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Abstract: Numerous diseases can arise as a consequence of mitochondrial malfunction. Hence, there
is a significant focus on studying the role of mitochondria in cancer, ageing, neurodegenerative
diseases, and the field of developmental biology. Mitochondria could exist as discrete organelles in
the cell; however, they have the ability to fuse, resulting in the formation of interconnected reticular
structures. The dynamic changes between these forms correlate with mitochondrial function and
mitochondrial health, and consequently, there is a significant scientific interest in uncovering the
specific molecular constituents that govern these transitions. Moreover, the specialized mitochondria
display a wide array of variable morphologies in their cristae formations. These inner mitochondrial
structures are closely associated with the specific functions performed by the mitochondria. In
multiple cases, the presence of mitochondrial dysfunction has been linked to male sterility, as it has
been observed to cause a range of abnormal spermatogenesis and sperm phenotypes in different
species. This review aims to elucidate the dynamic alterations and functions of mitochondria in germ
cell development during the spermatogenesis of Drosophila melanogaster.

Keywords: mitochondria; mitochondrial differentiation; spermatogenesis; Drosophila melanogaster;
testis; nebenkern; paracristalline material

1. Introduction

The mitochondrion is a double membrane-bounded cell organelle that contains several
copies of mitochondrial DNA (mtDNA). Despite its own genetic material, the mitochondrial
function is mainly completed by proteins encoded in the nuclear genome. The most
prominent function attributed to mitochondria is the production of ATP through oxidative
phosphorylation (OXPHOS). However, these organelles also function as calcium storage
units, exert significant influence on reactive oxygen species (ROS) signaling, contribute
to heat generation, facilitate the synthesis of steroids, regulate apoptotic cell death, and
participate in various other biological processes, including the provision of energy for the
motility of sperms. The outer mitochondrial membrane isolates the mitochondrion from the
cytoplasm; however, it is highly permeable to many cytosolic compounds compared to the
inner membrane. Due to its folding and the formation of the mitochondrial cristae, the inner
membrane exhibits a considerably larger surface area than the outer membrane. The inner
membrane contains various transmembrane and membrane-bound proteins, including the
elements of the electron transport chain, the ATP synthase, and transporter proteins. The
lumen of the inner membrane is the mitochondrial matrix, which contains the mitochondrial
DNA and ribosomes. An example of mitochondrial structural versatility is observable
in the steroid-producing cells, where the characteristic mitochondrial cristae structure
forms [1]. Mitochondria in spermatocytes also show a special cristae structure [1,2].

Int. J. Mol. Sci. 2024, 25, 3980. https://doi.org/10.3390/ijms25073980 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25073980
https://doi.org/10.3390/ijms25073980
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-0420-8226
https://orcid.org/0000-0001-9697-4472
https://orcid.org/0000-0003-4040-4184
https://doi.org/10.3390/ijms25073980
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25073980?type=check_update&version=1


Int. J. Mol. Sci. 2024, 25, 3980 2 of 25

The dynamical changes between mitochondrial morphology and function are ob-
servable during the cell cycle [3]. The initially fragmented mitochondria start to form a
mitochondrial network at the end of the G1 and S phases. This is believed to ensure the
energy requirements for the replication of DNA and cell cycle progression. The mitochon-
drial network becomes fragmented during the M phase; therefore, they could be evenly
distributed between the daughter cells [3]. Mitochondrial segmentation also occurs under
stress conditions, which can trigger mitophagy or apoptosis [4,5] (Figure 1).
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Figure 1. Mitochondrial structure and dynamics. The red asterisks represent mitochondrial damage.
Red colouring represents malfunctioning mitochondria.

Mitochondrial activity in spermatogenesis and in sperm function is essential, where the
differentiation of mitochondria during spermatogenesis includes changes in morphology
and molecular components [6]. During Drosophila melanogaster spermatogenesis, intensive
mitochondrial dynamics are observable throughout various stages of development, starting
from the initial steps of germline stem cell (GSC) differentiation to the final differentiation
of sperm cells (Figure 2). During mammalian spermatogenesis, the mitochondrial struc-
ture undergoes a significant reorganization that is unique to each stage of meiosis [7,8].
Mitochondrial fission and fusion events, along with changes in the cristae structure, are
observed in spermatogonia and spermatocytes, resembling the characteristics found in
somatic cells [2,7]. Mitochondrial differentiation in Drosophila spermatids results in one
of the most extreme mitochondrial forms observable in nature: where two mitochondrial
derivatives elongate with the spermatid tail, reaching approximately 1.8 mm in length. In
elongating Drosophila spermatids, two tubular mitochondrial derivatives run along the
entire length of the tail, modulating the elongation process of the cyst [9]. In the mature
sperm, one of the derivatives is filled with electron-dense paracrystalline material, while the
other derivative loses the majority of its volume, yet is present in the giant mature sperm
tail [10,11]. These structural and functional alternations are spectacular in many aspects;
nevertheless, the molecular and functional differences between the two mitochondrial
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derivatives are barely known. In this review, we summarize the changes in mitochondrial
morphology during Drosophila spermatogenesis and highlight the molecular components
and the structural changes required to establish the specialized mitochondria of the sperm.
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Figure 2. Schematic representation of the major stages of spermatogenesis and the structural changes
in mitochondria in Drosophila melanogaster testes. The upper part of the image represents a Drosophila
testis, the stem cell niche at the apical tip faces to the left, and mature sperm are present on the right
side. The lower part of the image exemplifies the notable changes in mitochondria in developing
germ cells. The following colour code applies to the figures that follow: the light green background
represents pre-meiotic stages, green represents meiotic stages, yellow stands for early post-meiotic
stages, and purple represents late post-meiotic stages and the matured sperm.

2. Stem Cell Maintenance and Spermatocyte Differentiation

The stem cell niche is maintained by the somatic hub cells at the apical tip of the
Drosophila testis. In this niche, the GSCs and cyst stem cells (CySCs) reside in close proxim-
ity to the hub cells. Asymmetric GSC divisions generate two cells: one of the daughter cells
remains in the niche and functions as a GSC; meanwhile, the other one becomes a spermato-
gonial cell committed to further differentiation. The freshly differentiated spermatogonia
is consorted by two somatic cyst cells, which later establish a single cyst: the cyst cells
encapsulate the developing germ cells during spermatogenesis. Following their exit from
the stem cell niche, the spermatogonia proceed to undergo a series of four mitotic divisions,
commonly referred to as transit amplification (TA) divisions. During these divisions, the
size of the spermatogonia does not change considerably, and the spermatocytes remain
connected through ring canals (Figure 3) [10].
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Figure 3. Schematic illustrations of the changes in mitochondrial morphology and distribution before
meiosis in Drosophila. The mitochondrial distribution in germline stem cells and polar, apolar,
and mature spermatocytes is highlighted in the upper section. The bottom section represents the
mitochondrial organization in pre-meiotic germ cells. Question marks represent the potential role of
the genes in the developmental step.

In Drosophila testes, mitochondrial fusion is required for stem cell maintenance,
while mitochondrial fission is needed for germ cell differentiation [12–14]. The Drosophila
mitofusins Marf and Optic Atrophy 1 (Opa1) regulate the fusion of the outer and inner
mitochondrial membranes and are necessary for GSC maintenance [12]. In the absence of
these proteins, mitochondrial activity and general mitochondrial health are decreased, as
this malfunction of mitochondria results in decreased fatty acid oxidation (FAO) and fatty
acid (FA) enrichment in the cytosol of GSCs (Figure 3).

The maintenance of GSCs relies heavily on maintaining a delicate balance between
mitochondrial fusion and fission. This notion is further supported by the findings that
silencing Dynamin-related protein 1 (Drp1), a dynamin-like GTPase crucial for mitochondrial
fission, in GSCs resulted in a higher rate of germ cell loss. This could be due to premature
differentiation in the Drp1 mutant germline, where the elevated amount of ROS could
contribute to the loss of GSCs [14]. It was shown that elevated ROS levels and disturbance in
the antioxidants in GSCs manifest in the differentiation and loss of GSCs [15]. On the other
hand, a reduction in ROS levels by Keap1 RNAi or antioxidants leads to the facilitation of
GSC growth. The elevated ROS levels in GSCs result in the activation of EGFR signaling in
the cyst cells, where TOR signaling regulates autophagy in maintaining the stem cells and
lipid homeostasis. Additionally, mitochondrial differentiation is also crucial for somatic cyst
cell differentiation in Drosophila testes [16]. The role of ROS is also known in mammalian
spermatogenesis, as it is required for spermatogonial differentiation [7,17,18].

The TA divisions result in a 16-cell cyst, containing the primary spermatocytes. The
young spermatocytes are called polar spermatocytes, where their nucleus is acentric, and
the mitochondria aggregate at the opposite pole. During differentiation, the spermato-
cytes’ volume increases approximately 20–25× and they become apolar spermatocytes. In
these cells, the nucleus has a central position, DNA condensation is minimal, and inten-
sive transcription occurs. The vast majority of the transcripts that are required for later
development are produced in primary spermatocytes. During normal spermatogenesis,
approximately 30% of the spermatogonial cysts undergo germ cell death (GCD). This mech-
anism is considered programmed necrosis, which is regulated by p53 and the Drosophila
ortholog of caspase-9 [19]. It has been shown that p53-dependent necrosis is conserved
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from invertebrates to vertebrates to maintain a healthy GSC number [20]. GCD has both
lysosomal and mitochondrial components. One of the main mitochondrial components of
GCD is the apoptosis inhibitor HTRA2-related serine protease (HtrA2), which is enriched in
testes [21,22]. HtrA2 shows genetic interaction with PTEN-induced putative kinase 1 (Pink1), a
component of the Pink1/Parkin pathway, which is known to be important for mitochondrial
quality control and mitophagy not just in the germline, but in somatic cells [23,24] (Figure 3).
The Pink1 kinase is capable of the phosphorylation of Parkin on the mitochondrial surface,
which in turn could act as an E3 ubiquitin ligase, and regulate the turnover of mitochondrial
proteins and induce mitophagy.

In polar spermatocytes during the TA divisions of spermatogonia, mitochondria
dynamically aggregate, forming a mitoball structure [10,12]. This specific aggregation of
mitochondria could serve as a mitochondrial quality checkpoint; however, experimental
evidence shows no mitophagy in this state [25]. Mitochondrial aggregation has also been
described in ovaries, suggesting that the fusion of mitochondria could be connected with
an elevated energy demand, such as intensive growth or the reorganization of cellular
organelles during both oogenesis and spermatogenesis [25–27]. In polar spermatocytes, the
formation of mitoballs requires Milton-dependent mitochondrial trafficking [25]. Milton
is a myosin-binding protein that exhibits microtubule motor activity and it is associated
with the Pink1/Parkin interactor Miro, which is a mitochondrial Rho GTPase that performs
calcium and magnesium binding [9,28,29]. The Milton/Miro complex creates a link to
kinesin motors, enabling Ca++-dependent mitochondrial transport [30].

In the apolar spermatocytes, the mitochondria disperse in the cytosol and the mi-
tochondrial number increases [10,11]. In a mature 16-cell cyst, mitochondrial structures
become interconnected with the endoplasmic reticulum and the size of mitochondria is
slightly larger than in the apolar spermatocytes [10,25]. Drp1 is required for normal mito-
chondrial distribution at this stage [28].The presence of a more structured mitochondrial
organization in mature spermatocytes is a hallmark of the initiation of meiotic divisions.
The arrangement of mitochondria in mature spermatocytes undergoes a significant reorga-
nization before the commencement of meiotic divisions. This reorganization manifests in
the formation of parallel structures, characterized by the alignment of rod-like mitochondria
in a parallel fashion [10].

