondrial remnants). Quantitative analysis revealed that the
proportions of MC types varied. In spermatogonia, the mitochon-
drial clusters consisted of 14.0% MC, 8.0% PDMC, and 2.0% DMC
(Fig. 3A). Zygotene—pachytene spermatocytes contained fewer MC
(4.0 %). However, there were more PDMC and DMC, comprising
16.0% and 18.0%, respectively (Fig. 3A).

GPRS in spermatids and sperms

More advanced stages of spermatogenesis such as spermatids and
spermatozoa were identified based on cell size. Spermatids were
smaller compared with early spermatogenic cells (Fig. 4C).
Spermatozoa had a cell size smaller than the size of spermatids
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Figure 2. Patterns of GPRS in pre-zygotene-pachytene spermatogenesis of the marine medaka 0. melastigma. (A) Spermatogonium identified by the presence of nucleoli (arrow)
in the nucleus (n). Square is area magnified in (C, D). (B) Zygotene-pachytene spermatocyte identified by the presence of synaptonemal complexes (sc) in the nuclei.
(C) Magnification of the area with compact germ plasm granule (cgg) outlined by the square in (A). (D) Magnification of a compact germ plasm granule (cgg) outlined by the
square in (C); note that the compact germ plasm granule is positive for Vasa (arrowheads). (E) Loosened germ plasm granule (lgg) that is located in the cytoplasm (c) and
is positive for Vasa (arrowhead); note that the Vasa-positive strand of lgg contacts the membrane (asterisks) of the nucleus (n) as outlined by the ellipse. (F) Cytoplasmic
Vasa (arrow) is found in the close vicinity to the nuclear membrane (indicated by asterisks), inside nuclear membrane (white arrowhead), and inside the nucleus (black arrowhead).
(G) Nucleolus of spermatogonium; the square outlines the area magnified in (H); stars indicate nuclear chromatin. (H) Magnification of the nucleolus shown in (G); note that Vasa is
located near (white arrowhead) and inside (black arrowheads) the nucleolus. (/) Synaptonemal complex (sc) of zygotene-pachytene spermatocyte; the square outlines the area
magnified in (J). (J) Magnification of the area outlined by the square in (/); note Vasa (arrowhead) in the light periphery of synaptonemal complex. (K) Vasa (arrowhead) located
immediately on the synaptonemal complex stripe. (L) Loosened germ plasm granule that became intermitochondrial cement (lgg/imc) as it contacted the mitochondria (m).
(M) Intermitochondrial cement (imc) collared by four mitochondria (m). (N) IMC collared by five mitochondria (m). (O) Mature mitochondrial cluster with mitochondria (m) profoundly
introduced into the IMC and closely attached to each other; the square outlines the area magnified in (P). (P) Magnification of the area outlined by the square in (0); note the Vasa (white
arrowhead) located in the IMC and the Vasa (black arrowhead) located inside a mitochondrion (m). (Q) Vasa (white arrows) located near membranes of a mitochondrion (m) is situated
between membranes (black arrows) and takes place in the vicinity of the inner membrane inside mitochondria (arrowhead). (R) Partly degraded mitochondrial cluster with both
mitochondria with intact structures (m) and autolyzed mitochondria (asterisks). (S) Degraded mitochondrial clusters consisting of mitochondrial remnants (asterisks); note Vasa
(shown by circles) seen between mitochondrial remnants; (c) cytoplasm, (n) nucleus. Scale bars =1 pm (A-C), 0.2 pm (D-K), 0.5 pm (L-O, P, R, S), 0.1 um (Q).

(Fig. 4D). Using immunohistology, we found that these cells had
no any bright Vasa signal (Fig. 4C,D).

A spermatid is a cell with a head having some cytoplasm, a
round nucleus containing chromatin strands, and a mitochondrial
area (Fig. 5A). A cross-section through the mitochondrial area
shows eight mitochondria located around the basal body of a
flagellum (Fig. 5B). Both the anterior—posterior section through
the spermatid head and the cross-section through the spermatid
mitochondrial area showed the presence of an electron-dense
chromatoid body in the mitochondrial area. This body was never
found in contact with mitochondria (Fig. 5A,B). iEM at higher
magnification showed that the chromatoid body was Vasa-positive
and normally had a Vasa-positive diffused periphery (Fig. 5C).
In late spermatids the Vasa was found in the cytoplasm of
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mitochondrial area (Fig. 5D,E). Also, Vasa-positive matter was
found in close contact with mitochondria (Fig. 5D,F) and inside
mitochondria (Fig. 4D,G).

A spermatozoon is a flagellated cell with a nucleus filled with
condensed electron-dense chromatin and a mitochondrial area
(Fig. 5H). Cross-sections show that the Vasa-positive chromatoid
body, which is characteristic for mitochondrial areas of spermatids,
was absent in mitochondrial areas of sperm cells (Fig. 5I).
iEM showed that some Vasa-positive matter could be rarely
found in the cytoplasm of the mitochondrial area and in close
contact with mitochondria (Fig. 5J,K). During observation,
in both cross-sections and anterior-posterior sections of
mitochondrial areas, no Vasa was found inside the mitochondria
(Fig. 5L).
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GPRS in pre-zygotene/pachytene oogenesis

Anti-Vasa antibodies were investigated by western blot for the
marine medaka ovaries. The assay showed that the blot was quite
accentuated for the ovaries. Blots ran at the level equivalent to 75
kDa (Fig. 1B).

