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Abstract

To analyze the release of mitochondrial material, a process that is believed to be (i) induced by
the VASA protein derived from germplasm granules, and (ii), which appears to play an
important role during meiotic differentiation, the localization of the CYTB protein was studied in
the process of spermatogenesis of the bivalve mollusc Ruditapes philippinarum (Manila clam). It
was found that in early spermatogenic cells, such as spermatogonia and spermatocytes, the
CYTB protein shows dispersion in the cytoplasm following the total disaggregation of VASA-
invaded mitochondria, what is called here as ‘destructive mitochondrial effusion (DME)’. It was
found that mitochondria of the maturing sperm cells also uptake VASA. It is accompanied by
extramitochondrial transmembrane localization of CYTB assuming mitochondrial content
release without mitochondrion demolishing. This phenomenon is called here as ‘non-destructive
mitochondrial effusion (NDME)’. Thus, in the spermatogenesis of the Manila clam, two patterns
of mitochondrial release, DME and NDME, were found, which function, respectively, in early
spermatogenic cells and in maturing spermatozoa. Despite the morphological difference, it is
assumed that both DME and NDME have a similar functional nature. In both cases, the
intramitochondrial localization of VASA coincides with the extramitochondrial localization of

the mitochondrial matrix.

Key words Manila clam, spermatogenic cells, mitochondria, VASA, CYTB.

Introduction

Knowledge about the cellular and subcellular characteristics of sperm differentiation in the
gonadal niche is important, given the need to develop effective reproductive technologies in vitro
(Krawetz et al. 2009; Kawasaki et al. 2016; Silva et al. 2018; Sanjo et al. 2018). In the animal
kingdom, the development of these approaches is important for targeting restoration of valuable
animal species that might be threatened, vulnerable or endangered (Silva et al. 2018).

Bivalve molluscs provide many benefits to society representing a valuable fishering stock
having nutritional and pharmacological value (Sakurai et al. 1998; Ferndndez Robledo et al.
2019; Van der Schatte Olivier et al. 2020). So, a study of bivalve meiotic differentiation is
important assuming future development of in vitro reproductive approaches for these organisms.
We recently reported data for spermatogenesis of the bivalve mollusc Ruditapes
philippinarum (Manila clam), that represents the 25% of commercially produced molluscs in the

world (Cordero et al. 2017). According to our data, a process that may be decisive for the



differentiation of this mollusc male gametes is the interaction between VASA-positive germ
plasm granules (GG) and mitochondria occurring during the transition from mitosis to meiosis.
During this event, the VASA protein, spreading in the cytoplasm from disaggregating GG, enters
some mitochondria and induces the release of mitochondrial content into the cytoplasm, which is
confirmed by the cytoplasmic localization of the mitochondrial protein CYTB (Reunov et al.
2019a). Since the interaction between VASA and mitochondria, as well as the subsequent release
of the mitochondrial material, are poorly understood, a more detailed study of these processes
appears relevant.

Assuming that the interaction of VASA-positive GG and mitochondria is an important
element of the mechanism of sperm differentiation, the modulation of which may play a
necessary role in future experiments on sperm differentiation in vitro, we investigated the
spermatogenesis of the Manila molluscs in more detail. Our special focus was to find out if
VASA induced mitochondrial effusion occurs at the late stages of sperm differentiation, and if

morphologic traits of this process differs in early and late phases of spermatogenesis.

Materials and Methods

Animal samples

The Manila clam Ruditapes philippinarum undergoes an annual reproductive cycle of
gametogenesis and spawning that alternates with a period of gonad remodelling. Both testes and
ovaries contain a stock of primary mitotic germ cells that are located at the wall of the acini
(gonadic units similar to sacks) and periodically enter meiosis followed by gamete formation
(Delgado and Perez-Camacho 2007; Milani et al. 2011, 2018). Normally, each acinus contains
germ cells at different stage of differentiation, making of R. philippinarum a very convenient

model species to study gametogenesis machinery.