3. Meiosis

The Drosophila mature spermatocytes enter meiosis simultaneously, and the meiotic
cell divisions result in a 64-cell cyst where the spermatids are still interconnected with
ring canals. There is an intimate connection between the mitochondria and the micro-
tubules during meiosis [10,31]. The anchoring of the mitochondria to the microtubules
might be mediated by the Ifc, a sphingosine delta 4 desaturase enzyme [32]. The ifc
mutants fail to enter meiotic cell divisions; therefore, ifc might act as a checkpoint of mi-
tochondrial organization [33]. It seems that the mitochondria’s organization also affects
the proper central spindle formation [34]. In mitoshell mutant spermatocytes, abnormal
mitochondrial aggregation occurs, which results in defective spindle organization [34].
Since a variety of mitochondrial markers are available for tracing mitochondrial differ-
entiation during meiosis, it becomes easier to investigate the mitochondrial fate during
the divisions (bb8N100aa-GFP, S-lap3-GFP, Sprn, anti-Atp5alpha, CG10748-GFP, Knon-GFP,
anti-Merlin) [35–39]. With the above-mentioned fluorescent mitochondrial markers, we
can observe a barrel-shaped mitochondrial network around the nuclear region of cells
in metaphase, which later has a cylindrical shape in anaphase and telophase. Interest-
ingly, these mitochondrial structures are not present in a punctuated pattern: they seem
to have a tubular structure. This structure remains organized parallel to the spindle. This
is reinforced by Tates’s observations that the mitochondrial structures in meiosis I show
a rod shape with a diameter of 0.58 µm and a length up to 8 µm, and line up parallel in
proximity to the nuclear membrane [10,11,40]. It is important to notice that the formation
of these rod-shaped mitochondria presumably is mediated by the Marf mitofusin. There is
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a correlation between the appearance of fused mitochondria and Marf expression in early
developmental stages [41]. During meiosis I telophase, mitochondria remain in the central
part of the cell, and as cytokinesis progresses, they form a butterfly-like pattern [10,42,43].
During meiosis II, the process repeats itself; the mitochondria aggregate around the nuclei,
then remain in the axis of the cytokinetic furrow, which halves them.

4. Early Spermatids

After the process of meiosis, the mitochondria of the round spermatids aggregate and
fuse to create the nebenkern structure. This structure is composed of two mitochondrial
derivatives that intertwine with each other, resembling an onion shape and occupying a size
similar to that of the haploid nucleus (Figures 4 and 5). Nebenkern formation is fundamen-
tal for the developing spermatids; any disturbance in nebenkern formation has detrimental
consequences in later developmental stages during elongation and individualization.

In twine and mtsh mutants, the second meiotic division is absent or abnormal; however,
a nebenkern forms and the mutant cyst starts to elongate [34,44]. This suggests that the mi-
tochondrial aggregation is programmed and the necessary factors for nebenkern formation
are present at the end of the last cytokinesis. The visualization of rod-shaped mitochon-
drial dynamics during cell divisions highlights the potential role of these structures in the
equitable distribution of mitochondrial mass. The elongated, rod-shaped mitochondria of a
larger size may serve as optimal precursors for nebenkern formation and can be preserved
throughout the process of cell division. This hypothesis is supported by the observation of
Drp1 mutants, in which the mitochondria fail to properly segregate at the end of meiotic
telophase. Instead, these mitochondria traverse the cytoplasmic bridges, leading to the
formation of dispersed masses of mitochondria (Figure 4). Consequently, an abnormal
ratio between the mitochondria and nuclei is observed in Drp1 mutants, indicating the
involvement of Drp1 in the division of rod-like mitochondria during cytokinesis [28].

There are three observable stages of mitochondrial reorganization before the formation
of the onion-stage nebenkern [10]. In the coalescence stage, the mitochondria aggregate
to the side of the nucleus. At this stage, it is most likely that the rod-like mitochondria
undergo bending and clustering, which is potentially driven by microtubules. The neces-
sity of microtubules for nebenkern formation is debated, but colchicine treatment could
result in small and dispersed mitochondrial derivatives [10,45]. During the agglomeration
stage, the mitochondria form a single mass and start to fuse. In the clew stage, the mito-
chondrial mass becomes spherical and positioned near the nucleus [10]. After the clew
stage, two mitochondrial derivatives are tightly intertwined with each other within the
onion-stage nebenkern.

The first gene described related to mitochondrial dynamics was fuzzy onions (fzo), as
it is required for mitochondrial fusion during nebenkern formation in Drosophila sper-
matids [46] (Figure 5). In fzo mutants, the nebenkern formation is defective: the mitochon-
dria are unable to aggregate and fuse properly and instead of the establishment of the
two mitochondrial derivatives, they form multiple smaller derivatives [46]. In addition to
Fzo, Rhomboid-7 (Rho-7), an intramembrane serine protease, and Opa1, a dynamin-related
GTPase, are also required for membrane fusion and nebenkern formation [47]. Rho-7 acts
upstream of Pink1 in the Pink1/Parkin pathway [48] (Figure 5).

For the formation and shaping of the onion-like membrane layers of the nebenkern,
the testis-specific Knon is essential [38]. Knon is an ATP synthase subunit, a paralog to
ATPsyn5D. In addition to Knon, ATPsynCF6L and ATPsynGL subunits of ATPase are also
involved in proper mitochondrial development in the testis [38].

In mammalian meiotic spermatocytes, the mitochondria also show dynamic reorgani-
zation fusion and fission during divisions, but after meiosis, they undergo fission [8,49].
This is required for proper mitochondrial sheath formation, and most probably for remov-
ing the excess or malfunctioning mitochondria to residual bodies. Whether the mechanism
behind the elongation of mitochondria present in the midpiece involves mitochondrial
fusion is still debated [49,50].
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In Drosophila, the fusion of nebenkerns is a typical phenotype of many meiotic cytoki-
nesis mutants (Deterin, anilin, tBRD-1, tBRD-2, Hbs1, pelota, fumble, doublefault, Dhc64C,
Klp61F, Khc-73, pavarotti, Nebbish, Fascetto, asunder, fws); this phenotype manifest in
multiple nuclei attached to a single larger nebenkern [9,43,51–59]. Cytochalasin B treatment
has similar severe effects, suggesting that mitochondrial aggregation is most likely regu-
lated by meiotic divisions through microtubules and motor proteins [60]. La-related protein
(Larp) mutants show similar cytokinesis phenotypes. Larp is localized to the mitochondria
during meiosis II and plays a central role in partitioning the cell organelles [31,61,62]. Based
on the molecular function of Larp, as a translation regulator poly(A)-binding protein, it
could participate in mitochondrial protein synthesis [61]. The phosphorylation of Larp by
Pink1 results in the silencing of local protein biosynthesis on the mitochondria [63]. As
previously mentioned, in the primary spermatocytes, the mitochondria grow both in num-
ber and size, which most probably heavily relies on the local protein synthesis machinery.
In ovaries, Larp is recruited by the mitochondrial surface protein, Mdi, enhancing local
protein synthesis and mitochondrial biogenesis [64]. A similar function is also plausible
in testes. Nevertheless, at the onset of meiosis, when the chromatin is condensed, and
when mitochondrial positioning and interaction with microtubules are becoming crucial,
the protein synthesis at the mitochondria needs to be silenced, which could be achievable
through Pink1–Larp interactions. The cytosolic dynein-1 motor complex regulator (Lis-1)
mutants and Dynein light-chain 90F (Dlc90F) mutants do not show severe cytokinesis de-
fects, but they exhibit an interesting phenotype. Occasionally (~15%, ~3%, respectively), an
additional nebenkern-like derivative forms next to a single nucleus [62]. A similar pheno-
type is observable in the dynein subunit wampa (wam) mutants, where cytokinesis defects
result in abnormal nebenkern formation and smaller mitochondrial derivatives [42]. These
results suggest the important role of microtubule-associated proteins in mitochondrial
differentiation during and after meiosis.

The formation and maintenance of the two derivatives from the nebenkern most
likely rely on the Pink1/Parkin pathway [65,66]. In both Pink1 and Parkin mutants, the
nebenkern becomes vacuolated and only a single mitochondrial derivative forms during
elongation [65,67–69]. Pink1 and fzo show genetic interaction; in double mutants, the
Pink1 mutant phenotype manifests [66]. Pink1/Parkin is likely to promote the degradation
of Fzo to restrict its function and avoid the fusion of the two mitochondrial derivatives.
The Pink1/Parkin pathway may be subject to the influence of additional genes, which
could impact the process of mitochondrial differentiation in spermatids. The mutants of
Drosophila orthologs of the autophagy gene p62, ref(2)P exhibit mitochondrial defects in
round spermatids, and it is required for mitochondrial aggregation and for the phenotypic
suppression of the pink1 mutant phenotype. [70]. The PARK7 Drosophila orthologs also play
a role in spermatogenesis, namely DJ-1alpha and Dj-1beta. Dj-1alpha exhibits testis-specific
enrichment, while DJ-1beta has an expression minimum in testes. In spite of this, the
double knockout of these genes results in male sterility and mitochondrial abnormalities
in spermatids [71]. There are four uncoupling protein 4 (UCP4) genes in Drosophila that
encode mitochondrial carrier proteins and show genetic interaction with the Pink1/Parkin
pathway. When overexpressed, the UCP4A, UCP4B, and UCP4C genes are capable of
rescuing the Pink1 male-sterile phenotype. Interestingly, UCP4B and UCP4C exhibit a
testis-enriched expression profile [72]. Overexpression of the testis-enriched Neddylase
subunit APP-BP1 also suppresses Pink1 RNAi-induced male sterility [73]. Neddylation
of Pink1 increases its stability and improves its activity [73]. The overexpression of the
testis-enriched Fer3HCH gene is also capable of rescuing the mutant Pink1 phenotype in
neurons; however, its role was not studied in testes [74,75]. Pink1 and Parkin show genetic
interaction with Miro, which is essential for mitochondrial homeostasis and microtubule-
based mitochondrial transport in neurons [29]. The mitochondrial E3 ligase Mul1 also
exhibits testis-specific enrichment and it has a function in the ubiquitination of Marf ;
therefore, it is capable of compensating for the loss of Pink1/Parkin. However, its function
during spermatogenesis has not been studied [76].
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In the Pink1 pathway, downstream of Pink1, the HtrA2 inhibitor of apoptosis is present.
In HtrA2 mutants, the major mitochondrial derivative does not show morphological abnor-
malities; however, the HtrA2 mutant has an abnormal spermatid individualization after
elongation [77]. The testis-enriched dYME1L is an ortholog of YME1, an AAA protease
localized at the mitochondrial inner membrane, responsible for mitochondrial quality
control. HtrA2 mutation can suppress retinal degeneration in dYME1L-deficient flies.
The loss of dYME1L causes an uncharacterized male sterility [78]. During the early mid-
elongation phase of spermatids in parkin mutants, the mitochondrial derivatives show an
uneven distribution along their longitudinal axis, similar to that observed in clueless mu-
tants [69,79]. Clueless is a conserved cytosolic protein that interacts with the Pink1/Parkin
complex [80], and it promotes TER94 /VCP-mediated Marf degradation [81]. Taken to-
gether, the Pink1/Parkin pathway plays a central role in the regulation of mitochondrial
function and morphogenesis. One of their main functions during spermatid differentiation
is probably the elimination of the Fzo and Marf mitofusins after nebenkern formation.
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Figure 4. Schematic modeling of mitochondrial morphology changes during meiosis in Drosophila.
Microscopic images represent each stage (the top section represents the first meiotic division, and the
bottom section represents the second meiotic division), wherein mitochondria were visualized with
CG10748-GFP (green) and nuclei were visualized with His2Av-mRFP1 (red) [82,83], and live samples
were imaged using an Olympus Fw10 confocal microscope. Dashed lines highlight individual cysts.
Question marks represent the potential role of Drp1 in the developmental step. On microscopic
images, scale bars represent 50 µm.
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Figure 5. Mitochondrial changes in young spermatids in Drosophila. Images representing the
formation of a nebenkern after meiosis and the mitochondrial differentiation in the early elongation
stages. Schematic drawings were made based on microscopic observations and data from the
literature. On microscopic images, mitochondria were visualized using CG10748-GFP (green) and
nuclei were visualized using His2Av-mRFP1 (red) [82,83]; live samples were imaged using an
Olympus Fw10 confocal microscope. Dashed lines highlight individual cysts. Question marks
represent the potential role of the genes in the developmental step. Scale bars represent 50 µm.

