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Abstract: Centrioles are-widely conserved barrel-shaped organelles present in most organisms.
They are indirectly involved in the organization of the cytoplasmic microtubules both in interphase
and during the cell division by recruiting the molecules needed for microtubule nucleation. Moreover,
the centrioles are required to assemble cilia and flagella by the direct elongation of their microtubule
wall. Due to the importance of the cytoplasmic microtubules in several aspects of the cell life, any
defect in centriole structure can lead to cell abnormalities that in humans may result in significant
diseases. Many aspects of the centriole dynamics and function have been clarified in the last years,
but little attention has been paid to the exceptions in centriole structure that occasionally appeared
within the animal kingdom. Here, we focused our attention on non-canonical aspects of centriole
architecture within the Hexapoda. The Hexapoda is one of the major animal groups and represents
a good laboratory in which to examine the evolution and the organization of the centrioles. Although
these findings represent obvious exceptions to the established rules of centriole organization, they
may contribute to advance our understanding of the formation and the function of these organelles.
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1. Introduction: The Centriole

Many aspects of a cell’s function depend on the dynamic behaviour of an organized microtubule
network. Cytoplasmic microtubules are, indeed, involved in organelle motility and information
delivery [1,2] and they represent a scaffolding structure needed for cell shape modification and cell
polarity [3–5]. Moreover, the microtubules are actively involved in cell reproduction by building mitotic
and meiotic spindles that support the proper cell division and guarantee the correct partition of the
sister chromatids to the daughter cells [6]. Microtubule nucleation is ensured by g-tubulin [7,8] that may
be present at different sites within the cell cytoplasm [9,10]. g-tubulin may be associated to Ran-GTP
gradients around the chromatin [11–14], or recruited by augmin to pre-existing microtubules [15–18].
g-tubulin is also bound to the cytoplasmic face of the Golgi complexes [19,20], to distinct apical
membrane domains in the developing Drosophila ommatidia [21] and of Drosophila tracheal cells [22];
and at hemidesmosomes of C. elegans epidermal cells [23]. However, the main site for microtubule
nucleation in animal cells is the centrosome, a non-membrane bound organelle composed by several
proteins, the pericentriolar material (PCM). The PCM is typically arranged in a higher-order structure
made of fibres and matrices conserved from flies to humans [24–26].

The PCM undergoes a cell-cycle dependent expansion, a process termed centrosome
maturation [27]. In this process, Spindle defective 2 (Spd2) and Centrosomin (Cnn), that are involved
in the recruitment of g-tubulin, accumulated at the onset of cell division [28].
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Thus, the increase of g-tubulin leads to an increase in the nucleation of both astral and spindle
microtubules, which drive the assembly of a functional spindle.

At the heart of the centrosome there is a pair of centrioles, two microtubule-based barrel-shaped
organelles of defined length and diameter [29], that warrants the integrity and the supramolecular
organization of the centrosome itself. The coiled-coil proteins, pericentrin-like protein (PLP) and
Cep152/Asterless form the scaffold for the matrix proteins Cep192/Spd-2, Cep215/Cnn and g-tubulin.
It was observed PLP’s C termini are located close to the centriole wall [26].

In addition, to be the reference point for the organization of the centrosomal material, the centrioles
may also act as templates for the axoneme assembly in cilia and flagella, that are involved in signalling
and motility [30]. Therefore, the proper organization and dynamics of the centrioles are mandatory to
ensure healthy cell life. Structural anomalies of the centrioles are found in several human cancers [31–36]
and can be the cause of a spectrum of pathologies spanning from infertility to ciliopathies [37,38].

Since, the centrioles impact upon several aspects of cell development and physiology, their
structure and function have been studied over the years. However, this analysis was mainly addressed
to examine centrioles in a few model organisms, such as Chlamydomonas reinhardtii, Caenorhabditis elegans,
Drosophila melanogaster, and some vertebrate cell lines. From these studies emerge a highly conserved
organization of the centrioles. However, investigations in different animal groups revealed distinct and
sometimes important differences in the architecture of the centrioles [39,40]. Therefore, the analysis
of the variations occurring to the general structural plane of the centrioles could provide a unique
opportunity to better understand their function and their assembly process. To gain insight into the
general organization of the centrioles we review the centriole structure and function in Hexapoda, with
attention to centriole dynamics during male gametogenesis. Hexapoda, among animal groups, exhibits
greatly diversified spermatozoa. This is likely due to the old origin of the Hexapoda [41,42] and to their
short lifespan that allows the accumulation of mutations and leads to faster genetic divergence [43].
Moreover, the genes involved in sexual reproduction tend to diverge faster than those codifying for
components of non-reproductive tissues [44]. This leads to the rapid evolution of fertilizing barriers
between different populations, with a consequent rapid sperm diversification [45].