Confocal microscopy

Portions of mature gonads were collected from adult males and processed according to
Milani et al. (2015). In summary, samples were fixed in a solution containing 3.7%
paraformaldehyde and 0.1% glutaraldehyde. Samples were rinsed in Phosphate Buffered Saline
(PBS) solution and then embedded in agar. Sections of 100—150 um thickness, obtained using a
Lancer Vibratome Series 1000, were post-fixed with increasing concentrations of methanol and

rehydrated in Tris Buffered Saline (TBS) solution. After treatment with sodium borohydride in



TBS for a 1 h 30 min at room temperature (RT) and rinsing, antigenic sites were unmasked with
0.01% Pronase E in PBS for 18 min at RT. After washing with PBS, samples were left over night
in TBS-1%Triton at 4°C. Next, samples were incubated in 1% Normal Goat Serum (NGS) and
1% BSA in TBS-0.1%Triton (TBS-0.1%T) for 1 h 30 min for blocking non-specific protein-
binding sites, then were incubated with anti-VASA (Milani et al. 2015), diluted 1:8,000 in 3%
BSA in TBS-0.1%T, leaving 72 h at 4°C. After washing, sections were incubated with 1:400
polyclonal goat anti-rabbit Alexa Fluor 488 (Life Technologies, Carlsbad, USA) in 1% NGS-1%
BSA in TBS-0.1%T for 32 h at 4°C. After washing, nuclei were stained with 1 puM TO-PRO-3
nuclear dye (Life Technologies, Carlsbad, USA) in PBS for 10 min at RT and washed. The
immunostained sections were mounted in 2.5% 1,4-diazabicyclo[2.2.2] octane (DABCO;
Sigma), 50 mM Tris and 90% glycerol. Imaging was performed with a confocal laser scanning

microscope (Leica confocal SP2 microscope), using Leica software.

Immunoelectron microscopy

Testes were fixed in 4% paraformaldehyde and 0.5% glutaraldehyde in 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 sectioned with an
Ultracut Leica UC6 ultramicrotome (Leica Microsystems, Germany) using a diamond knife. The
thin sections were mounted on Formvar-coated nickel grids. The grids were floated on drops of
1% BSA/0.01% Tween 20 in (PBST) for 1 h, then incubated for 1 h with primary antibodies:
anti-VASA antibody in rabbit and anti-CYTB antibody in chicken, diluted with PBS-0.05%
Tween 20 (PBST) at 1:200 concentration. Next, samples were washed in PBST and incubated
for 2 h at RT with a mixture of secondary antibodies diluted 1:50 in PBST. The secondary
antibodies used were: 12-nm colloidal gold-conjugated goat anti-rabbit IgG antibody (111-205-
144, Jackson) and 18-nm colloidal gold-conjugated goat anti-chicken IgG antibody (703-215-
155, Jackson). 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 photographed with a Philips

410 Transmission Electron Microscope (Philips Electronics, Eindhoven, The Netherlands).

Transmission electron microscopy

Male gonads were dissected, cut into small pieces, and fixed overnight in primary fixative

containing 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, at 4°C. Fixed tissues were



washed in buffer, postfixed in 2% OsO4 in 0.1 M cacodylate buffer for 2 h, rinsed in 0.1 M
cacodylate buffer and distilled water, dehydrated in an ethanol series and acetone, infiltrated and
embedded in Spurr’s resin. Ultra-thin sections were mounted on slot grids that were coated with
formvar film stabilized with carbon. Sections were stained with 2% alcoholic uranyl acetate and
aqueous lead citrate and were examined with a transmission electron microscope Zeiss Libra 120
(A Carl Zeiss SMT AG Company, Oberkochen, Germany) and Philips 410 Transmission
Electron Microscope (Philips 123 Electronics, Eindhoven, The Netherlands).