5. Spermatid Elongation

During the formation of the nebenkern and the mitochondrial derivatives, the cysts
become polarized and start to elongate. At the beginning of cyst elongation, the nebenkern
is anchored to the nuclei; this is mediated by Milton and Lis-1 [28,62]. When the 64-round
spermatids start to elongate, the mitochondria enter first the leaf-blade stage and later the
comet stage. In the early stages of the elongating cyst, the nebenkerns unfurl to establish
the two mitochondrial derivatives in each spermatid, while the axonemes also start to
elongate (Figure 5). As the spermatids differentiate, the nebenkern unfurls, and establishes
two leaf-blade-shaped mitochondrial masses. At this stage, the mitochondrial derivatives
still have interconnected membranes and they have characteristic cytosolic inclusions,
which are also visible with phase-contrast microscopy [10,11].

During elongation, the mitochondrial derivatives completely separate, the cytosolic
inclusions gradually vanish, and a connection with the ER-derived axial membrane is
established. Next, as the spermatids elongate, they enter the comet stage, where the round
nucleus has a comet-like tail. At the comet stage, the two mitochondrial derivatives have
similar volumes and elongate at almost the entire length of the developing spermatids.

During the elongation, the cyst cells also differentiate: one becomes the head cyst cell,
while the other one becomes the tail cyst cell. After the comet stage, spermatids continue to
elongate, while their nucleus also starts to condensate, as the histone–protamine transition
takes place. The initially similar mitochondrial derivatives start to differentiate during
elongation: in one of them a paracrystalline material accumulates, while the other one
loses its volume (Figure 6). The elongation of the spermatids is mainly driven by the
mitochondrial derivatives, the cytosolic microtubule array, and an actin and spectrin-
rich elongation complex at the basal end of the cyst [9,84]. The elongation occurs in a
growth zone at the basal end, close to the elongation complex, while the already elongated
parts are becoming stable [9]. During spermatid elongation, Milton/Miro localizes to
the basal end of the cyst and enables the sliding of cytosolic microtubules, which, in
this way, allows the growth of the mitochondria. In the already-elongated regions, the
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microtubules are cross-linked by Nebbish, Khc73, and Fascetto, and establish an array
to stabilize the mitochondria [9]. In the absence of normal mitochondrial derivatives,
elongation is abnormal.

In the absence of the ATPase nmd, the number of mitochondria is decreased in sper-
matocytes, which results in abnormal development in later stages: the nebenkern and
consequently the mitochondrial derivatives become smaller, leading to spermatid elonga-
tion defects [9]. Similarly, in NADH dehydrogenase (ubiquinone) 42 kDa subunit (ND-42)
(Mitochondrial Respiratory Complex I) knockdown flies, mitochondrial derivatives do not
form properly, resulting in abnormalities in elongating cysts [85].

Several lines of evidence suggest that the cytosolic MT array is nucleated on the
surface of the mitochondria and probably contributes to their elongation during cyst
elongation [9,86]. In contrast to the impact of mitochondrial elongation defects on cyst
elongation, axonemal microtubules are not essential for the elongation process [35,87].
Microtubules around the mitochondrial derivatives are responsible for the elongation of
the mitochondria and consequently the elongation of the axoneme [9,86]. The elongation
of cysts and the spermatozoa is independent of the axoneme formation; it is related to
the function of the mitochondrial derivatives and the accessory microtubules around
them [9,87]. Cnn is required for male meiosis and assembly of the flagellar axoneme [86].
It was reported that a testis-specific isoform of Cnn (CnnT) and Mzt1 localizes to the
nebenkern in round spermatids and possibly recruits microtubules to the surface of the
mitochondria and converts mitochondria to a non-centrosomal Microtubule Organizing
Center (ncMTOC) [86,88]. The testis-specific γ-TuRC members t-Grip84, t-Grip91, t-Grip128,
and Mzt1 have been shown to localize to the basal body and are likely together with
CnnT to be part of the ncMTOCs found on the mitochondrial surface of the elongated
spermatids [86,88,89]. The dynein-related tous, mmm, and sac genes also have an impact on
the proper cyst elongation by influencing the accessory microtubule organization around
the mitochondrial derivatives [90].

For proper elongation and individualization, lipid biosynthesis is also necessary [91,92].
The onion-stage nebenkern contains approximately 30% of the lipids that are necessary
for the fully elongated derivatives [93]. Mutation in CdsA, a CDP–diacylglycerol syn-
thase, results in membrane overgrowth, abnormal mitochondrial derivatives in elongated
spermatids, and individualization defects [94].

As the cyst matures, the two elongated mitochondrial derivatives start to differentiate:
the major one starts to accumulate paracrystalline material, while the minor one starts to
lose its volume. During elongation, the ER-derived axial membrane (axonemal sheath)
forms a connection with the developing mitochondrial derivatives. This contact site is
the origin of paracrystalline material accumulation [10,11]. At TEM cross sections, the
mitochondrial derivatives and the central two axonemal microtubules show characteristic
angular positioning, which is correlated with the progress of elongation [95]. At the end
of elongation, the major derivative is filled by paracrystalline material, and the minor one
has much less volume [95] (Figure 6). The paracrystalline material is needed for proper
mitochondrial morphogenesis; furthermore, it provides structural support for the elongated
spermatids and sperms. The electron-dense paracrystalline material displays resistance to
SDS, enabling its purification and the identification of its components [36]. Eight members
of the sperm leucyl aminotransferase (S-Lap) protein family were found to be a major
component of the paracrystalline material. However, other proteins were identified as
well, including Bb8 glutamate dehydrogenase, CG9314, and Cat catalases. S-Lap proteins
lost their enzymatic activity, representing a good example of the neofunctionalization of
somatic genes via gene duplication [36,96]. The Bb8 mutants exhibit mitochondrial identity
and paracrystalline accumulation defects after the elongation of the cysts [35,97]. In the
mitoferrin (mfrn) mutants, the bulging of mitochondrial derivatives and the accumula-
tion of paracrystalline material in both mitochondrial derivatives are also observable [75].
Paracrystalline material accumulation defects could be observed in Merlin mutants [39],
wherein paracrystalline material accumulation occurred in multiple foci in the major mito-
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chondrial derivative, which might be a source of an additional ectopic ER–mitochondria
contact site. In park mutants, additional paracrystalline material accumulation is observable
as well [69].

For the differentiation of mitochondrial derivatives, proper protein homeostasis is
required. In RpS3 RNAi knockdown flies, mitochondrial abnormalities are observable in
the late stages of spermatogenesis, suggesting that ribosomal activity is also crucial for
mitochondrial differentiation [98]. In addition to protein biosynthesis, directed degradation
is also necessary for the development of mitochondrial derivatives. In the mutants of the
E3 ligase subunit ago, severe mitochondrial defects were described, including malformed
derivatives [99]. Despite the fact that the main molecular components of the paracrystalline
material are known, we do not know the factors restricting its formation to only one of
the mitochondrial derivatives, and the molecular mechanism behind its organization and
stability remains elusive.
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Figure 6. Microscopic images representing the multiple elongation stages of Drosophila spermatids,
wherein mitochondria were visualized with CG10748-GFP (green), in mature sperm with Dj-GFP
(green), and nuclei were visualized using His2Av-mRFP1 (red) [82,83,100]. Dashed lines highlight
individual cysts. Scale bars represent 50 µm.

The Drosophila-specific dj and djl genes both show testis-specific transcript enrichment,
and Dj is enriched in the flagella and major mitochondrial derivative in elongated spermatid
and sperm [100,101]. Despite the well-characterized and similar expression patterns of Dj
and Djl, their function has yet to be revealed. Dj-GFP is a frequently used marker for the
mitochondria of the elongated spermatids and matured sperm [102] (Figure 6).

The differentiation of mitochondria throughout spermatid development is a feature
that extends beyond insects. In mammalian sperm, the mitochondria also possess a me-
chanical function by tightly coiling around the axoneme in the midpiece. This compact
coiling is made possible by the presence of disulfide bonds within the mitochondrial sheath,
which provide stability [2,103]. Structural abnormalities in the mitochondrial sheath often
lead to abnormal sperms [50,104–108].

6. Individualization of the Spermatids

The process of individualization follows the cyst elongation, where spermatids ac-
quire their individual membranes, while the majority of their cytosolic components are
degraded and deposited into the waste bag [109]. In the individualization process, actin-
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rich cytoskeletal structures, the investment cones form around the nuclei and establish the
individualization complex. During individualization, the cones migrate simultaneously
towards the basal direction of the cyst. As the individualization complex progresses, the
cystic bulge emerges and ultimately the majority of the cytosolic content including the
investment cones within the cystic bulge ends up in the waste bag. As a result of individu-
alization, the connection between spermatids is severed and the individual membranes
of the sperms are formed. With the migration of the individualization complex, a caspase
cascade is triggered, which does not cause apoptotic cell death; instead, it is required for
proper spermatid differentiation [110].

Before being transferred to the seminal vesicle, the storage organ of the matured sperm,
the sperm coil up with the involvement of the head cyst cell [10,91].

A defective individualization phenotype may arise as a result of mitochondrial abnor-
malities. The morphological changes in mitochondria or an energy deficit can easily disturb
the synchronous migration of actin cones, resulting in malformed cystic bulges, and the
failure of individualization. Mitochondria also actively contribute to the individualization
process. For the initiation of the non-apoptotic caspase cascade, the mitochondrial Cyt-C-d
plays an essential role. Cyt-C-d is necessary for the activation of the drICE caspase [110].
The mitochondrial inner-membrane protein succinyl-CoA synthetase b subunit (A-S-beta)
seems to change its position and localize to the outer mitochondrial membrane in elongated
spermatids. It binds and activates the Cullin-3-based ubiquitin ligase complex (CRL3),
which is also necessary for caspase activation [101]. This association gives a spatial restric-
tion to the caspase activation. During individualization, both mitochondrial derivatives
gain their final volume. Transmission electron micrograph cross sections have indicated
“mitochondrial whorls” of the small derivative in cystic bulges [111]. It is believed that the
minor derivative is sheared by the progress of actin cones, which causes the removal of
the mitochondrial mass that appears in the cystic bulge [112]. The remodeling of the small
derivative might be beneficial for providing energy for the migrating individualization com-
plex. Considering the size variation of pre-individualized major mitochondrial derivatives,
the individualization process also removes the excess membranes from the major derivative,
resulting in a uniform shape and size for the spermatid mitochondrion for both deriva-
tives. It seems that the major mitochondrial derivative size correlates with the amount
of paracrystalline material accumulated in it, and paracrystalline material accumulation
might play a role in the terminal differentiation of mitochondrial derivatives [113].