2. Centriole Dynamics in Insect Spermatogenesis: Rule or Exception?

Centriole duplication must be accurately monitored during the cell cycle to avoid additional
centrioles and, therefore, too many centrosomes that may result in multipolar spindles. Multipolar
spindles are dangerous to tissue development and homeostasis, since they can lead to apoptosis or
chromosomal instability, a hallmark of tumorigenesis [36,46–49]. Thus, the centrosome number is
tightly regulated in somatic cells and the centrioles duplicate only once during the cell cycle [36].
The duplication of the centrioles is a semiconservative process that mirrors the DNA replication time.
However, whereas DNA replication is restricted to the S-phase, the duplication of the centrioles usually
starts at the G1/S transition and ends in G2 [50]. The case of Hymenopteran males, in which the haploid
somatic cells have the usual centriole number, suggests that ploidy and centriole duplication could
be unrelated.

Male gametogenesis in most of organisms consists of two consecutive cell divisions giving origin
to four spermatids that differentiate in mature sperm. Since the spermatids have a haploid chromosome
complement, the DNA replication must occur only one time at the beginning of the meiotic process.
Surprisingly, the centriole cycle is uncoupled from the DNA replication and the centrioles duplicate
during the second meiotic division in the absence of DNA synthesis. Thus, each haploid spermatid
inherits a centriole pair as it usually occurs during the mitotic divisions in which the centriole cycle is
tightly coupled to the DNA cycle.

The male meiosis in insects does not differ substantially from male meiosis of other organisms, but
the centriole replication cycle represents a noticeable exception. Spermatogenesis usually starts with
the asymmetric division of the germline stem cells at the apex of the testis. One daughter cell maintains
stemness whereas the sister cell undergoes a variable number of spermatogonial mitoses leading to
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the formation of primary spermatocytes. The primary spermatocytes enter meiosis and form haploid
spermatids that undergo a differentiation program to give origin to mature sperm. The centrioles do not
duplicate during the second meiosis resulting in spindles that contain only one centriole at each spindle
pole [40,51–56]. Consequently, the spermatids will receive at the end of the meiosis only one centriole
that will be the basal body for the sperm axoneme. Remarkably, there is an age-related difference
between the centrioles of the four spermatids that originate from each primary spermatocyte. Each
primary spermatocyte inherits at the end of the spermatogonial mitoses a pair of centrioles, the mother
and the daughter. These centrioles duplicate in early prophase and each parent becomes a mother for
a new daughter. At the end of the first meiosis, one secondary spermatocyte inherits a pair of centrioles
with the older mother, whereas the other spermatocyte receives a centriole pair with the older daughter.
So, the spermatids obtain different aged centrioles (Figure 1). It is unclear if the intrinsic centriole
asymmetry could have some impact on the fate of the mature sperm. During mitosis, also, the sister
cells inherit unequal centrosomes with different aged centrioles [57]. The unusual centriole cycle
observed in insect male gametogenesis suggests the presence of a surveillance mechanism during the
second meiosis. This mechanism could prevent centriole duplication in the absence of DNA replication,
thus ensuring the inheritance of a single centriole by the differentiating spermatids.
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Figure 1. Cartoon of insect spermatogenesis depicting centriole and chromosome inheritance during
the meiotic divisions. The four spermatids derived from each primary spermatocyte obtain centrioles
that differ among them for their age and their parents. (1) Mother centriole; (2) Daughter centriole;
(3) New daughter from the old mother; (4) New daughter from the old daughter.

However, every rule has its exceptions. There are, indeed, a few cases of insect spermatids
that inherit a centriole pair. This condition follows an aberrant meiotic process that warrants the
development of haploid species [58]. The spermatogenesis in the honeybee and the springtail Allacma
also consists of an abortive first meiotic division, followed by an unequal division of the secondary
spermatocyte. However, the spermatids inherit only one centriole in these species. The centrioles in
the male germ cells of the honeybee seem to replicate twice during the first meiosis and as a result,
each primary spermatocyte contains sixteen centrioles. However, the supernumerary centrioles are
eliminated through cytoplasmic blebs prior to the second meiotic division and the spermatids contain
only one centriole [59,60]. The primary spermatocytes of Allacma have the usual number of four
centrioles (Figure 2A) that give rise to two daughter cells, each with a centriole pair (Figure 2B).
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However, one of the sister cells does not divide and soon degenerates maintaining the centriole pair,
whereas the other undergoes a normal division. Thus, each spermatid daughters inherits one centriole
that will assemble a functional sperm axoneme (Figure 2C) [61].
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Figure 2. Abnormal male gametogenesis in the springtail Allacma. (A) Detail of one of the two centriole
pairs in young primary spermatocytes. (B) Degenerating germ cell with two centrioles. (C) Spermatid
with one centriole nucleating a functional axoneme (ax). Arrows point to centrioles. Bar: 200 nm.