Scanning electron microscopy

Gonads were removed, cut into small pieces and fixed for 2-3 h (in 2.5% glutaraldehyde in
0.1M cacodylate buffer, pH 7.4). Primary fixed materials were washed gradually in the same
buffer. Washed samples were rinsed in buffer and distilled water, dehydrated in a graded series
of ethanol solutions. Sperm suspension was prepared by crushing pieces of fixed materials. The
suspension was pipetted onto a Thermanox coverslip (Cat. # 72280) and allowed to settle for 1 h.
Coverslips with attached sperm cells were transferred to acetone and critical-point-dried in COs».
Dried materials were mounted onto aluminum stubs, coated with gold, and examined with a

scanning electron microscope LEO-430 (Horus Tech Inc., USA).

Quantitative analysis of mitochondrion dynamics during mitosis-to-meiosis phase

The identification of successive stages of meiotic cells was carried out accordingly to
previous descriptions of animal gametogenesis (Reunov et al. 2009; Ables 2015). Spermatogonia
(premeiotic cells) have a nucleolus in their dispersed chromatin. Spermatocytes I (cells that
entered meiosis) are peculiar in chromatin condensation and in the appearance of distinctive
synaptonemal complexes of synapsed chromosomes that occur when chromosomal crossing-over
takes place at zygotene-pachytene stage of meiosis.

Three pieces of testis were taken from each of three males, and these pieces were embedded
in resin blocks. From each of these nine blocks, three sections were taken from different levels.
Thus, 27 sections were investigated. At each section, 10 premeiotic cells and 10 zygotene-
pachytene cells were identified, to give a total of 270 cells of each type. Thus, mitochondrial
number was calculated in 540 male cells. Mitochondria were identified by electron microscopy
and counted. The results were analysed by the Microsoft Excel program. All values are
expressed as means with standard error of the mean (SEM). Percentages were calculated using

the Student’s t-test and P*<0.05, P**<0.001 were considered statistically significant.



Results

Examination by transmission electron microscopy confirmed our previous data (Reunov et
al. 2019a), showing that the cytoplasm of both spermatogonia and primary spermatocytes
contains electron-dense germplasm granules (GG) that are round or oval in shape and do not
have any surrounding membranes. GG have never been found in contact with mitochondria, but
mitochondrial regions that are close to GG usually have an electron-lucent area and swollen
membranes (Fig. 1 A). Using immunoelectron microscopy (iEM), we shown that the zygotene-
pachytene stage of meiosis is accompanied by a dispersion of GG containing VASA. The GG-
derived VASA protein appears to enter neighboring mitochondria (Reunov et al. 2019a). As a
result of this study, we found that the penetration of VASA into mitochondria is preceded by the
attachment of VASA-positive globules to the mitochondrial surface (Fig. 1 B, C), after which
VASA is localized within the mitochondria (Fig. 1 D, E). Using immunoelectron microscopy
(1IEM) we recorded that VASA appears to induce mitochondrial material release, as supported by
cytochrome B (CYTB) localization outside the mitochondria (Reunov et al. 2019a).

To get further evidence of mitochondrial material dispersion process, we used confocal
microscopy and showed that spermatogonia, as well as primary spermatocytes, do not only
contain CYTB-positive spots that are the size and shape of mitochondria, but their cytoplasm is
also stained with antibodies to CYTB (Fig. 2 A, B). Using conventional electron microscopy, we
found that the number of mitochondria decreases catastrophically during the transition from
mitosis to meiosis, amounting to about 69% in spermatogonia and 31% in primary spermatocytes
(Fig. 3 A, B). Early spermatids also have CYTB signals corresponding to the size of
mitochondria. However, the cytoplasm of these cells is usually not stained with antibodies to
CYTB (Fig. 2 C).

Spermatozoa are the cells having bullet-like nucleus whose apical end is cupped with the
acrosome. Mitochondria are located under the basal (wide) end of the nucleus in a collar-like
structure called ‘midpiece’ (Fig. 1 F). These mitochondria surround a centriole that is the basal
body of the flagellum growing out from the sperm cell body (Fig. 1 G). The mitochondria are
thus assembled in a ring constituted by four organelles and this number is quite constant in the
mature spermatozoa (Fig. 1 H).