As shown by immunohistology, the early oogenic cells were
characterized by very dense Vasa staining (Fig. 4E). We identified
oogonia at thin sections using such traits as the nuclei filled
with granular chromatin and having nucleoli (Fig. 6A). To study
zygotene—pachytene oocytes we looked for early oogenic cells that
lacked nucleolus in their nuclei and showed the condensed
chromatin strands with synaptonemal complexes (Fig. 6B). Both
the oogonia and zygotene-pachytene oocytes had compact GG
that were positive for Vasa, as shown by iEM (Fig. 6A,C,D) and
loosened Vasa-positive GG were found in oogonia and oocytes
(Fig. 6E). Quantitative analysis revealed that the proportions of
GG patterns varied. In oogonia, compact GG constituted 19.0%;
loosened GG, 15.0%. Zygotene—pachytene oocytes had no compact
GG, but loosened GG accounted for 5.0% (Fig. 3B).

In both the oogonia and zygotene—pachytene oocytes, the Vasa-
positive substance of loosened GG tended to contact the nucleus
(Fig. 6E). Colloidal gold particles corresponding to Vasa protein
were frequently found inside the nuclear membrane (nuclear
pores) (Fig. 6G,F). Enlargement of oogonium nucleolus indicated
that Vasa was located near and inside the nucleolus (Fig. 6G,H). In
zygotene—pachytene oocytes, the Vasa was also found all over the
nucleus and in the synaptonemal complexes (Fig. 6).

The oogonia and zygotene—pachytene oocytes had mitochon-
drial clusters in the cytoplasm (Fig. 6A). These were routinely
formed by loosened Vasa-positive GG playing a role in IMC that
attached to mitochondria individually (Fig. 6]), and also appeared
as a central core of clusters consisting of several mitochondria
(Fig. 6K). Vasa was located in the IMC and inside mitochondria
contacting the IMC (Fig. 6L).

Some clustered mitochondria were regularly found at various
stages of degradation. Some mitochondria completely lacked
their structures and contained electron-light cavities (Fig. 6K).
Similar to spermatogenic cells, some clusters were totally degraded
(not shown). Quantitative analysis showed that proportions of
mitochondrial cluster types varied. In oogonia, the mitochondrial
clusters consisted of 17.0% MC, 12.0% PDMC and 6.0% DMC.
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Zygotene-pachytene oocytes contained fewer MC (2.0%).
However, there were more PDMC and DMC, constituting 9.0%
and 15.0%, respectively (Fig. 3B).

GPRS in post-zygotene/pachytene oogenesis

As is found in histologic sections of the ovary, germline cells
were represented by various stages of oocyte growth (Fig. 7A).
To study GPRS, we selected five stages of advanced oogenesis
according to cell size increases (Fig. 4F-J).

As shown by immunohistology, growing oocyte 1 and growing
oocyte 2 were distinguished by a perinuclear Vasa-positive layer
(Fig. 4F,G). The larger magnification obtained by electron
microscopy confirmed that Vasa were present in the perinuclear
layer (Fig. 7B,C); also it was found that Vasa was located near
the nuclear membrane (Fig. 7B,D) and inside the nucleus
(Fig. 7B,E). The perinuclear layers of both the growing oocytes 1
and the growing oocytes 2 contain GG that were positive for
Vasa in both the central compact area and the diffused periphery
(Fig. 7F). Some GG were remote from the nucleus (Fig. 7G), some
were located near the nucleus (Fig. 7H), and some were found in
direct contact with the nucleus (Fig. 7I). Some GG contacting the
nucleus played a role in IMC that aggregated mitochondria into
clusters. Mitochondrial clusters were found in direct contact with
the nucleus in both growing oocyte 1 (Fig. 7G) and the growing
oocyte 2 (Fig. 7]). In the mitochondrial clusters, Vasa was found
inside both the IMC and the mitochondria (Fig. 7K). Growing
oocyte 3 lacked a perinuclear Vasa-positive layer, although some
diffused Vasa signal registered in the cytoplasm (Fig. 4H). No
GG, IMC, and MC were found using electron microscopy, despite
the scrupulous examination of serial sections (Fig. 7L).