3. The Case of Drosophila: Three Centriole Models?

Many studies deal with the structural and the molecular organization of the centrioles in various
Drosophila tissues [62,63], making this organism one of the best suitable models for centriole/centrosome
research. Although, the Drosophila centrioles assemble following a conserved molecular program,
they slightly differ from the centrioles of vertebrate tissues. The mother centriole in vertebrate cells
has distinct appendages [64]. The distal appendages are involved in membrane docking during
primary cilia assembly [65] whereas the subdistal appendages represent the focus for the recruitment
of the pericentriolar material required for microtubule nucleation [66]. A distinct cartwheel is
transiently present in the basal region of the daughter centrioles. In contrast, the parent centrioles of
Drosophila do not display apparent morphological differences [67] and maintain a distinct cartwheel,
apart from the ciliated sensory neuron centrioles [68]. Therefore, the parent centrioles can be only
recognized by their relative spatial disposition, with the daughter orthogonal to the proximal end of
the mother [69]. However, the mother and daughter centrioles in Drosophila may be endowed with
different functional aspects and their different age impacts with the activity of the centrosome and has
important consequences on the binary decision fate of the sister cells [70–73].

Despite the parent centrioles in Drosophila tissues are morphologically undistinguishable, a subtle
molecular asymmetry has been occasionally reported. For example, the centrosomal protein PLP
accumulates preferentially to the mother centrioles of somatic cells [74,75], whereas centrobin is
recruited by the daughter centrioles in larval neuroblasts [76], sensory neurons [77] and ommatidial
cells [21].

It has been reported that centrobin is associated to the daughter centrioles in female germ stem
cells [78] and during the spermatogonial divisions, but this protein is found at the basal region of both
the parent centrioles in primary spermatocytes [79]. This observation that points to the loss of parental
identity among the centrioles is supported by the finding that both the parents are able to organize
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cilium-like structures and sperm axonemes [80,81]. These functions in vertebrate cells are reserved
to the mother centriole. A transient enrichment of the centriole duplication factor Ana2 has been
observed to the daughter centrioles in primary spermatocytes [82]. Moreover, the spindle assembly
abnormal 4 (Sas4) and the spindle assembly abnormal 6 (Sas6), two conserved proteins mainly involved
in centriole assembly and elongation, display an asymmetric accumulation to the proximal end of
the parent centrioles. Remarkably, these proteins are enriched at the basal regions of the daughter
centrioles during male gametogenesis, whereas they accumulate to the mother centrioles in somatic
tissues [83], supporting a subtle molecular diversity among germline and somatic cell centrioles.

Centrioles in embryos [67], somatic tissues [84], and cultured cells [85] are very short cylinders
(about 0.2 mm in length and diameter) and consist of nine doublet microtubules with a distinct central
cartwheel (Figure 3A). Mother and daughter centrioles are orthogonal, and they disorient at the onset
of anaphase before entering the duplication process [21,86].