By confocal microscopy, it was found that the bright CYTB signal is located in the
mitochondrial area and could not be found in any other region of spermatozoa (Fig. 2 D). VASA

is also regularly found in spermatozoa being located in the mitochondrial area (Fig. 2 E). Large



magnification allows to discriminate the accumulations of faint VASA signal in the midpiece of
spermatozoa (Fig. 2 F, G).

1IEM analyses showed that VASA presents inside mitochondria (Fig. 1 I). Some VASA
signals are found near external mitochondrial membranes and directly on the external
membranes (Fig. 1 J). CYTB is seen in the cytoplasm of spermatozoa (Fig. 1 K). In addition,
CYTB is found within mitochondria, on mitochondrial external membranes, and outside

mitochondria in the immediate vicinity of mitochondrial external membranes (Fig. 1 L).

Discussion

VASA as a possible player in mitochondrial material release

In our previous study using the bivalve mollusc Ruditapes philippinarum (Manila clam) as
model species, we found that during the mitosis-to-meiosis shift the gradual disappearance of
VASA-positive germplasm granules (GG) occurs. The dispersion of GG contributes to VASA
dispersion in the cytoplasm that is then followed by VASA localization inside mitochondria
(Reunov et al. 2019a). In the course of the present study, we found that during early
spermatogenesis, VASA is contained in globules, which represent particles of scattered GG. We
found that these VASA-positive globules attach to mitochondria. Thus, although GG have never
been found in contact with mitochondria, it can be assumed that VASA is transferred by GG
fragments into mitochondria.

We also found that in spermatozoa VASA is localized in the midpiece that contains
mitochondria. The origin of VASA in sperms is unclear. In some species, the appearance of
VASA in late spermatids and spermatozoa is associated with the dispersion of VASA-positive
chromatoid bodies (CB) which arise in spermiogenesis. For example, in the marine medaka
Oryzias melastigma, whose late spermatids are peculiar in having a CB undergoing dispersion
during spermiogenesis, VASA is located inside mitochondria, suggesting intramitochondrial
penetration of CB-originated VASA (Reunov et al. 2020). Since, the Manila clam spermatogenic
cells have GG but have no CB, VASA presence in sperms may be explained by prolonged
presence of the GG originated VASA.

The vasa gene has been firstly discovered in Drosophila (Lasko and Ashburner 1988; Hay et
al. 1990). From then on, VASA homologues have also been found in a number of animal species
(see for review Raz 2000; Toyooka et al. 2000; Mochizuki et al. 2001; Sunagara et al. 2006)
including humans (Castrillon et al. 2000). This gene encodes an ATP-dependent RNA helicase

of the DEAD-box protein family, which plays an important role in many transcriptional



processes, including transcriptional activation (Aratani et al. 2001; Jankowsky 2012). The vasa
gene is known to show germline-specific expression in many animals and to reside in germ
plasm specific structures such as germ plasm granules (Carré et al. 2002). Indeed, the VASA
protein is recognized as a main component of germ plasm (Findley et al. 2003). Nonetheless, its
germline related function still remains obscure (Gustafson and Wessel 2010). Based on our
findings, we believe that during both early and late phases of spermatogenesis of Manila clam

VASA plays a role in the release of mitochondrial material.

The forms of mitochondrial effusion differ in early spermatogenesis and spermatozoa