The growing oocytes were surrounded by a follicular envelope
undergoing progressive enlargement. In growing oocytes 1-3,
this envelope has no clear Vasa signal (Fig. 4F-H). In growing
oocyte 4 (vitellogenic oocytes), there were Vasa-positive struc-
tures with intense staining (Fig. 4I). The follicular envelope of
oogenesis stage 5 (late vitellogenic oocytes) had a more faint
Vasa signal (Fig. 4]). Using electron microscopy, we observed
the dynamics of follicular envelope cell progression. It was char-
acteristic that electron-light vacuoles were present in the follicule
cells (Fig. 8A). These vacuoles appeared due to amalgamation of
some mitochondria (Fig. 8B). The completely formed vacuoles
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Figure 4. Vasa protein expression during spermatogenesis (A-D) and oogenesis (E-J) of marine medaka O. melastigma by immunohistology. Gonadal sections were stained with
Vasa antibody (brown). For spermatogenesis, staining was analyzed in: (A) spermatogonia (B), primary spermatocytes, (C) spermatids and (D) spermatozoa. The signal was most
intense and appeared non-central in spermatogonia (A, arrows); it appeared weaker, as well as obtained uniform localization, in spermatocytes (B, arrows); and was almost absent
in spermatids (C, st) and spermatozoa (D, sp). For oogenesis, the staining was analyzed in: (E) oogonia that are characterized by having an intense Vasa signal (arrows); (F) growing
oocytes 1 (gol); and (G) growing oocytes 2 (g02) that have an intense Vasa signal (arrows in F, G) around the nucleus (‘n’ in £, G); (H) growing oocytes 3 (go3) that lacks the Vasa
signal in the perinuclear area (H, arrow) and have no Vasa signal in the follicle envelope (arrowheads); (/) stage 4 growing vitellogenic oocyte (go4) that has the Vasa-positive follicle
envelope (arrowheads), and Vasa is also located (arrows) between yolk granules (y); (J) stage-5 late vitellogenic oocytes oocyte (go5) that had a weaker Vasa signal in its follicle
envelope (arrowheads), and Vasa was also located (arrows) between yolk granules (y). Scale bars =10 pm.

normally contained granules with an elongated (Fig. 8C) or round
shape (Fig. 8D). The vacuole was filled by a diffused Vasa-positive
substance (Fig. 8E). This substance was observed to be directly
attached to the granule that was intensely stained with Vasa
(Fig. 8F). The developed Vasa-positive granule was surrounded
by membrane (Fig. 8G). Vasa-positive granules had an elongated
shape and were often attached with their end to the oocyte
membrane (Fig. 8H,I). In a cross-section it can be seen that
granule bases were tightly assimilated with the oocyte membrane
that usually had a wavy shape (Fig. 8]). Late stage 5 vitellogenic
oocytes with formed chorion were surrounded by follicle cells
that contained small amounts of granules. Granule remnants
attached to the oocyte envelope could be rarely found (Fig. 8K).

In the stage 4 vitellogenic oocytes and stage 5 late vitellogenic
oocytes, Vasa-positive granules had an external layer that was
similar in colour and texture to the developing egg chorion, and
the granule amalgamate with the chorion by this external layer
(Fig. 9A). Magnification of Fig. 9(A) showed that Vasa is present
in the vicinity of the oocyte membrane, on the oocyte membrane,
and in the oocyte cytoplasm immediately after the oocyte membrane
(Fig. 9B). In late oocytes with developed chorion, Vasa was not found
in the chorion substance but was frequently found in the microvilli
located in the chorion channels (Fig. 9C,D). The growing oocyte 4
and late-stage 5 vitellogenic oocytes normally had a concentrated
Vasa signal between yolk aggregations. The areas of Vasa locations
were rather remote from the oocyte envelope (Fig. 4L)). By iEM, it
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was found that Vasa aggregations were located in the electron-dense
substance with an amorphous shape (Fig. 9E-G).

Discussion

GPRS transformation during mitosis-to-meiosis shift is similar
in both sexes

One of the aims of this study was to investigate GPRS activity
occurring during mitosis-to-meiosis shift in female and male
gonads. In fish including marine medaka, premeiotic gonial cell
differentiation typically includes several generations (Leal et al.,
2009; Schulz et al., 2010; Lacerda et al., 2014). To optimize the
study, we used ultrastructural criteria that allowed reliable
comparative analysis of premeiotic cells and cells entering early
meiosis. According to some reports summarizing ultrastructural
features of metazoan meiotic cells, the premeiotic female cells
(oogonia) and the premeiotic male cells (spermatogonia) were
ultrastructurally similar and had a nucleolus in their dispersed
chromatin. Early female meiotic cells (oocyte 1) and early male
meiotic cells (spermatocyte 1) were distinguished by chromatin
condensation and appearance of distinctive synaptonemal
complexes of synapsed chromosomes when chromosomal cross-
ing-over occurred at the zygotene-pachytene stage of meiosis
(Eckelbarger, 2005; Ables, 2015). Therefore, thanks to the
existence of ultrastructural criteria that allowed discrimination
of premeiotic and early meiotic cells, it was technically possible
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Figure 5. Patterns of GPRS in spermatids and sperms of the marine medaka O. melastigma. (A, B) Longitudinal sections (A) and cross-sections (B) through the mitochondrial area
of the spermatid that is peculiar in having a nucleus (n), centriole (c), mitochondria, (m) and chromatoid body (cb). (C) Chromatoid body (cb) that is positive for Vasa (white
arrowheads) in its central area and in its diffused periphery (black arrowheads). (D-G) Mitochondrial area (D) of late spermatid; magnification (E) of the square 1 in (D) shows that
Vasa (arrowhead) is located between the centriole (c) and mitochondrion (m); magnification (F) of the square 2 in (D) and shows that Vasa-positive substance (arrowhead) contacts
a mitochondrion (m); magnification (G) of the square 3 in (D) shows that Vasa (arrowhead) is located inside a mitochondrion (m). (H) Longitudinal section through a spermatozoon
that consists of a nucleus (n), mitochondrial area (arrowheads), and flagellum (f). (/) Cross-sections through mitochondrial areas (arrows) show that chromatoid body is absent in
sperm cells. (J) Cross-section through mitochondrial areas of sperms. Magnification (K) of the square shown in (J) detects that Vasa (arrowhead) is located by mitochondrion (m).
(L) Longitudinal section through a spermatozoon that is negative for Vasa; n, nucleus; m, mitochondrion; f, flagellum. Scale bars = 0.5 pm (4, B, D, H, J, L), 0.1 pm (C, E, F, G, K).