Porin, a voltage-dependent anion channel (VDAC), has a male-sterile allele which
shows individualization defects. Porin and Miro play a central role in the mitochondrial
Ca++ homeostasis at ER mitochondrial contact sites (ERMCSs) in neurons [114,115]. Porin
is targeted for degradation both by Parkin and Mul1. In porin mutants, the size of the
major mitochondrial derivative varies in mature spermatids, which may be a consequence
of abnormal elongation [113]. Three Porin paralogs are present in Drosophila; Porin2,
CG17139, and CG17140. While porin shows a ubiquitous expression pattern, all of its par-
alogs exhibit transcript enrichment in testes [116]. Porin and Porin2 have similar structural
characteristics, and they are both capable of forming a functional ion channel. In contrast to
Porin2, CG17140 and CG17139 show less homology to Porin; nevertheless, CG17140 forms
a smaller channel, the functionality of which is not determined, and CG17139 is not able to
operate as an ion channel [117]. The main functional difference between Porin and Porin2 is
that Porin2 is voltage-independent and cation-selective, while Porin is voltage-dependent
and anion-selective [118]. VDACs are known to have a variety of protein interactors,
including other ion channels, dimeric tubulin, and adapter proteins [119]. Both CG1740
and CG17139 porin orthologs have a larger N-terminal (82 AS, 61 AS, respectively) part
before the Tom40 domain than Porin and Porin2 (2 AS, 5 AS). This feature propagates
the idea of the neofunctionalization of these proteins, where they could act as interaction
partners, and as a platform on the mitochondrial surface during the differentiation of sper-
matids. Porins might play a role in the formation of the contact site of the axial membrane
and mitochondria.
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After individualization, the mature sperm forms. The 64 sperms coil up and are stored
in the seminal vesicle. At this point, mitochondria play a dual role: the major derivative
gives a structural rigidity for the extremely long sperm, and it probably provides the energy
supply for the movement of the sperm [10].

7. Mitochondrial Energetics and Metabolism

The most studied and known metabolic shift during spermatogenesis occurs with sper-
matogonia differentiation. The stem cells keep their low OXPHOS activity, and meanwhile,
the differentiating germ cells increase the mitochondrial activity [15,16]. Our knowledge is
rather limited regarding the later developmental steps. Nevertheless, the cristae structure
reflects and plays an important role in the energetic and metabolic function of mitochon-
dria [120]. The cristae structure has an impact on respiratory chain supercomplexes and
respiratory efficiency [121]. However, the characterization of the cristae structure of mito-
chondria in developing male gametes is surprisingly poor. Based on transmission electron
micrographs, the mitochondrial cristae structure is different in spermatogonia and sperma-
tocytes compared to somatic cyst cells, not just in Drosophila, but also during mammalian
spermatogenesis [2,7,12]. In the male Drosophila germ lineage, the cristae structure is not
as dense as that in a somatic cyst cell. In the germ cell line, the cristae seem to have a
tubular organization, meanwhile showing a lamellar structure in cyst cells (Figures 3 and 6).
This type of cristae structure persists during meiosis and post-meiotic development and
gradually disappears as the paracrystalline material fills the major derivative (Figure 6).
The function of this specialized cristae structure observed in germ lineage has not been pre-
viously investigated; however, tubular formations can be linked to steroid biosynthesis [1].
The cristae structure also depends on the lipid composition of the inner mitochondrial
membrane, where cardiolipins were described to have a role in mammalian cells [122]. The
maintenance of the cristae structure requires inner-membrane proteins of the mitochondrial
contact site and cristae organizing system (MICOS). Eleven Drosophila genes are predicted
to be the members of the MICOS: QIL1, Mitofilin, Mic26-27, Chchd3, CG12479, CG13564,
CG14929, CG15296, CG41128, CG43327 and CG43328. Out of these, CG12479, CG13564,
CG14929, CG15296, CG43327, and CG43328 show testis-specific transcript enrichment. The
role of MICOS components during Drosophila spermatogenesis has not been studied.
The reduced cristae structure of the mitochondria raises the possibility that Drosophila
spermatogenesis does not rely heavily on OXPHOS, as high OXPHOS activity is correlated
with dense cristae structures [123]. However, the silencing of Complex I member ND-42
causes male sterility, with the phenotype manifesting post-meiotically [85]. Moreover,
it is important to highlight that the OXPHOS elements and the mitochondrial electron
transport chain elements are also represented by testis-specific components resulting from
gene duplications [83,124,125]. We can hypothesize that the higher variety of mitochondria-
associated genes in the testes allows for adapting and maintaining the OXPHOS in the
specialized cells. The role of the testis-specific electron transport chain members in post-
meiotic spermatogenesis has not been studied systematically. An exception is the Cox4l
gene, the testis-specific paralog of Cytochrome c oxidase 4, which was reported to have
an essential function during the late stages of spermatogenesis [126]. Moreover, the role
of knon, blw, and cyt-c-d suggests the existence of further unidentified key elements of
the electron transport chain during spermatogenesis [124,125]. Interestingly, in mice, the
Coxfa4l3 electron transport chain subunit was identified as a testis-specific counterpart of
the Coxfa4 subunit. The testis-specific Coxfa4l3 protein replaces the generally expressed
Coxfa4 subunit after meiosis [127].

Mitochondrial function is also connected with sugar metabolism and the citrate cycle.
In Drosophila, many of the genes that participate in the central metabolic pathways have
paralogs that exhibit testis-specific enrichment in late-developing cysts [83,128]. Despite
knowing more and more about the protein composition of the post-meiotic mitochondria,
we do not know how they contribute to the energy source of Drosophila sperm. The drastic
reorganization events of mitochondria during spermatogenesis could result in multiple
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metabolic shifts. As presented previously, a metabolic shift happens in spermatogonial
differentiation in Drosophila testes, which is most probably analogous to the mammalian
stem cell differentiation in the testes and brain where the differentiation is accompanied
by a metabolic shift from glycolysis to OXPHOS [129,130]. However, the existence of
testis-specific components of both glycolysis and OXPHOS elements suggests further shifts
or complementation in later developmental stages as well. RNA sequencing has shown
distinct expression patterns for testis-specific metabolic enzymes; however, additional
functional studies are required to clarify the presence and role of the hypothetical transi-
tions [83,131]. In Drosophila hydei, metabolic changes were described in testes of between
1-day and 10-day-old males. These changes were investigated via in vitro enzyme assays
and gave an insight into potential metabolic shifts [132]. Measuring a variety of enzymes,
the study concluded that during the early stages of development, there is a high level of
carbohydrate oxidation and enzyme activity related to amino acid metabolism and fatty
acid synthesis. In late spermiogenesis, there is a significant increase in the activities of
gametic glycolytic and Krebs cycle enzymes. The authors also concluded the likeliness
that both carbohydrates and amino acids serve as energy sources for mature spermatozoa.
At the same time, the results highlighted the low activities of lactate dehydrogenase and
α-hydroxyacyl dehydrogenase, which indicates that gametes at all stages of development
have limited abilities to produce lactic acid and oxidize fatty acids [132]. In contrast to this,
it has been shown that mammalian spermatids are highly dependent on lactate [133].

For mammalian fertility, proper mitochondrial function is essential, and mitochondrial
development and function vary greatly in different developmental steps [134]. Mitochon-
drial differentiation is initiated simultaneously with spermatogonial differentiation: cristae
structure reorganization occurs in spermatocytes and spermatids, and further metabolic
switches occur in sperms. Glycolytic energy production is characteristic of stem cells;
meanwhile, dividing and differentiating cells use OXPHOS. The mature sperm uses both
glycolysis for survival and OXPHOS for mobility and fertilization. ROS signaling is essen-
tial for both spermatogonia differentiation and sperm cell capacitation [7,18,49,135].

The disturbance of metabolic homeostasis is often reflected in mitochondrial morphol-
ogy. We have to emphasize that there are no data on the transcription of nuclear-encoded
mitochondrial genes in Drosophila after meiosis; therefore, the regulation of mitochondrial
homeostasis could become challenging for differentiating spermatids [136,137]. The bb8ms

mutant has a striking phenotype in this aspect: in the bb8ms mutant, the nebenkern is
normal; however, megamitochondria form in the elongating spermatids [35,97]. The scale
of these megamitochondria varies; however, the largest ones are comparable in size with
a single round spermatid cell. The origin of these megamitochondria is not fully under-
stood, but based on electron microscopic images, they could originate from the elongating
mitochondrial derivatives. The abnormal mitochondrial structures in the testes are similar
to those megamitochondria observed in cultured cells [138,139]. In spermatids, similar
swollen mitochondria can be observed in the presence of ectopically expressed Aralar1
glutamate transporter [97]. In both cases, glutamate metabolism is affected, resulting in the
accumulation of glutamate/glutamine in the mitochondria, which seems to be the reason
for mitochondrial aberrations. Interestingly, mitochondrial abnormalities are characteristic
of the tumor suppressor F-box protein, as well as Archipelago (Ago) mutants [99]. In
the case of Ago, the mechanism affecting the mitochondrial development is unknown,
but there is a known interolog interaction between Ago and Aralar1; however, Aralar1
upregulation was not tested on the Ago mutant background [140]. Moreover, Ago has
potential connections to S6 kinase, Parkin, and hypoxia-induced gene expression [99].
Swollen mitochondrial structures can be observed also in ref(2)P mutants lacking the UBA
domain [70]. The ref(2)P mutants are interesting in the aspect of the ref(2)P downstream
position to the Pink1/Parkin pathway. In pink1 mutants, a metabolic stress response results
in the elevation of glutamate/glutamine levels [141]. We can assume a similar effect in
ref(2)P UBA mutants, which could explain the formation of large vacuolated mitochon-
dria and link the ref(2)P to the metabolic stress response. The human ortholog of ref(2)P,
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p62, was described in the cellular energy metabolism of differentiating neuronal cells:
the absence of p62 promotes glycolytic energy metabolism [129]. Mitoferrin mutant mfrn
exhibits a similar phenotype to the bb8 mutant: large vacuolated vesicles are observable on
phase-contrast micrographs, and although these structures were not tested with fluorescent
dyes, the mitochondrial abnormalities were still visible on EM cross sections [75]. Other
iron metabolism-related genes such as fh and Fer3HCH show higher expression in the testes,
emphasizing the importance of iron metabolism during spermatogenesis [75]. If we try
to address the observed phenotypes of mitoferrin deficiency, we might conclude that the
lack of the transporter results in iron shortage and hinders the enzymatic activity of the
mitochondrial iron–sulfur aconitase (mAcon1, mAcon2) enzymes or the proper function of
the heme group containing catalases. Cytosolic aconitase has a proven effect on glutamate
level regulation [142,143], which makes aconitases possible candidates for the observed
mitochondrial swelling phenotype in the mitoferrin mutants. Catalases are present in
the paracrystalline material of the major derivatives, which could explain the paracrys-
talline abnormalities in mfrn mutants [36,75]. Catalases decompose hydrogen peroxide,
thus protecting the mitochondria against the toxic effects of ROS. Interestingly, the role of
alpha-ketoglutarate, the metabolite of Bb8, was shown to defend against ROS with H2O2
scavenging [144]. Considering the effect of iron metabolism on Pink1 phenotypes, iron
metabolism in testes still poses many interesting questions [74,145].

Metabolic mitochondrial abnormalities could occur as a consequence of the distur-
bance of nucleoside metabolism. Concentrative nucleoside transporter 1 (CNT1) is a
membrane transporter that exhibits a predicted nucleoside sodium symporter activity. In
CNT1 mutants, the development of mitochondrial derivatives is disturbed [146].

8. The Effect of Systemic Metabolism on Spermatogenesis

Systemic metabolism, nutrition, and communication between organs could impact
germ cell development; although, in many cases, their effects converge into the mitochon-
dria and mitochondrial metabolism.

In Drosophila males, the testes have a connection to the gut, where the testes induce
the differentiation of a specific portion of the intestine through the Jak/Stat signaling
pathway. The male-type intestine transfers citrate to the testis, which enhances the sperm
production [147]. Interestingly, this citrate import does not serve primarily as an energy
source, rather it is required for proteome stability. The excess citrate can be utilized to pro-
duce acetyl-coenzyme A, which promotes NatB-dependent N-terminal protein acetylation.
This acetylation masks proteins from ubiquitin–proteasome degradation [128].