Quantitative analyses showed that during the transition from mitosis to meiosis, there is a
noticeable decrease in the number of mitochondria. It seems logic that this event concerns
VASA-containing mitochondria that release CYTB-positive mitochondrial substance and
undergo elimination. Taking into account that process is accompanied by the complete
demolishing of mitochondria, we propose to call this process as ‘destructive mitochondrial
effusion’ (Fig. 4 A-C). Given that CYTB did not find in the cytoplasm of spermatids we suggest
that destructive mitochondrial effusion does not occur at late stage of sperm formation. Indeed,
looking at spermatozoa, we did not record any destruction of mitochondria containing VASA.
However, we found that mitochondrial material that is positive for CYTB antibodies locates on
the mitochondrial external membranes suggesting the translocation of mitochondrial substance
through these membranes. The reasons and mechanisms of the extramitochondrial localization of
CYTB-positive substance in spermatozoa remains to be elucidated. It is known that the apoptotic
machinery is activated by CYTC modifying mitochondrial membranes to form lipid pores
allowing CYTC extramitochondrial leakage (Jangamreddy and Los 2012; Bergstrom et al. 2013).
It could not be excluded that mitochondrial efflux in sperms may be accompanied by arising of
the membraneous pores. Anyway, considering that sperm mitochondrial efflux does not damage
the structure of mitochondria, we propose to call this process ‘non-destructive mitochondrial

effusion’ (Fig. 4 D-G).

Why does mitochondrial material release occur in spermatogenesis?

The role of mitochondrial material release can be summarized by two current hypotheses: (1)
the release of mitochondrial ribosomes may replace cellular ribosomes during early
embryogenesis, oogenesis (Kobayashi 1993, 1998; Amikura et al. 2001, 2005) and
spermatogenesis (Gur and Breitbart 2006, 2008; Villegas et al. 2002; Reunov et al. 2019b),



or/and (2) the selection of healthy mitochondria occurs along with the elimination of less
performing mitochondria (Ghiselli et al. 2019). According to what observed in the early phases
of spermatogenesis, the catastrophic process can be theoretically account for hypothesis (2),
given the strong reduction in mitochondrial number happening in such stages. However, this
hypothesis would need more arguments given that mitochondrial destruction appears to be
directly connected to GG and VASA, that were so far not reported as participants in the
mitochondrial destruction. The fundamental understanding of mitochondrial destruction was
called as ‘mitoptosis’ (Skulachev 2000; Skulachev 2006). Indeed, ‘mitoptosis’ and selective
autophagy of mitochondria (‘mitophagy’) are known as specialized processes aimed for
elimination of malfunctioning mitochondria (Lyamzaev et al. 2008). Mitophagy provides
mitochondrion quality control by removing excessive mitochondrial number or damaged
mitochondria (Pickles et al. 2018). In spermatogenesis the mitophagy may be connected with
ubiquitination (Nakamura 2013).

It should be emphasized that the release of mitochondrial material that occurs during the
mitosis-meiosis phase is morphologically specific in different species of multicellular animals. In
some species, the release of mitochondrial substance occurs in a destructive manner. For
example, in the spermatogonia of the sea urchin Anthocidaris crassispina, mitochondria are
grouped using an organizing structure that is formed as a result of the gradual aggregation of two
components, which are the GG and the electron-lucent nuage (Fig. 5, 1 A-C). In primary
spermatocytes, grouped mitochondria are immersed in the central zone and gradually disappear
in the process of dispersion of the entire structural complex (Fig. 5, 1 C-E) (Reunov, 2013). A
variant of the destructive process was found in spermatogonia and spermatocytes of the frog
Xenopus laevis, in which the compact germ granules were found to undergo fragmentation into
particles comparable to intermitochondrial cement (IMC) (Fig. 5, 2 A-C). Fragments of the IMC
agglutinated some mitochondria of these cells, which led to the formation of mitochondrial
clusters (Fig. 5, 2 D, E). The grouped mitochondria lost their membranes, which occurred for the
twisting of membrane protrusions around themselves thus forming a multilayer of folded
membranes (Fig. 5, 2 E, F). As a result of the twisting of mitochondrial membranes,
mitochondrial cores were exposed, which were completely dispersed in the cytoplasm (Fig. 5, 2
G) (Reunov and Reunova, 2016). However, a sample of non-destructive mitochondrial release
that does not followed by organelle vanishing, was reported for spermatogenesis of mouse Mus
musculus. The mitochondria are clustered by fragments of nuage arisen from the GG (Fig. 5, 3
A-C), and only some membranous conglomerates are released from the mitochondria belonging

to the cluster although the organelles remain normally shaped (Fig. 5, 3 D, E) (Reunov 2006).