to make a comparison of GPRS transformation occurring during
the mitosis-to-meiosis shift.

It has been reported that fish oogonia and spermatogonia
were ultrastructurally similar in both sexes (Satoh, 1974; Billard,
1984; Flores and Burns, 1993; Braat et al., 1999). Our data have
confirmed that in marine medaka the female and male gonial cells
(oogonia and spermatogonia) were ultrastructurally similar in
having nucleoli in the nuclei. Also, in both sexes the zygotene-
pachytene meiotic cells were similar in having synaptonemal
complexes. In both females and males, premeiotic and meiotic cells
had a Vasa-positive compact GG (Fig. 10A,G).

We found that the ‘yellow phase’ of meiosis was similar in males
(10A-C) and females (Fig. 10G-I). It was characterized by the pres-
ence of compact Vasa-positive GG. However, some Vasa-positive
GG appeared in a loosened shape. As the amount of compact GG
was dominant in spermatogonia and oogonia but greatly decreased
during differentiation into the zygotene—pachytene spermatocytes
and corresponding oocytes, it seems logical that compact granules
were reduced in number during the mitosis-to-meiosis shift.
Taking into account that loosened germ plasm granules dominated
in the zygotene—pachytene meiotic cells of both sexes, we suggested
dispersion of compact GG to the loosened form that occurred
during the onset of meiosis (Fig. 10A,B,G,H). Our quantification
analysis also showed that the total amount of Vasa-positive GG
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with both compact and loosened forms dramatically decrease
during the mitosis-to-meiosis shift, assuming fast consumption
of Vasa-positive substances. This observation allowed the sugges-
tion on a role for Vasa-positive GG in the mitosis-to-meiosis shift.

We found that in marine medaka the loosened GG undergo
dispersion in the cytoplasm and form Vasa-positive strands attach-
ing to the nucleus. Vasa-labelling was also found in the nuclear
membrane pores and inside the nuclei. In the gonial cells of both
sexes, a Vasa signal was registered in nucleoli (Fig. 10B,H). In the
male and female zygotene—pachytene cells, Vasa was been regularly
found in the synaptonemal complex (Fig. 10C,I). It is worth noting
that the presence of Vasa both in the cytoplasm and nucleus was also
reported for oocytes of Drosophila (Findley et al., 2003). Pek and Kai
(2011) reported the perichromosomal localization of Vasa and its
role in Drosophila mitotic chromosome condensation. Based on
these findings and our present observation, we suggest that Vasa
participates in a kind of premeiotic chromatin reorganization.

It was also observed that the loosened form of GG formed mito-
chondrial clusters (Fig. 10B, H) obviously acting as the so-called
IMC that usually agglutinates mitochondria in reproductive cells
(see review in Chuma et al., 2009). We noticed that mitochondria
cemented with IMC underwent degradation. By quantification of
the intact mitochondrial clusters, PDMC, and DMC, we observed
that degradation of clustered mitochondria normally occurred
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Figure 6. Patterns of GPRS in pre-zygotene-pachytene oogenesis of the marine medaka 0. melastigma. (A) Oogonium that is identified by the presence of nucleoli (arrow) in the
nuclei; arrowhead indicates mitochondrial cluster; the square outlines the area magnified in (C). (B) Zygotene-pachytene oocyte identified by the presence of synaptonemal
complexes (sc) in the nucleus (n). (C) Magnification of the area with compact germ plasm granule (cgg) outlined by the square in (4). (D) Magnification of compact germ plasm
granule (cgg) outlined by the square in (C); note that the compact germ plasm granule is positive for Vasa (arrowheads). (E) Loosened germ plasm granule (lgg) that is located in the
cytoplasm (c) and positive for Vasa (white arrowheads); note a Vasa-positive strand (indicated by black arrowheads) contact nucleus (n); nuclear membrane is indicated by
asterisks). (F) Magnification the area outlined by the small square in (G); note Vasa (white arrowhead) found inside nuclear membrane (indicated by black arrowheads).
(G) Nucleus (n) of oogonium; note the area of nuclear membrane (small square) magnified in (F) and a nucleolus (large square). (H) Magnification of nucleolus (nu) shown
in (G); note the Vasa located in the vicinity (black arrowheads) of the nucleolus and Vasa (white arrowheads) inside the nucleolus. (/) Vasa (arrowhead) inside a synaptonemal
complex (sc). (J) Loosened germ plasm granule that is positive for Vasa and performed the role of intermitochondrial cement (lgg/imc) that tended to contact a mitochondrion (m);
note the area of contact between the mitochondrion and the intermitochondrial cement (indicated by arrowheads). (K) Mature mitochondrial cluster with mitochondria (m) that
are profoundly introduced into the intermitochondrial cement (imc) and closely attached to each other; note a mitochondrion with an autolyzed content (asterisk). (L) IMC that is
positive for Vasa (white arrowheads) and contacts a mitochondrion (m); note Vasa (black arrowheads) that is inside a mitochondrion; c, cytoplasm; n, nucleus. Scale bars =1 pm