Dietary sugar also has an impact on Drosophila spermatogenesis. An increased
amount of sugar results in shifts in mitochondrial activity, ROS production, and the expres-
sion of small RNAs. It has been suggested that this response to high dietary sugar might be
an evolutionary conserved mechanism [148].

Spermatogenesis is closely linked to dietary factors in mammals as well. A sheep
model of excessive-energy diet-induced metabolic syndrome highlighted the importance
of metabolic influences on spermatogenesis and the related microbiome [149].

9. Mitochondrial Inheritance and Mitochondrial DNA

For proper sustainable mitochondrial function, the mitochondrial genome is essential.
Interestingly, the mitochondrial genome’s maintenance in the germline heavily relies on
mitochondrially targeted topoisomerase 3 alpha (Top3α) in Drosophila [150]. In testes, the
absence of Top3α results in GSC loss.

In animals, mitochondria are maternally inherited cell organelles, and there are multi-
ple mechanisms which could contribute to this uniparental inheritance. Both oocytes and
sperms need high-quality mitochondria, as in oocytes, they need to be inherited to the
next generation, while in sperm, the mitochondria are required to cover the high energy
demand of movement. In active sperms, there is an increased risk of mitochondrial damage
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which cannot be addressed in the specialized cells, and that is not favorable for passing
down to the next generation.

To prevent the inheritance of paternal mitochondria, the mitochondrial derivatives
and sperm components are eliminated after fertilization by endocytic and autophagic
processes in the embryo [104,151]. Despite this, it seems that there is an additional process
during Drosophila spermatogenesis that actively eliminates the paternal mtDNA. The
EndoG mitochondrial endonuclease is necessary for the elimination of mtDNA [152].
EndoG has five paralogs that show testis-specific transcript enrichment; however, Tengl1,
Tengl2, Tengl3, and Tengl4 do not participate in mtDNA elimination, and CG12917 was not
studied [152]. Surprisingly, the mtDNA polymerase (Pol γ-α), tamas (tam), also plays a role
in mtDNA elimination to ensure uniparental inheritance [153]. Tam does not participate in
mtDNA elimination with its 3′ exonuclease activity; it forms a larger protein complex and
most probably acts as a regulator in the process [153].

The individualization mechanism also eliminates some of the mtDNA [152]. The
mtDNA elimination during individualization seems to be an effect of the actin cones’ move-
ment, as it trims mitochondrial mass [112]. Considering this, it is easy to hypothesize that
the mtDNA, which has spatial requirements, becomes caught in the spherical mitochondrial
structures, which are sheared by the individualization complex. Furthermore, we cannot
rule out that mtDNA degradation might be a secondary effect of the lack of factors that
maintain mtDNA integrity in these specialized cells.

Despite the above-mentioned mechanisms, it is common for a leakage of paternal
mtDNA inheritance to occur in other Drosophila species, which has an even increased
probability in hybrids [154–156].

10. Similarities and Differences between Drosophila and Mammalian Spermatogenesis
in the Aspect of Mitochondrial Organization and Function

Despite insect and mammalian spermatogenesis exhibiting striking similarities, there
are notable differences. Nevertheless, the process of spermatogenesis produces motile
mature spermatozoa, with specialized mitochondria. The initial steps of germ cell differ-
entiation are very similar: stem cells rely on glycolysis and metabolic changes through
the promotion of OXPHOS to drive the differentiation of spermatogonia [16,157]. In both
mammals and insects, mitochondria are dynamically reorganized in multiple consecutive
steps during spermatogenesis. In Drosophila, this involves the formation of nebenkerns,
and subsequently the formation of mitochondrial derivatives [10]. In mammals, in meiotic
spermatocytes, the mitochondria also show dynamic reorganization, fusion, and fission
during divisions, but after meiosis, they undergo fission [8]. This is required for proper
mitochondrial sheath formation, and most probably for removing the excess or malfunc-
tioning mitochondria to residual bodies. Whether the mechanism behind the elongation of
mitochondria present in the midpiece involves mitochondrial fusion is still debated [49,50].
In humans, morphological changes in the mitochondria are less extreme compared to
Drosophila, but they involve cristae reorganization and differentiation in the midpiece.
During mammalian spermatogenesis, meiosis is damaged by the lack of mitofusin; the
midpiece of the sperm is abnormal, and ultimately, there is a failure of the metabolic activ-
ity [158]. These results show the importance of mitofusins in promoting OXPHOS, leading
to a metabolic shift during spermatogonial differentiation, mitochondrial remodeling, and
elongation. Meanwhile, fission also plays a role in spermatid maturation in mammals,
contrary to Drosophila spermatids, where mitochondrial mass is not fragmented [50].
Alongside structural reorganization, metabolic reorganization also happens. In mammals,
this phenomenon is intensively studied; meanwhile, our knowledge on metabolism in
insects is more limited.

In Drosophila, the mitochondrial derivatives in elongating spermatids and spermato-
zoa function as structural elements, as they are necessary for elongation and give structural
rigidity through paracrystalline material accumulation [9,10]. In mammalian sperm, the
mitochondria also serve a mechanical function by tightly coiling around the axoneme in
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the midpiece. This compact coiling is made possible by the presence of disulfide bonds
within the mitochondrial sheath, which provide stability [2,103]. Structural abnormalities
in the mitochondrial sheath often lead to abnormal sperms [50,104–108].

Despite similarities, there are undeniably large differences as well. Female insects
store sperm for a longer time, and in mammals, the sperm travel larger distances. Insects
produce fewer sperm, yet more of them fertilize eggs. These strategies have resulted in
different evolutionary consequences. One of these consequences is the extreme length of the
Drosophila sperms, and another could be the high motility and capacitation of mammalian
sperm [159].

Mammalian spermatogenesis is considerably more complex. In Drosophila, the role
of cyst cells is less well understood; meanwhile, Sertoli cells in humans are intensively
studied. Sertoli and Leydig cells play an essential role in regulating the spermatogenic
process. Sertoli cells make it possible to take the metabolic burden from the developing
germ cells and feed them with specific metabolites, mainly pyruvate and lactate. We do not
know if a similar feature is characteristic of the cyst cells of Drosophila. Nevertheless, in
Drosophila, the developing germ cells are more autonomous than their human counterpart,
as isolated cysts can be cultured in cell culture media [9]. Metabolic specialization is a
general phenomenon, and it occurs in both systems. In Drosophila, a high number of testis-
specific genes, including a variety of testis-specific metabolic enzymes [83], are described;
however, in humans, testis-specific genes are not that abundant, but testis-enriched genes
are common [160,161].

The metabolic changes are also different. Both the insect and mammalian spermatoge-
nesis processes rely on carbohydrate metabolism, but Drosophila spermatids are not lactate-
dependent, whereas human spermatids are. Mammalian mitochondrial differentiation
starts with the initial differentiation of spermatogonia, and cristae structure reorganization
occurs in spermatocytes and also in spermatids; moreover, further metabolic switches occur
in sperms. In mammals, glycolytic energy production is a characteristic of stem cells, while
dividing and differentiating cells use OXPHOS. The mature sperm uses both glycolysis
for survival and OXPHOS for mobility and fertilization. ROS signaling is essential for
both spermatogonia differentiation and sperm cell capacitation [7,18,49,135]. Glycolytic
energy production in stem cells is a conserved feature; the role of ROS and OXPHOS is less
characterized in Drosophila. Capacitation is not characteristic of Drosophila spermatozoa,
but bidirectional movement is [162,163].

11. Open Questions

We have a greater insight into the early development, and mitochondrial function in
the differentiation of spermatogonia. However, there is limited knowledge on specialized
cristae structure formation: what are the molecular components of it, are there testis-specific
components of it, how does it participate in OXPHOS, and is there an additional function
we do not know about?

The Pink1/Parkin pathway’s involvement in mitochondrial dynamics is well doc-
umented, yet a more thorough examination is necessary to clarify the intricate regula-
tion and molecular elements located both upstream and downstream of the pathway in
Drosophila spermatogenesis.

Further questions arose as we investigated the post-meiotic stages, when mitochondria-
associated testis-specific transcripts are enriched. What is the rate of OXPHOS during
elongation, and individualization? Are there more proteins with moonlight functions in the
late stages of spermatogenesis? Further experiments are needed to address these questions.

Another interesting question concerns the conservation of mitochondrial function and
structure in different species. Are there unidentified processes that are common in most
organisms? Regarding this, glutamate metabolism holds some interesting conundrums.
Monosodium glutamate (MSG), a food additive, has been proven to cause male fertility
problems in rodents [164–167]. Similar problems were not observed in humans [168].
The reason behind this might be the presence of an additional glutamate dehydrogenase
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enzyme variant in humans. The main specialty of this enzyme, GLUD2, is its ability
to catabolize glutamate in the presence of GTP [169]. Interestingly, GLUD2 has similar
features to Drosophila Bb8 glutamate dehydrogenase [97]. The effects of MSG intoxication
in rodents are weaker when selenium is provided [170,171]. Similarly, selenium exhibits a
neuroprotective function in glutamate-induced cytotoxicity in HT22 cells [172]. Selenium
also plays a role in the regulation of Drosophila glutamate metabolism [138]. In bacteria,
selenium is known to be associated with glutamate-accepting tRNA [173]. These findings
raise the question of selenium’s conserved role in the regulation of glutamate metabolism
and mitochondrial function.

12. Conclusions

Mitochondrial differentiation is highly dynamic and crucial during spermatogenesis.
The role of mitochondria varies significantly, as they are involved in ROS signaling, act as a
structural component, and serve as the powerhouse of cells. With each passing day, our un-
derstanding of these versatile organelles improves; however, there is still much to uncover.
We have a general structural overview of mitochondrial organization in Drosophila, but
there are still gaps in our knowledge regarding the finer structural reorganizations. Electron
tomography stands as a formidable instrument for scrutinizing mitochondrial structures.
The prospect of unveiling the three-dimensional ultrastructure of mitochondria at distinct
stages of Drosophila spermatogenesis adds a compelling dimension to the exploration of
mitochondrial reorganization.

The energetics and possible metabolic shifts during the later phases of spermatogene-
sis have not been comprehensively discovered. The diverse functionalities of mitochondria
with distinct structures remain incompletely understood. How the classical mitochondrial
function undergoes alteration within the nebenkern or between major and minor mito-
chondrial derivatives is a subject yet to be fully elucidated. The role of the testis-enriched
genes is also an interesting field, where molecular specialization and evolutionary aspects
are intriguing.

This review primarily centered on the mitochondrial alterations, roles, and functions
occurring during Drosophila spermatogenesis, while also providing a glimpse into their
mammalian counterparts. We presented an exhaustive overview of the morphological
transformations in mitochondria observed within the Drosophila testes. Additionally, we
posed a series of inquiries exploring intriguing evolutionary, functional, and structural
dimensions of mitochondrial differentiation across diverse developmental stages.

We posit that the exploration of specialized mitochondria within the Drosophila
male germline harbors significant potential for future discoveries, given its substantial
contribution to advancing our comprehension of mitochondrial intricacies.