Thus, there are morphological variations in mitochondrial effusion occurring in
spermatogenesis of different species, and these differences may have evolutionary reasons that
require further study. Considering that the release of mitochondrial material might not always
mean the destruction of mitochondria, a kind of functional release of mitochondrial material into
the cytoplasm can be assumed. Recently, it was shown that during spermatogenesis of zebrafish,
mitochondria, into which VASA entered, released mitochondrial ribosomal subunits, 12S
mtrRNA and 16S mtrRNA, into the cytoplasm (Reunov et al. 2019b). This observation
obviously adds to the arguments in favor of hypothesis (1). More extended research using in situ
hybridization and electron microscopy is necessary to verify if cytoplasmic localization of

mitochondrial ribosomal subunits is also present in spermatogenic cells of the Manila clam.

Conclusion

In the present study, we documented the possible involvement of the VASA protein in the
process of mitochondrial material release (a process having no similarity to mitoptosis),
occurring during spermatogenesis of the bivalve mollusc Ruditapes philippinarum (Manila
clam). Mitochondrial material release is proved by extramitochondrial localisation of the CYTB
protein in the cytoplasm. In early spermatogenic cells undergoing a shift from mitosis to meiosis,
the release of mitochondrial contents is accompanied by organelle damage and vanishing. In
sperms, the release of the CYTB-positive substance occurs without damaging the mitochondria.
This is a first microscopy study that (i) shows a possible involvement of VASA in the
translocation of mitochondrial material to the cytoplasm of spermatogenic cells, and (ii) shows
that mitochondrial effusion occurs by destructive and non-destructive processes that are

characteristic for early and late spermatogenic cells, respectively.
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Figure legends

Fig. 1. Spermatogenic cells of the bivalve mollusc Ruditapes philippinarum by transmission
electron microscopy (TEM), scanning electron microscopy (SEM) and immunoelectron
microscopy (i(EM).

A, germ plasm granule (GG) in close proximity to the mitochondria (m); note the electron-lucent
area and swollen external membranes of mitochondria whose appearance may be induced by GG
whose diffused material appears to contact the mitochondrial surface (showed by circle) (TEM).
B, mitochondria and VASA-positive material in the cytoplasm (i(EM).

C, an enlarged area squared in Fig. 2 B; note VASA-positive material (two arrowheads) attached
to the surface of a mitochondrion (m) iEM).

D, mitochondria and VASA-positive material (iIEM).

E, an enlarged area squared in Fig. 2 D; note VASA-positive material penetrating into a
mitochondrion (arrowhead) and also VASA-positive signals (ovals) inside of the mitochondrion
(m) iEM).

F, spermatozoon (SEM); note the spermatozoon substructures, such as acrosome (a), nucleus (n),
flagellum (f), and spermatozoon midpiece (in the square) that contains mitochondria (m).

G, spermatozoon (TEM); note the spermatozoon substructures, such as acrosome (a), nucleus
(n), flagellum (f), and spermatozoon midpiece (in the square) that contains mitochondria (m).

H, cross section through the spermatozoon midpiece that contains mitochondria; note the four
mitochondria (m) arranged in a ring surrounding a centriole (arrows).

I, VASA inside a mitochondrion; magnification of the area squared in black in Fig. 1 H.

J, VASA (showed by circle) on the external membranes (arrows) of a mitochondrion (m).

K, magnification of the area squared in white in Fig. 1 H; note CYTB signals situated in the
cytoplasm outside mitochondria (showed by circle).

L, CYTB signals that are present inside a mitochondrion (m), located on the external
mitochondrial membranes and outside mitochondrion (showed by oval); arrows show external
mitochondrial membranes.

Scale bar = 0.5 um (A), 0.1 um (B-E), 1 um (F, G), 0.5 pum (H), 0.1 um (I-L).

Fig. 2. Spermatogenic cells of the bivalve mollusc Ruditapes philippinarum by confocal
microscopy.