(A, B), 0.5 pm (C, K), 0.1 pm (D-J, L).

during the mitosis-to-meiosis shift in both sexes (Fig. 10C,I). It
seems logical that the appearance of degraded mitochondria com-
pletes the cascade of interactions between GG and mitochondria.
Previously, premeiotic disassembly of mitochondria induced by
the GG substance has been described in some species (Reunov
et al, 2000). This fact may help understanding the mechanism
of extramitochondrial localization of mitochondrial ribosomes
during gametogenesis (Villegas et al., 2002). Amikura et al,
(2005, 2001), as well as Gur and Breitbart (2006, 2008), suggested
that mitochondrial ribosomes could translate nuclear RNAs
during germline cells differentiation. Our study showed that in
mitochondrial clusters Vasa was found in contact with some mito-
chondria and inside mitochondria (Fig. 10B,C,H,I). We noticed
that Vasa penetration in mitochondria anticipated mitochondria
destruction. Therefore, a role for Vasa in premeiotic mitochondrial
degradation could be supposed.

Chromatoid body is an accessory structure specific to
postmeiotic spermatogenesis

Spermatids of marine medaka contained a Vasa-positive structure
that was morphologically similar to an analogous structure
routinely described as a ‘chromatoid body’ (CB). Initially,
Fawcett (1972) reported that in rat spermatids the CB arose as a
stock of mRNAs formed due to the conservation of the nuclear
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genome and directed towards translation of proteins essential
for the sperm tail formation rather than having any importance
for the early stages of meiosis. Indeed, as was shown, the CB
was a centre of RNA synthesis during the late stages of spermio-
genesis, a stage characterized by low RNA synthesis over the entire
cell (see review in Onohara and Yokota, 2012). It has been reported
that the CB contains testis-specific serine/threonine kinases and
forms ring-shaped structures around a mitochondrial sheath;
deletion of required genes resulted in the loss of chromatoid
body-derived rings and the collapse of the mitochondrial sheath
(Shang et al., 2010). It was speculated (Meikar et al., 2011) that,
although the CB in mouse and the GG in lower organisms (fly,
nematode, or frog) share many protein components, these granules
and CB apparently supported different biological functions. Some
data are available on the localization of proteins such as Ago2,
Ago3, Dcpla and GW182, which are the routinely used as markers
for the processing body (P-body), granules that are responsible for
RNA silencing and RNA disruption in somatic cells. This allows
speculation that the CB may be functionally comparable with
P-bodies (see review in Chuma et al, 2009; Onohara and
Yokota, 2012). Therefore, it seems possible that the CB does not
belong to GG promoting meiotic differentiation, but more likely
is a highly specialized granule characteristic of the final stage of
sperm formation in some species. Actually, CB has been found
in spermatids of a limited group of vertebrate animals (see review
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Figure 7. Patterns of GPRS in advanced oogenesis of the
marine medaka O. melastigma. (A) Histological section shows
that adult ovary is filled by oocytes at various stages of growth.
(B) Growing oocyte 1 with areas outlined by squares in
perinuclear layer (square 1), nuclear membrane (square 2),
and nucleus (square 3). (C-E) Magnifications of the areas outlined
by squares 1,2 and 3, respectively, in (B); note Vasa (arrowheads)
in the perinuclear area (C), near the nuclear membrane (indi-
cated by asterisks) (D), and inside the nucleus (E). (F) Germ plasm
granules positive for Vasa in its compact central area (white
arrowheads); note Vasa (black arrowheads) in the diffused
periphery of the germ plasm granule. (G) Growing oocyte 1; a
sample of germ plasm granule (showed by arrow) remote from
the nucleus; note a mitochondrial cluster (outlined by circle)
located in close contact with the nucleus. (H) Sample of germ
plasm granule (indicated by arrow) located near the nucleus.
(1) Sample of germ plasm granule (outlined by circle) located
in direct contact with the nucleus. (J) Growing oocyte 2: a mito-
chondrial cluster consisting of mitochondria (m) agglutinated by
intermitochondrial cement (imc); note that mitochondrial
cluster in a close contact with the nucleus. (K) IMC that is positive
for Vasa (white arrowheads) and contacts a mitochondrion (m);
note Vasa (black arrowheads) inside a mitochondrion.
(L) Growing oocyte 3; note a perinuclear layer (arrowheads) that
lacks germ plasm granules and mitochondrial clusters; n,
nucleus; ¢, cytoplasm. Scale bars =30 pm (A4), 0.1 pm (B-F, K),
0.5 pm (G-J, L).