Author Contributions: Conceptualization, V.V., F.J., J.Z. and R.S.; writing—original draft preparation,
V.V. and R.S.; writing—review and editing, V.V., F.J., J.Z. and R.S.; visualization, V.V. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Research, Development and Innovation Office
under grant PD137914 for V.V., and grant K132155 for R.S., Cluster of the Centre of Excellence for
Interdisciplinary Research, Development and Innovation of the University of Szeged (IKIKK) for V.V.,
J.Z. and R.S.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Prince, F.P. Lamellar and Tubular Associations of the Mitochondrial Cristae: Unique Forms of the Cristae Present in Steroid-

Producing Cells. Mitochondrion 2002, 1, 381–389. [CrossRef] [PubMed]
2. Ramalho-Santos, J.J.; Varum, S.; Amaral, S.; Mota, P.C.; Sousa, A.P.; Amaral, A. Mitochondrial Functionality in Reproduction:

From Gonads and Gametes to Embryos and Embryonic Stem Cells. Hum. Reprod. Update 2009, 15, 553–572. [CrossRef] [PubMed]
3. Lopez-Mejia, I.C.; Fajas, L. Cell Cycle Regulation of Mitochondrial Function. Curr. Opin. Cell Biol. 2015, 33, 19–25. [CrossRef]

[PubMed]

https://doi.org/10.1016/S1567-7249(01)00038-1
https://www.ncbi.nlm.nih.gov/pubmed/16120292
https://doi.org/10.1093/humupd/dmp016
https://www.ncbi.nlm.nih.gov/pubmed/19414527
https://doi.org/10.1016/j.ceb.2014.10.006
https://www.ncbi.nlm.nih.gov/pubmed/25463842


Int. J. Mol. Sci. 2024, 25, 3980 19 of 25

4. Zemirli, N.; Morel, E.; Molino, D. Mitochondrial Dynamics in Basal and Stressful Conditions. Int. J. Mol. Sci. 2018, 19, 564.
[CrossRef] [PubMed]

5. Chen, W.; Zhao, H.; Li, Y. Mitochondrial Dynamics in Health and Disease: Mechanisms and Potential Targets. Signal Transduct.
Target. Ther. 2023, 8, 333. [CrossRef] [PubMed]

6. Hecht, N.B.; Bradley, F.M. Changes in Mitochondrial Protein Composition during Testicular Differentiation in Mouse and Bull.
Gamete Res. 1981, 4, 433–449. [CrossRef]

7. Zhang, Z.; Miao, J.; Wang, Y. Mitochondrial Regulation in Spermatogenesis. Reproduction 2022, 163, R55–R69. [CrossRef] [PubMed]
8. Zhao, S.; Heng, N.; Wang, H.; Wang, H.; Zhang, H.; Gong, J.; Hu, Z.; Zhu, H. Mitofusins: From Mitochondria to Fertility. Cell. Mol.

Life Sci. 2022, 79, 370. [CrossRef] [PubMed]
9. Noguchi, T.; Koizumi, M.; Hayashi, S. Sustained Elongation of Sperm Tail Promoted by Local Remodeling of Giant Mitochondria

in Drosophila. Curr. Biol. CB 2011, 21, 805–814. [CrossRef]
10. Fuller, M.T. The Development of Drosophila melanogaster Volume I Spermatogenesis; Bate, M., Arias, A.M., Eds.; Cold Spring Harbor

Laboratory Press: Cold Spring Harbor, NY, USA, 1993; ISBN 978-087969899-7.
11. Tates, A.D. Cytodifferentiation during Spermatogenesis in Drosophila melanogaster: An Electron Microscope Study. Ph. D. Thesis,

Rijksuniversiteit, Leiden, The Netherlands, 1971.
12. Sênos Demarco, R.; Uyemura, B.S.; D’Alterio, C.; Jones, D.L. Mitochondrial Fusion Regulates Lipid Homeostasis and Stem Cell

Maintenance in the Drosophila Testis. Nat. Cell Biol. 2019, 21, 710–720. [CrossRef]
13. Sênos Demarco, R.; Uyemura, B.S.; Jones, D.L. EGFR Signaling Stimulates Autophagy to Regulate Stem Cell Maintenance and

Lipid Homeostasis in the Drosophila Testis. Cell Rep. 2020, 30, 1101–1116.e5. [CrossRef] [PubMed]
14. Sênos Demarco, R.; Jones, D.L. Mitochondrial Fission Regulates Germ Cell Differentiation by Suppressing ROS-Mediated

Activation of Epidermal Growth Factor Signaling in the Drosophila Larval Testis. Sci. Rep. 2019, 9, 19695. [CrossRef]
15. Tan, S.W.S.; Lee, Q.Y.; Wong, B.S.E.; Cai, Y.; Baeg, G.H. Redox Homeostasis Plays Important Roles in the Maintenance of the

Drosophila Testis Germline Stem Cells. Stem Cell Rep. 2017, 9, 342–354. [CrossRef] [PubMed]
16. Sainz De La Maza, D.; Hof-Michel, S.; Phillimore, L.; Bökel, C.; Amoyel, M. Cell-Cycle Exit and Stem Cell Differentiation Are

Coupled through Regulation of Mitochondrial Activity in the Drosophila Testis. Cell Rep. 2022, 39, 110774. [CrossRef] [PubMed]
17. Nowicka-bauer, K.; Nixon, B. Molecular Changes Induced by Oxidative Stress That Impair Human Sperm Motility. Antioxidants

2020, 9, 134. [CrossRef] [PubMed]
18. Park, Y.-J.; Pang, M.-G. Mitochondrial Functionality in Male Fertility: From Spermatogenesis to Fertilization. Antioxidants 2021,

10, 98. [CrossRef] [PubMed]
19. Yacobi-Sharon, K.; Namdar, Y.; Arama, E. Alternative Germ Cell Death Pathway in Drosophila Involves HtrA2/Omi, Lysosomes,

and a Caspase-9 Counterpart. Dev. Cell 2013, 25, 29–42. [CrossRef]
20. Napoletano, F.; Gibert, B.; Yacobi-Sharon, K.; Vincent, S.; Favrot, C.; Mehlen, P.; Girard, V.; Teil, M.; Chatelain, G.; Walter, L.; et al.

P53-Dependent Programmed Necrosis Controls Germ Cell Homeostasis During Spermatogenesis. PLoS Genet. 2017, 13, e1007024.
[CrossRef] [PubMed]

21. Brown, J.B.; Boley, N.; Eisman, R.; May, G.E.; Stoiber, M.H.; Duff, M.O.; Booth, B.W.; Wen, J.; Park, S.; Suzuki, A.M.; et al. Diversity
and Dynamics of the Drosophila Transcriptome. Nature 2014, 512, 393–399. [CrossRef]

22. Chintapalli, V.R.; Wang, J.; Dow, J.A.T. Using FlyAtlas to Identify Better Drosophila melanogaster Models of Human Disease. Nat.
Genet. 2007, 39, 715–720. [CrossRef]

23. Truban, D.; Hou, X.; Caulfield, T.R.; Fiesel, F.C.; Springer, W. PINK1, Parkin, and Mitochondrial Quality Control: What Can We
Learn about Parkinson’s Disease Pathobiology? J. Park. Dis. 2017, 7, 13–29. [CrossRef] [PubMed]

24. Pickrell, A.M.; Youle, R.J. The Roles of PINK1, Parkin, and Mitochondrial Fidelity in Parkinson’s Disease. Neuron 2015, 85,
257–273. [CrossRef]

25. Li, A.Y.Z.; Di, Y.; Rathore, S.; Chiang, A.C.-Y.; Jezek, J.; Ma, H. Milton Assembles Large Mitochondrial Clusters, Mitoballs, to
Sustain Spermatogenesis. Proc. Natl. Acad. Sci. USA 2023, 120, e2306073120. [CrossRef] [PubMed]

26. Cox, R.T.; Spradling, A.C. A Balbiani Body and the Fusome Mediate Mitochondrial Inheritance during Drosophila Oogenesis.
Development 2003, 130, 1579–1590. [CrossRef] [PubMed]

27. Cox, R.T.; Spradling, A.C. Milton Controls the Early Acquisition of Mitochondria by Drosophila Oocytes. Development 2006, 133,
3371–3377. [CrossRef] [PubMed]

28. Aldridge, A.C.; Benson, L.P.; Siegenthaler, M.M.; Whigham, B.T.; Stowers, R.S.; Hales, K.G. Roles for Drp1, a Dynamin-Related
Protein, and Milton, a Kinesin-Associated Protein, in Mitochondrial Segregation, Unfurling and Elongation during Drosophila
Spermatogenesis. Fly 2007, 1, 38–46. [CrossRef] [PubMed]

29. Liu, S.; Sawada, T.; Lee, S.; Yu, W.; Silverio, G.; Alapatt, P.; Millan, I.; Shen, A.; Saxton, W.; Kanao, T.; et al. Parkinson’s
Disease-Associated Kinase PINK1 Regulates Miro Protein Level and Axonal Transport of Mitochondria. PLoS Genet. 2012, 8,
15–17. [CrossRef]

30. Saxton, W.M.; Hollenbeck, P.J. The Axonal Transport of Mitochondria. J. Cell Sci. 2012, 125, 2095–2104. [CrossRef] [PubMed]
31. Ichihara, K.; Shimizu, H.; Taguchi, O.; Yamaguchi, M.; Inoue, Y.H. A Drosophila Orthologue of Larp Protein Family Is Required for

Multiple Processes in Male Meiosis. Cell Struct. Funct. 2007, 32, 89–100. [CrossRef]

https://doi.org/10.3390/ijms19020564
https://www.ncbi.nlm.nih.gov/pubmed/29438347
https://doi.org/10.1038/s41392-023-01547-9
https://www.ncbi.nlm.nih.gov/pubmed/37669960
https://doi.org/10.1002/mrd.1120040507
https://doi.org/10.1530/REP-21-0431
https://www.ncbi.nlm.nih.gov/pubmed/35084362
https://doi.org/10.1007/s00018-022-04386-z
https://www.ncbi.nlm.nih.gov/pubmed/35725948
https://doi.org/10.1016/j.cub.2011.04.016
https://doi.org/10.1038/s41556-019-0332-3
https://doi.org/10.1016/j.celrep.2019.12.086
https://www.ncbi.nlm.nih.gov/pubmed/31995752
https://doi.org/10.1038/s41598-019-55728-0
https://doi.org/10.1016/j.stemcr.2017.05.034
https://www.ncbi.nlm.nih.gov/pubmed/28669604
https://doi.org/10.1016/j.celrep.2022.110774
https://www.ncbi.nlm.nih.gov/pubmed/35545055
https://doi.org/10.3390/antiox9020134
https://www.ncbi.nlm.nih.gov/pubmed/32033035
https://doi.org/10.3390/antiox10010098
https://www.ncbi.nlm.nih.gov/pubmed/33445610
https://doi.org/10.1016/j.devcel.2013.02.002
https://doi.org/10.1371/journal.pgen.1007024
https://www.ncbi.nlm.nih.gov/pubmed/28945745
https://doi.org/10.1038/nature12962
https://doi.org/10.1038/ng2049
https://doi.org/10.3233/JPD-160989
https://www.ncbi.nlm.nih.gov/pubmed/27911343
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1073/pnas.2306073120
https://www.ncbi.nlm.nih.gov/pubmed/37579146
https://doi.org/10.1242/dev.00365
https://www.ncbi.nlm.nih.gov/pubmed/12620983
https://doi.org/10.1242/dev.02514
https://www.ncbi.nlm.nih.gov/pubmed/16887820
https://doi.org/10.4161/fly.3913
https://www.ncbi.nlm.nih.gov/pubmed/18690063
https://doi.org/10.1371/journal.pgen.1002537
https://doi.org/10.1242/jcs.053850
https://www.ncbi.nlm.nih.gov/pubmed/22619228
https://doi.org/10.1247/csf.07027


Int. J. Mol. Sci. 2024, 25, 3980 20 of 25

32. Basu, J.; Li, Z. The Des-1 Protein, Required for Central Spindle Assembly and Cytokinesis, Is Associated with Mitochondria along
the Meiotic Spindle Apparatus and with the Contractile Ring during Male Meiosis in Drosophila melanogaster. Mol. Gen. Genet.
1998, 259, 664–673. [CrossRef]

33. Endo, K.; Akiyama, T.; Kobayashi, S.; Okada, M. Degenerative Spermatocyte, a Novel Gene Encoding a Transmembrane Protein
Required for the Initiation of Meiosis in Drosophila Spermatogenesis. Mol. Gen. Genet. 1996, 253, 157–165. [CrossRef] [PubMed]