A, spermatogonium recognizable by the presence of the nucleolus (nu) in the nucleus (n); note
the red CYTB positive cytoplasm (stars) and local CYTB signals corresponding to mitochondria

(circles).



B, spermatocyte distinguishable from spermatogonium for the larger areas of condensed
chromatin in the nucleus (n); note the red CYTB positive cytoplasm (stars) and more localized
CYTB signals corresponding to mitochondria (circles).

C, early spermatid having bright local CYTB red signals that correspond to mitochondria
(circles); note that cytoplasm does not show CYTB signal.

D, spermatozoon; note the local red CYTB signal in the spermatozoon midpiece that is situated
at the base of the nucleus (n) and corresponds to mitochondrion (circle).

E, spermatozoa having faint red VASA signals in the mitochondrial midpieces.

F, G, magnification of the squared area in Fig. 3 E; note the mitochondrial areas containing faint
red VASA signal (circles) in the midpieces of spermatozoa.

Scale bar =5 um (A-C), 1 um (D, F, G).

Fig. 3. Dynamics of the mitochondrial number in spermatogonia (A) and primary spermatocytes
(B) of the bivalve mollusc Ruditapes philippinarum.

The amount of mitochondria undergo dramatic reduction during mitosis-to-meiosis shift. All
values are expressed as means with standard error of the mean (SEM). Percentages were
calculated using the Student’s t-test and P*<0.05, P**<0.001 were considered statistically

significant.

Fig. 4. Schematic drawings of the destructive (A-C) and non-destructive (D-F) mitochondrial
effusion occurring respectively during mitosis-to-meiosis shift and in maturing spermatozoa of
the bivalve mollusc Ruditapes philippinarum.

Red —VASA, blue dark — CYTB, blue light — mitochondrial content, black lines — mitochondrial

membranes. Arrows show direction of mitochondrial release development.

Fig. 5. Schematic drawings of the mitochondrial effusion in the sea urchin Anthocidaris
crassispina (1), frog Xenopus laevis (2), and mouse Mus musculus (3). Images were reproduced
from Reunov (2006; 2013) and Reunov and Reunova (2016) with permission of Cambridge
University Press.

1. Schematic drawings of the germ plasm related structures in the spermatogenic cells of the sea
urchin. (A) Germ plasm granule (GG), compact electron-lucent nuage (en) and mitochondria
(m). (B) Electron-dense nuage (edn) that arose from germ plasm granules, compact electron-
lucent nuage (en) and mitochondria (m) at stage of aggregation. (C) Mitochondrial cluster
formed by mitochondria (m) that are aggregated by combined nuage, consisting of electron-

dense nuage (edn) and electron-lucent nuage (en); (D) Dispersed nuage (dn) uptaking



mitochondrial derivatives (md) at dispersion stage. (E) Scattered nuage (sn) at the post-
dispersion stage; n, nucleus; s, synaptonemal complexes.

2. Schematic drawings of germ plasm related structures in the spermatogenic cells of the frog.
A, compact germ plasm granule (GG); B, C, progressive stages of compact granule dispersion
followed by the appearance of relatively smaller fragments; D, E, progressive stages of
mitochondrion (m) agglutination by germ plasm granule fragments acting as inter-mitochondrial
cement (imc) followed by formation of a mitochondrial cluster; note the appearance of protruded
areas (pa) on membranes of clustered mitochondria (E). F, G, formation of multi-layered
membranes during progressive twisting of mitochondrial membranes (arrows) followed by
formation of naked mitochondrial cores (nmc) which undergo dispersion in the cytoplasm.

3. Schematic drawings of the germ plasm related structures in the spermatogenic cells of the
mouse. (A) Germ plasm granule (GG). (B) Fragmented GG that is called ‘nuage’ (Ng). (C)
Cluster of mitochondria (Mch) aggregated together by nuage fragment (Ngf). (D) Mitochondrial
cluster with mitochondria containing membranous conglomerates (Mcg). (E) Mitochondrial

cluster with mitochondria excreting membranous conglomerates (Mcg).
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