Figure 8. Vasa-positive granules in the follicular envelope of
oocytes in the marine medaka O. melastigma. (A) Oocyte (o)
surrounded by a follicular envelope (fe); note vacuoles (asterisks)
present in the cytoplasm of follicular cells. (B) Group of
mitochondria (m) in the cytoplasm (c) of follicular cells; note
junctions (outlined by circles) that connect some mitochondria.
(C) Avacuole (asterisk) that arose by amalgamation of mitochon-
dria; it contains an elongated electron-dense granule (star); note
a mitochondrion located at the periphery of a vacuole (arrow).
(D) Vacuoles (asterisks) containing electron-dense granules with
a round shape (stars). (E) Vacuole space (asterisks) filled by a
substance with a signal for Vasa (arrowheads). (F) Vacuole space
(asterisks) with developing electron-dense granules (star) posi-
tive for Vasa in its central area (arrows); note the ellipse outlining
a substance strand that is positive for Vasa (black arrowhead)
and contacts a Vasa-positive electron-dense granule.
(G) Formed electron-dense granule (star) that is positive for
Vasa (arrows) and is surrounded by a membrane (arrowheads).
(H) Oocyte periphery visualized by immunohistology; note the
formed Vasa-positive granules (brown) that have an elongated
shape (arrows) and contact with the oocyte membrane
(arrowhead). (/) Electron-dense granule (star) attached to

the oocyte membrane (arrowheads) with its end (arrow).
(J) Cross-section shows that granule bases (asterisks) are tightly
assimilated with the oocyte membrane that usually has a wavy
shape (arrowheads). (K) Maturing oocyte separated from the
follicule envelop (fe) by the modified oocyte membrane (aster-
isks); note a granule remnant (arrow); fe, follicle envelope, o,
oocyte. Scale bars = 0.5 um (A-D, I-K), 0.1 pm (E-G), 10 pm (H).

in Kalt, 1973; Kerr and Dixon, 1974; Eddy, 1975). However, there ~ (Reunov and Klepal, 1997), polychaetes (Reunov et al., 2010),
are examples showing that CB is absent during spermatogenesis ~ bivalve molluscs (Reunov et al., 2018), phoronids (Reunov and
although the GG, IMC, and mitochondrial clusters are normally ~ Klepal, 2004), brachiopods (Hodgson and Reunov, 1994), and
present during early meiosis. CB were not detected in spermato-  echinoderms (Au et al., 1998). Therefore, in the animal kingdom
genesis of sipunculids (Reunov and Rice, 1993), nemerteans there are two patterns of spermatogenesis that are uniform

https://doi.org/10.1017/50967199419000546 Published online by Cambridge University Press


https://doi.org/10.1017/S0967199419000546

Germ plasm-related structures in marine medaka gametogenesis

19

Ny,
Lo b
v

Figure 9. Appearance of Vasa-positive substances in late oocytes of the marine medaka O. melastigma. (A) Vasa-positive electron-dense granule (star) attached to the oocyte (o) chorion
(asterisk); note the granule external layer (arrows) similar to the oocyte chorion (asterisk) in ultrastructure; the square outlines an area of oocyte membrane magnified in (B).
(B) Magnification of the area outlined by the square in (A); note Vasa distributed over the oocyte chorion (white arrowheads), Vasa on the oocyte membrane (white arrow), Vasa located
near the membrane inside the oocyte (black arrows), and Vasa remote from the oocyte membrane (black arrowhead). (C, D) Cross-section (C) and a longitudinal section (D) through the
microvilli (mv) located in the oocyte chorion; note Vasa (arrowhead) inside microuvilli. (E) Maturing oocyte (o) containing yolk (y); the square outlines an area between yolk granules.
(F) Magnification of the area outlined by the square in (E); the square outlines an area containing an aggregation of Vasa-positive substances. (G) Magnification of the area outlined by the
square in (F); note an aggregation of substances that are positive to Vasa (indicated by arrowheads); om, oocyte membrane; o, oocyte. Scale bars = 0.1 um (A-D, F-G), 1 pm (E).

regarding the presence of premeiotic GPRS but differ by the
absence or presence of CB during post-zygotene/pachytene
spermatogenesis.