34. Bergner, L.M.; Hickman, F.E.; Wood, K.H.; Wakeman, C.M.; Stone, H.H.; Campbell, T.J.; Lightcap, S.B.; Favors, S.M.; Aldridge,
A.C.; Hales, K.G. A Novel Predicted Bromodomain-Related Protein Affects Coordination between Meiosis and Spermiogenesis in
Drosophila and Is Required for Male Meiotic Cytokinesis. DNA Cell Biol. 2010, 29, 487–498. [CrossRef] [PubMed]

35. Vedelek, V.; Laurinyecz, B.; Kovács, A.L.; Juhász, G.; Sinka, R. Testis-Specific Bb8 Is Essential in the Development of Spermatid
Mitochondria. PLoS ONE 2016, 11, e0161289. [CrossRef] [PubMed]

36. Laurinyecz, B.; Vedelek, V.; Kovács, A.L.; Szilasi, K.; Lipinszki, Z.; Slezák, C.; Darula, Z.; Juhász, G.; Sinka, R. Sperm-
Leucylaminopeptidases Are Required for Male Fertility as Structural Components of Mitochondrial Paracrystalline Material in
Drosophila melanogaster Sperm. PLoS Genet. 2019, 15, e1007987. [CrossRef]

37. Chen, J.V.; Megraw, T.L. Spermitin: A Novel Mitochondrial Protein in Drosophila Spermatids. PLoS ONE 2014, 9, e108802.
[CrossRef] [PubMed]

38. Sawyer, E.M.; Brunner, E.C.; Hwang, Y.; Ivey, L.E.; Brown, O.; Bannon, M.; Akrobetu, D.; Sheaffer, K.E.; Morgan, O.; Field, C.O.;
et al. Testis-Specific ATP Synthase Peripheral Stalk Subunits Required for Tissue-Specific Mitochondrial Morphogenesis in
Drosophila. BMC Cell Biol. 2017, 18, 16. [CrossRef] [PubMed]

39. Dorogova, N.V.; Akhmametyeva, E.M.; Kopyl, S.A.; Gubanova, N.V.; Yudina, O.S.; Omelyanchuk, L.V.; Chang, L.-S.S. The Role of
Drosophila Merlin in Spermatogenesis. BMC Cell Biol. 2008, 9, 1. [CrossRef] [PubMed]

40. Bettencourt-Dias, M.; Rodrigues-Martins, A.; Carpenter, L.; Riparbelli, M.; Lehmann, L.; Gatt, M.K.; Carmo, N.; Balloux, F.;
Callaini, G.; Glover, D.M. SAK/PLK4 Is Required for Centriole Duplication and Flagella Development. Curr. Biol. 2005, 15,
2199–2207. [CrossRef]

41. Hwa, J.J.; Hiller, M.A.; Fuller, M.T.; Santel, A. Differential Expression of the Drosophila Mitofusin Genes Fuzzy Onions (Fzo) and
Dmfn. Mech. Dev. 2002, 116, 213–216. [CrossRef]

42. Bauerly, E.; Yi, K.; Gibson, M.C. Wampa Is a Dynein Subunit Required for Axonemal Assembly and Male Fertility in Drosophila.
Dev. Biol. 2020, 463, 158–168. [CrossRef]

43. Goldbach, P.; Wong, R.; Beise, N.; Sarpal, R.; Trimble, W.S.; Brill, J.A. Stabilization of the Actomyosin Ring Enables Spermatocyte
Cytokinesis in Drosophila. Mol. Biol. Cell 2010, 21, 1482–1493. [CrossRef]

44. Alphey, L.; Jimenez, J.; White-Cooper, H.; Dawson, I.; Nurse, P.; Glover, D.M. Twine, a Cdc25 Homolog That Functions in the
Male and Female Germline of Drosophila. Cell 1992, 69, 977–988. [CrossRef]

45. Kemphues, K.J.; Kaufman, T.C.; Raff, R.A.; Raff, E.C. The Testis-Specific β-Tubulin Subunit in Drosophila melanogaster Has Multiple
Functions in Spermatogenesis. Cell 1982, 31, 655–670. [CrossRef] [PubMed]

46. Hales, K.G.; Fuller, M.T. Developmentally Regulated Mitochondrial Fusion Mediated by a Conserved, Novel, Predicted GTPase.
Cell 1997, 90, 121–129. [CrossRef]

47. McQuibban, G.A.; Lee, J.R.; Zheng, L.; Juusola, M.; Freeman, M. Normal Mitochondrial Dynamics Requires Rhomboid-7 and
Affects Drosophila Lifespan and Neuronal Function. Curr. Biol. CB 2006, 16, 982–989. [CrossRef] [PubMed]

48. Whitworth, A.J.; Lee, J.R.; Ho, V.M.W.; Flick, R.; Chowdhury, R.; McQuibban, G.A. Rhomboid-7 and HtrA2/Omi Act in a
Common Pathway with the Parkinson’s Disease Factors Pink1 and Parkin. DMM Dis. Models Mech. 2008, 1, 168–174. [CrossRef]

49. Varuzhanyan, G.; Chan, D.C. Mitochondrial Dynamics during Spermatogenesis. J. Cell Sci. 2020, 133, jcs235937. [CrossRef]
[PubMed]

50. Varuzhanyan, G.; Chen, H.; Rojansky, R.; Ladinsky, M.S.; McCaffery, J.M.; Chan, D.C. Mitochondrial Fission Factor (Mff) Is
Required for Organization of the Mitochondrial Sheath in Spermatids. Biochim. Biophys. Acta Gen. Subj. 2021, 1865, 129845.
[CrossRef]

51. Szafer-Glusman, E.; Fuller, M.T.; Giansanti, M.G. Role of Survivin in Cytokinesis Revealed by a Separation-of-Function Allele.
Mol. Biol. Cell 2011, 22, 3779–3790. [CrossRef]

52. Kimura, S.; Loppin, B. Two Bromodomain Proteins Functionally Interact to Recapitulate an Essential BRDT-like Function in
Drosophila Spermatocytes. Open Biol. 2015, 5, 140145. [CrossRef]

53. Li, Z.; Yang, F.; Xuan, Y.; Xi, R.; Zhao, R. Pelota-Interacting G Protein Hbs1 Is Required for Spermatogenesis in Drosophila. Sci. Rep.
2019, 9, 3226. [CrossRef]

54. Afshar, K.; Gönczy, P.; DiNardo, S.; Wasserman, S.A. Fumble Encodes a Pantothenate Kinase Homolog Required for Proper
Mitosis and Meiosis in Drosophila melanogaster. Genetics 2001, 157, 1267–1276. [CrossRef]

55. Sechi, S.; Frappaolo, A.; Karimpour-Ghahnavieh, A.; Gottardo, M.; Burla, R.; Di Francesco, L.; Szafer-Glusman, E.; Schinina, E.;
Fuller, M.T.; Saggio, I.; et al. Drosophila Doublefault Protein Coordinates Multiple Events during Male Meiosis by Controlling
mRNA Translation. Development 2019, 146, dev183053. [CrossRef]

56. Castrillon, D.H.; Gonczy, P.; Alexander, S.; Rawson, R.; Eberhart, C.G.; Viswanathan, S.; DiNardo, S.; Wasserman, S.a. Toward a
Molecular Genetic Analysis of Spermatogenesis in Drosophila melanogaster: Characterization of Male-Sterile Mutants Generated
by Single P Element Mutagenesis. Genetics 1993, 135, 489–505. [CrossRef]

https://doi.org/10.1007/s004380050861
https://doi.org/10.1007/s004380050308
https://www.ncbi.nlm.nih.gov/pubmed/9003299
https://doi.org/10.1089/dna.2009.0989
https://www.ncbi.nlm.nih.gov/pubmed/20491580
https://doi.org/10.1371/journal.pone.0161289
https://www.ncbi.nlm.nih.gov/pubmed/27529784
https://doi.org/10.1371/journal.pgen.1007987
https://doi.org/10.1371/journal.pone.0108802
https://www.ncbi.nlm.nih.gov/pubmed/25265054
https://doi.org/10.1186/s12860-017-0132-1
https://www.ncbi.nlm.nih.gov/pubmed/28335714
https://doi.org/10.1186/1471-2121-9-1
https://www.ncbi.nlm.nih.gov/pubmed/18186933
https://doi.org/10.1016/j.cub.2005.11.042
https://doi.org/10.1016/S0925-4773(02)00141-7
https://doi.org/10.1016/j.ydbio.2020.04.006
https://doi.org/10.1091/mbc.e09-08-0714
https://doi.org/10.1016/0092-8674(92)90616-K
https://doi.org/10.1016/0092-8674(82)90321-X
https://www.ncbi.nlm.nih.gov/pubmed/6819086
https://doi.org/10.1016/S0092-8674(00)80319-0
https://doi.org/10.1016/j.cub.2006.03.062
https://www.ncbi.nlm.nih.gov/pubmed/16713954
https://doi.org/10.1242/dmm.000109
https://doi.org/10.1242/jcs.235937
https://www.ncbi.nlm.nih.gov/pubmed/32675215
https://doi.org/10.1016/j.bbagen.2021.129845
https://doi.org/10.1091/mbc.e11-06-0569
https://doi.org/10.1098/rsob.140145
https://doi.org/10.1038/s41598-019-39530-6
https://doi.org/10.1093/genetics/157.3.1267
https://doi.org/10.1242/dev.183053
https://doi.org/10.1093/genetics/135.2.489


Int. J. Mol. Sci. 2024, 25, 3980 21 of 25

57. Katzenberger, R.J.; Rach, E.A.; Anderson, A.K.; Ohler, U.; Wassarman, D.A. The Drosophila Translational Control Element (TCE)
Is Required for High-Level Transcription of Many Genes That Are Specifically Expressed in Testes. PLoS ONE 2012, 7, e45009.
[CrossRef]

58. Anderson, M.A.; Jodoin, J.N.; Lee, E.; Hales, K.G.; Hays, T.S.; Lee, L.A. Asunder Is a Critical Regulator of Dynein–Dynactin
Localization during Drosophila Spermatogenesis. Mol. Biol. Cell 2009, 20, 2709–2721. [CrossRef]

59. Farkas, R.M.; Giansanti, M.G.; Gatti, M.; Fuller, M.T. The Drosophila Cog5 Homologue Is Required for Cytokinesis, Cell Elongation,
and Assembly of Specialized Golgi Architecture during Spermatogenesis. Mol. Biol. Cell 2003, 14, 190–200. [CrossRef]

60. Giansanti, M.G.; Bonaccorsi, S.; Williams, B.; Williams, E.V.; Santolamazza, C.; Goldberg, M.L.; Gatti, M. Cooperative Interactions
between the Central Spindle and the Contractile Ring during Drosophila Cytokinesis. Genes Dev. 1998, 12, 396–410. [CrossRef]

61. Blagden, S.P.; Gatt, M.K.; Archambault, V.; Lada, K.; Ichihara, K.; Lilley, K.S.; Inoue, Y.H.; Glover, D.M. Drosophila Larp Associates
with Poly(A)-Binding Protein and Is Required for Male Fertility and Syncytial Embryo Development. Dev. Biol. 2009, 334, 186–197.
[CrossRef]

62. Sitaram, P.; Anderson, M.A.; Jodoin, J.N.; Lee, E.; Lee, L.A. Regulation of Dynein Localization and Centrosome Positioning by
Lis-1 and Asunder during Drosophila Spermatogenesis. Development 2012, 139, 2945–2954. [CrossRef]

63. Zhang, Y.; Wang, Z.H.; Liu, Y.; Chen, Y.; Sun, N.; Gucek, M.; Zhang, F.; Xu, H. PINK1 Inhibits Local Protein Synthesis to Limit
Transmission of Deleterious Mitochondrial DNA Mutations. Mol. Cell 2019, 73, 1127–1137.e5. [CrossRef]