In teleost fishes, the CB was found in some species, in which
the CB is typical for the postmeiotic phase (Yuan et al., 2014
and references therein). However, in some fish no CB has been
found (Mattei and Mattei, 1978; Billard, 1983; Flores and Burns,
1993; Muiioz et al., 2002). In spermatids of marine medaka, a
CB-originated Vasa is located inside some mitochondria, therefore
suggesting the intramitochondrial penetration of CB matter
(Fig. 10D,E). We suggest that this phenomenon may be shared
with intramitochondrial invasion of GG-derived Vasa during
the mitosis-to-meijosis shift. Assuming the extramitochondrial
localization of mitochondrial ribosomes in spermatogenesis
(Villegas et al., 2002), it can be suggested that the CB facilitates
additional extramitochondrial release to extend the dialogue
between mitochondrial ribosomes and cytoplasm in sperm cells
(Gur and Breitbart, 2006, 2008). The CB is absent from mature
spermatozoa (Fig. 10F), this allows an assumption that this
structure performs its function during spermatid formation only.

As western blot analyses have shown, in marine medaka, anti-
Vasa antibody detected Vasa in blots of the ovary and testis. Blots
ran at the level equivalent to 75 kDa. This Vasa molecular weight
was similar to that detected for Vasa in the gonads of the freshwater
medaka O. latipes (Yuan et al., 2014). For marine medaka, the Vasa
blot consisted of two parts that were slightly different in molecular
weight. We suggest that two Vasa isoforms belonging to GG and
CB, respectively, may be characteristic of marine medaka sperma-
togenesis. The same pattern of two Vasa protein blots has been
detected in the testes of the gibel carp (Xu et al.,, 2005). More
specific antibodies are required to test if Vasa different isoforms
are associated with different types of granules.
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Post-zygotene/pachytene oogenesis is promoted by the
accessory germ plasm granule-like structures

Growing oocytes 1 and 2 were characterized as having a Vasa-
positive perinuclear layer consisting of GPRS such as compact
GG, loosened GG, mitochondrial clusters or DMC (Fig. 10]).
The perinuclear location of GG is known for germline cells of
various animal species (Carré et al., 2002; Yajima and Wessel,
2011; Yakovlev, 2016). We suggested that perinuclear GPRS locali-
zation was shared by the pre-zygotene/pachytene meiotic stages of
both sexes (Fig. 10B, C, H, I). The perinuclear localization may be
aimed at forming a tighter link of GG with a nucleus in the oocytes
that increased in size. Probably this link helped the intranuclear
penetration of Vasa found in the nuclei of growing oocytes
1 and 2, assuming the intranuclear role of Vasa at this stage
(Fig. 10]).

As all the types of GPRS reduced much and disappeared during
the ‘yellow phase’ of female meiosis, we suggested that GG was
newly arisen in growing oocytes 1 and 2 (Fig. 10J). We did not find
any mechanisms arising from these GG, as they appear through
aggregation of the Vasa-positive substance in the cytoplasm.
However, we suggested that advanced oogenesis is rather
promoted by secondary GG than by maternally inherited primary
GG. As no GPRS were found in stage 3 oocytes (Fig. 10K), we
suggested that these structures were not necessary for late meiosis
process.

Follicle cells initiate formation of storing GG

The process of germ plasm formation has not yet been investigated
ultrastructurally in any fish species. Based on our observations, we
assumed that in marine medaka a Vasa-positive germ plasm
substance was formed by the complex machinery that we referred
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Figure 10. Schematic drawing of GPRS dynamics in the meiotic differentiation of males (A-F) and females (G-M) of the marine medaka O. melastigma. Note that ‘yellow phase’ of
meiosis is similar in males (A-C) and females (G-/) and is characterized by the presence of compact Vasa-positive germ plasm granules (red) that are unrelated to mitochondria (blue); any
Vasa is not present in the cytoplasm and nucleolus (arrowheads) of nuclei (n) (4, G); germ plasm granule transformation to the loosened germ plasm granules (lgg), followed by pen-
etration of this Vasa-positive loosened fraction (red dots) to the nuclei with localization in the nucleolus (arrowheads) of spermatogonia and oogonia (B, H); transformation of some of this
fraction into the intermitochondrial cement (red dots) aggregating neighbouring mitochondria (blue) to mitochondrial clusters (mc) (B, H). Note that in zygotene-pachytene meiotic cells
some Vasa (red dots) is present in synaptonemal complexes (sc); degraded mitochondrial clusters (dmc) coexist with intact mitochondrial clusters (mc) (C, /). Advanced spermatogenesis
(spermiogenesis) is characterized by arising of a chromatoid body (red) that is unrelated to mitochondria in early spermatids (blue) (D) and undergoes dissemination followed by the Vasa-
positive substance (red dots) penetration into some mitochondria (blue) in the middle spermatids (E). Note the complete absence of Vasa in the sperm (F). Growing oocytes 1 and 2 are
distinguished by newly arisen compact germ plasm granules (red), loosened germ plasm granules (lgg), mitochondrial clusters (mc), and degraded mitochondrial clusters (dmc); note
some Vasa (red dots) in the nucleus (n) (J). Growing oocytes 3 lack any GPRS in the cytoplasm (green), but Vasa-positive granules (vpg) arise in cells of follicle envelope (brown) and
attached to the chorion (ch) (K). Subsequently the process continues with injection of Vasa from the Vasa-positive granules through the chorion (ch) to the cytoplasm (Vasa is indicated by
arrows) (L) and storage of Vasa-positive germ plasm granules (red) between yolk aggregations (light grey colour) (M); note that nuclei (n) do not contain Vasa and mitochondria (blue) do
not contact any germ plasm structures in late oocytes (K-M). During embryo development, the compact germ plasm granules (red) formed in late oocytes (M) are inherited by primordial
germline cells (pink) giving rise to meiotic lines of both sexes (arrows) (N); f, flagellum; n, nucleus.

to as “follicle cell assigned germ plasm formation’. This mechanism
describes the process that appears morphologically different
compared with the Balbiani body (= mitochondrial cloud) which
is usually associated with the GG formation (Kalt, 1973; Kloc et al.,

2002; Cox and Spradling, 2003; Chang et al., 2004; Wilk et al.,
2004). We did not find any Balbiani body in the oocytes. It seems m m
likely that the Balbiani body is absent in medaka, and we & f O
discovered an original type of GG formation. It was shown that @
the process was started by aggregation of some mitochondria in @
B o] D E F

the cytoplasm of follicular cells (Fig. 11A,B). Mitochondria swell A

and merge together to form a vacuole (Fig. 11C). Then the process

continues with the appearance of diffused Vasa-positive substances Figure 11. Schematic drawing of the progressive stages of Vasa-positive granule for-
in the vacuole followed bY gradually growing Vasa-positive mation occurring in oocyte follicle cells of the marine medaka O. melastigma. During

. _ Vasa-positive granules formation, the mitochondria (A) swell and merge together
gramﬂes (Flg. 11D F)' The Process progresses by attachment of (B) to form a vacuole (C). Then the process continues with the appearance of diffused

Vasa'pOSitive granules to the oocyte chorion (Fig. IOK) and Vasa-positive substance in the vacuole (D, red) followed by the arising of gradually
Vasa injection through the chorion (Fig. 10L). It is noteworthy  growing granule (black) that takes up Vasa (D-F); m, mitochondria; arrows indicate

that, apart from Vasa delivery to the cytoplasm, the granules  the areas of Vasa (red) penetration into the granule (E).
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contributed to enlargement of the growing oocyte envelope. We
noticed that thickening of the oocyte chorion was accompanied
with a shift from simple Vasa diffusion to Vasa transportation
through microvilli penetrating the chorion. According to our data,
the diffused Vasa spreads throughout the oocyte cytoplasm. In
late-stage 5 vitellogenic oocytes we found GG-like bodies located
between yolk accumulations (Fig. 10M). We did not find any
special mechanism of formation of these bodies and suggested that
GG were formed by condensation of the Vasa-positive substance.
It seems very possible that these are storing GG following a prefor-
mative way of germ plasm inheritance, a mechanism previously
supposed for teleost fish (Hamaguchi, 1982, 1985; Timmermans
and Taverne, 1989; Braat et al., 1999; Knaut et al., 2000). This
mechanism assumes the early segregation of Vasa-positive GG
in late oocytes and their localization in PGC during embryogenesis
(Fig. 10N).

Conclusions

In the present study of both sexes’ gametogenesis in the marine
medaka Oryzias melastigma, we investigated GPRS during the
mitosis-to-meiosis period, post-zygotene/pachytene period, and
during their deposition in oogenesis.

Using anti-Vasa antibodies (germ plasm marker) and based on
ultrastructural analysis, we found that premeiotic GPRS transfor-
mation was not sex specific. In both sexes, a shift from mitosis to
meiosis was characterized by the following steps: (1) turning of
Vasa-positive GG into IMC; (2) formation of mitochondrial
clusters due to the agglutinating effect of IMC; and (3) entry of
the IMC-originated Vasa-positive substance into clustered
mitochondria; followed by (4) structural demolishing of clustered
mitochondria that may correspond to the cytoplasmic localization
of mitochondrial ribosomes, as previously described in germ cells
of Drosophila, Xenopus, and mice; and (5) entry of Vasa-positive
substance into the nucleus to promote, as suggested, meiotic
remodelling of chromatin during the mitosis-to-meiosis shift.

The post-zygotene/pachytene period is sex specific, assuming
CB appearing in spermatogenesis and GG-like structures in oogen-
esis; in both sexes these are accessory structures probably serve to
extend the release of mitochondrial matter.

A new type of GG arising, ‘the follicle cell assigned germ plasm
formation’, was discovered in oogenesis of marine medaka.

Recommendations concerning artificial meiotic differentiation
are made as follows: (1) presence of Vasa-positive GG is crucial for
successful mitosis-to-meiosis shift in stem cells; the electron
microscopy should be involved to sample GG presence/absence
in stem cells targeted for meiotic differentiation; and (2) taking into
account that the primary step of GG formation occurs in the oocyte
follicle cells (FC), co-cultivation of FC together with stem cells may
be considered if stem cells lack the inherited GG.
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