64. Zhang, Y.; Chen, Y.; Gucek, M.; Xu, H. The Mitochondrial Outer Membrane Protein MDI Promotes Local Protein Synthesis and
Mt DNA Replication. EMBO J. 2016, 35, 1045–1057. [CrossRef]

65. Clark, I.E.; Dodson, M.W.; Jiang, C.; Cao, J.H.; Huh, J.R.; Seol, J.H.; Yoo, S.J.; Hay, B.A.; Guo, M. Drosophila Pink1 Is Required for
Mitochondrial Function and Interacts Genetically with Parkin. Nature 2006, 441, 1162–1166. [CrossRef]

66. Deng, H.; Dodson, M.W.; Huang, H.; Guo, M. The Parkinson’s Disease Genes Pink1 and Parkin Promote Mitochondrial Fission
and/or Inhibit Fusion in Drosophila. Proc. Natl. Acad. Sci. USA 2008, 105, 14503–14508. [CrossRef]

67. Park, J.; Lee, S.B.; Lee, S.; Kim, Y.; Song, S.; Kim, S.; Bae, E.; Kim, J.; Shong, M.; Kim, J.M.; et al. Mitochondrial Dysfunction in
Drosophila PINK1 Mutants Is Complemented by Parkin. Nature 2006, 441, 1157–1161. [CrossRef]

68. Greene, J.C.; Whitworth, A.J.; Kuo, I.; Andrews, L.A.; Feany, M.B.; Pallanck, L.J. Mitochondrial Pathology and Apoptotic Muscle
Degeneration in Drosophila Parkin Mutants. Proc. Natl. Acad. Sci. USA 2003, 100, 4078–4083. [CrossRef]

69. Riparbelli, M.G.; Callaini, G. The Drosophila Parkin Homologue Is Required for Normal Mitochondrial Dynamics during
Spermiogenesis. Dev. Biol. 2007, 303, 108–120. [CrossRef] [PubMed]

70. De Castro, I.P.; Costa, A.C.; Celardo, I.; Tufi, R.; Dinsdale, D.; Loh, S.H.Y.; Martins, L.M. Drosophila Ref(2)P Is Required for the
Parkin-Mediated Suppression of Mitochondrial Dysfunction in Pink1 Mutants. Cell Death Dis. 2013, 4, e873. [CrossRef]

71. Hao, L.Y.; Giasson, B.I.; Bonini, N.M. DJ-1 Is Critical for Mitochondrial Function and Rescues PINK1 Loss of Function. Proc. Natl.
Acad. Sci. USA 2010, 107, 9747–9752. [CrossRef] [PubMed]

72. Wu, K.; Liu, J.; Zhuang, N.; Wang, T. UCP4A Protects against Mitochondrial Dysfunction and Degeneration in Pink1/Parkin
Models of Parkinson’s Disease. FASEB J. 2014, 28, 5111–5121. [CrossRef] [PubMed]

73. Choo, Y.S.; Vogler, G.; Wang, D.; Kalvakuri, S.; Iliuk, A.; Tao, W.A.; Bodmer, R.; Zhang, Z. Regulation of Parkin and PINK1 by
Neddylation. Hum. Mol. Genet. 2012, 21, 2514–2523. [CrossRef]

74. Esposito, G.; Vos, M.; Vilain, S.; Swerts, J.; de Sousa Valadas, J.; van Meensel, S.; Schaap, O.; Verstreken, P. Aconitase Causes Iron
Toxicity in Drosophila Pink1 Mutants. PLoS Genet. 2013, 9, e1003478. [CrossRef]

75. Metzendorf, C.; Lind, M.I. Drosophila Mitoferrin Is Essential for Male Fertility: Evidence for a Role of Mitochondrial Iron
Metabolism during Spermatogenesis. BMC Dev. Biol. 2010, 10, 68. [CrossRef]

76. Yun, J.; Puri, R.; Yang, H.; Lizzio, M.A.; Wu, C.; Sheng, Z.-H.; Guo, M. MUL1 Acts in Parallel to the PINK1/Parkin Pathway in
Regulating Mitofusin and Compensates for Loss of PINK1/Parkin. eLife 2014, 3, e01958. [CrossRef]

77. Yun, J.; Cao, J.H.; Dodson, M.W.; Clark, I.E.; Kapahi, P.; Chowdhury, R.B.; Guo, M. Loss-of-Function Analysis Suggests That
Omi/HtrA2 Is Not an Essential Component of the Pink1/Parkin Pathway In Vivo. J. Neurosci. 2008, 28, 14500–14510. [CrossRef]

78. Qi, Y.; Liu, H.; Daniels, M.P.; Zhang, G.; Xu, H. Loss of Drosophila I-AAA Protease, dYME1L, Causes Abnormal Mitochondria and
Apoptotic Degeneration. Cell Death Differ. 2016, 23, 291–302. [CrossRef]

79. Cox, R.T.; Spradling, A.C. Clueless, a Conserved Drosophila Gene Required for Mitochondrial Subcellular Localization, Interacts
Genetically with Parkin. DMM Dis. Models Mech. 2009, 2, 490–499. [CrossRef]

80. Sen, A.; Kalvakuri, S.; Bodmer, R.; Cox, R.T. Clueless, a Protein Required for Mitochondrial Function, Interacts with the
PINK1-Parkin Complex in Drosophila. DMM Dis. Models Mech. 2015, 8, 577–589. [CrossRef]

81. Wang, Z.-H.; Clark, C.; Geisbrecht, E.R. Drosophila Clueless Is Involved in Parkin-Dependent Mitophagy by Promoting VCP-
Mediated Marf Degradation. Hum. Mol. Genet. 2016, 25, 1946–1964. [CrossRef] [PubMed]

82. Pandey, R.; Heidmann, S.; Lehner, C.F. Epithelial Re-Organization and Dynamics of Progression through Mitosis in Drosophila
Separase Complex Mutants. J. Cell Sci. 2005, 118, 733–742. [CrossRef] [PubMed]

83. Vedelek, V.; Laurinyecz, B.; Kovács, B.; Bodai, L.; Boros, I.M.; Grézal, G.; Sinka, R. Analysis of Drosophila melanogaster Testis
Transcriptome. BMC Genom. 2018, 19, 697. [CrossRef]

84. Ghosh-roy, A.; Kulkarni, M.; Kumar, V.; Shirolikar, S.; Ray, K. Cytoplasmic dynein-dynactin complex is required for spermatid
growth but not axoneme assembly in Drosophila. Mol. Biol. Cell 2004, 15, 2470–2483. [CrossRef]

https://doi.org/10.1371/journal.pone.0045009
https://doi.org/10.1091/mbc.e08-12-1165
https://doi.org/10.1091/mbc.e02-06-0343
https://doi.org/10.1101/gad.12.3.396
https://doi.org/10.1016/j.ydbio.2009.07.016
https://doi.org/10.1242/dev.077511
https://doi.org/10.1016/j.molcel.2019.01.013
https://doi.org/10.15252/embj.201592994
https://doi.org/10.1038/nature04779
https://doi.org/10.1073/pnas.0803998105
https://doi.org/10.1038/nature04788
https://doi.org/10.1073/pnas.0737556100
https://doi.org/10.1016/j.ydbio.2006.10.038
https://www.ncbi.nlm.nih.gov/pubmed/17123504
https://doi.org/10.1038/cddis.2013.394
https://doi.org/10.1073/pnas.0911175107
https://www.ncbi.nlm.nih.gov/pubmed/20457924
https://doi.org/10.1096/fj.14-255802
https://www.ncbi.nlm.nih.gov/pubmed/25145627
https://doi.org/10.1093/hmg/dds070
https://doi.org/10.1371/journal.pgen.1003478
https://doi.org/10.1186/1471-213X-10-68
https://doi.org/10.7554/eLife.01958
https://doi.org/10.1523/JNEUROSCI.5141-08.2008
https://doi.org/10.1038/cdd.2015.94
https://doi.org/10.1242/dmm.002378
https://doi.org/10.1242/dmm.019208
https://doi.org/10.1093/hmg/ddw067
https://www.ncbi.nlm.nih.gov/pubmed/26931463
https://doi.org/10.1242/jcs.01663
https://www.ncbi.nlm.nih.gov/pubmed/15671062
https://doi.org/10.1186/s12864-018-5085-z
https://doi.org/10.1091/mbc.e03-11-0848


Int. J. Mol. Sci. 2024, 25, 3980 22 of 25

85. Yu, J.; Li, Z.; Fu, Y.; Sun, F.; Chen, X.; Huang, Q.; He, L.; Yu, H.; Ji, L.; Cheng, X.; et al. Single-Cell RNA-Sequencing Reveals the
Transcriptional Landscape of ND-42 Mediated Spermatid Elongation via Mitochondrial Derivative Maintenance in Drosophila
Testes. Redox Biol. 2023, 62, 102671. [CrossRef]

86. Chen, J.V.; Buchwalter, R.A.; Kao, L.-R.R.; Megraw, T.L. A Splice Variant of Centrosomin Converts Mitochondria to Microtubule-
Organizing Centers. Curr. Biol. 2017, 27, 1928–1940. [CrossRef]

87. Riparbelli, M.G.; Callaini, G. Male Gametogenesis without Centrioles. Dev. Biol. 2011, 349, 427–439. [CrossRef]
88. Tovey, C.A.; Tubman, C.E.; Hamrud, E.; Zhu, Z.; Dyas, A.E.; Butterfield, A.N.; Fyfe, A.; Johnson, E.; Conduit, P.T. γ-TuRC

Heterogeneity Revealed by Analysis of Mozart1. Curr. Biol. 2018, 28, 2314–2323.e6. [CrossRef]
89. Alzyoud, E.; Vedelek, V.; Réthi-Nagy, Z.; Lipinszki, Z.; Sinka, R. Microtubule Organizing Centers Contain Testis-Specific γ-TuRC

Proteins in Spermatids of Drosophila. Front. Cell Dev. Biol. 2021, 9, 727264. [CrossRef]
90. Bauerly, E.; Akiyama, T.; Staber, C.; Yi, K.; Gibson, M.C. Impact of Cilia-Related Genes on Mitochondrial Dynamics during

Drosophila Spermatogenesis. Dev. Biol. 2022, 482, 17–27. [CrossRef]
91. Fabian, L.; Brill, J.A. Drosophila Spermiogenesis: Big Things Come from Little Packages. Spermatogenesis 2012, 2, 197–212.

[CrossRef] [PubMed]
92. Wang, C.; Huang, X. Lipid Metabolism and Drosophila Sperm Development. Sci. China Life Sci. 2012, 55, 35–40. [CrossRef]

[PubMed]
93. Tokuyasu, K.T. Dynamics of Spermiogenesis in Drosophila melanogaster. VI. Significance of “Onion” Nebenkern Formation.

J. Ultrasructure Res. 1975, 53, 93–112. [CrossRef] [PubMed]
94. Laurinyecz, B.; Péter, M.; Vedelek, V.; Kovács, A.L.; Juhász, G.; Maróy, P.; Vígh, L.; Balogh, G.; Sinka, R. Reduced Expression of

CDP-DAG Synthase Changes Lipid Composition and Leads to Male Sterility in Drosophila. Open Biol. 2016, 6, 50169. [CrossRef]
[PubMed]

95. Tokuyasu, K.T. Dynamics of Spermiogenesis in Drosophila melanogaster III. Relation between Axoneme and Mitochondrial
Derivatives. Exp. Cell Res. 1974, 84, 239–250. [CrossRef] [PubMed]

96. Dorus, S.; Wilkin, E.C.; Karr, T.L. Expansion and Functional Diversification of a Leucyl Aminopeptidase Family That Encodes the
Major Protein Constituents of Drosophila Sperm. BMC Genom. 2011, 12, 177. [CrossRef] [PubMed]
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