The centrioles of the male and female germ cells invariably consist of nine triplet
microtubules [84,87]. These centrioles are very short (about 0.2 µm) during the asymmetric division of
the germline stem cells and the spermatogonial mitoses but reach the length of about 1 µm at the end
of the first prophase (Figure 3B).
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Figure 3. Schematic representations of the centriole architecture in Drosophila somatic cells (A), primary
spermatocytes (B) and sensory neurones (C). Ciliary projections of both spermatocytes and sensory
neurons are also depicted. (A) The somatic centrosome of Drosophila, such as vertebrate centrosome,
consists of two centrioles, one mother and one daughter, arranged orthogonally to each other, and the
pericentriolar material around them (PCM, light blue). Even then both centrioles show a proximal-distal
organization, the centriole wall is composed of nine microtubule doublets, each of which presents
the complete tubule A, and the tubule B. (B) In Drosophila male gametogenesis, mother and daughter
centrioles act both as basal bodies for the ciliary projections. Both the centrioles are composed of
nine microtubule triplets and have a distinct cartwheel in their proximal region. The axoneme of the
ciliary projections is composed of nine microtubule doublets and the C-remnants. The cell cytoplasm is
represented in light yellow. PCM, pericentriolar material in light blue. (C) In Drosophila sensory neurons,
the distal and the proximal centrioles are coaxial and lack a distinct cartwheel. The ciliary rootlet (in
blue) emerges from the proximal end of the distal centriole and form a cage enclosing the proximal
centriole. The proximal centriole consists of mixed singlet and doublet microtubules and it is smaller
than the distal centriole that is built by doublet microtubules. The DBB forms an elongated transition
zone (TZ) characterized by short lateral projections (in grey) and Y-like structures. The axoneme
nucleated by the distal centriole is composed of nine microtubule doublets. The cell cytoplasm is
represented in light yellow. PCM, pericentriolar material in light blue.
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The pole cells, precursors of the germ line stem cells, have centrioles with nine doublet
microtubules [88], whereas the centrioles of the gonioblasts have triplets. We could expect that
the transition from doublets to triplets might occur within the stem cell niche. Interestingly, the old
mother centriole, localized to the apical cytoplasm of the male germline stem cells, is composed of
triplets, whereas its daughter always consists of mixed doublets and triplets [84].

What it is the meaning of the different microtubule numbers making the centriole wall of somatic
and germ cells? One possibility is that the centrioles with triplet microtubules are correlated to the
presence of ciliary structures that at the onset of spermatid differentiation elongate in the sperm
axoneme [80,89]. This could be the case of male germ cells. However, the female germ cells have
centrioles with triplet microtubules [87], albeit they lack ciliary projections. Moreover, the ciliary
axoneme of auditory and olfactory sensilla are assembled from basal bodies composed of doublet
microtubules. However, the growth of centrioles and axonemes is severely affected in uncoordinated (unc)
Drosophila mutant spermatocytes in which the C-tubule dynamic is defective [80]. Thus, the C-tubule
seems to play a functional role only during male gametogenesis.

Unlike centrioles of germ cells and somatic tissues, the centrioles of auditory and olfactory sensilla
display a distinct dimorphism (Figure 3C). The parent centrioles were unusually aligned in tandem
and easily recognizable [90,91]. The distal centriole that nucleates the ciliary axoneme is built by nine
doublet microtubules [92], whereas the proximal one is composed of mixed singlets and doublets [77].
This suggests that the proximal centriole does not complete its wall during the development of the
sensory organ. Moreover, the distal centriole is longer than the proximal centriole which is enveloped
by fibrous rootlets emerging from the proximal end of the distal parent. These centrioles represent
a noticeable exception to the general architecture of the centrioles in Drosophila. The parent centrioles
of somatic and germ cells display a distinct cartwheel that persists along their life, whereas the tandem
aligned centrioles of the sensory organs lack this structure. It is possible that the cartwheel loss may be
part of the complex differentiation program of the sensory neurons. Centrioles consisting of mixed
doublets and triplets, but lacking a distinct cartwheel are found in the post-mitotic cells that form the
hub region of the male stem cell niche [84]. The cartwheel loss may represent an intermediate stages of
centriole degeneration. Accordingly, centriole elimination in the Drosophila eye begins with the gradual
disassembly of the microtubule wall, followed by the disappearance of the cartwheel and the loss of
the nine-fold symmetry [21].

4. Centrioles in Hexapoda: Common and Uncommon Models

Regardless of the careful analysis of centriole biogenesis and structure in Drosophila only a few
studies deal with the organization of the centrioles in other Hexapoda. Most of the reports are focused on
the sperm structure, but the centriole undergoes important modifications during axoneme elongation,
and its former architectural plane may not be longer visible in mature sperm. It has been reported that
the spermatid centriole of some insect species has a conventional pattern of nine triplets [92], whereas
the sperm basal body in these species is composed by nine doublets [93]. An axoneme consisting
of nine peripheral doublets, two central microtubules and nine accessory tubules (9 + 9 × 2 + 2) is
the prevalent model within the insect sperm and represent an important synapomorphy among the
group [58]. The centriole templates the axoneme architecture by the elongation of its A- and B-tubules
and the peripheral accessory tubules arise as modifications of the C-tubule [94] (Figure 4A,B). Thus,
it is conceivable that these centrioles initially consist of nine triplet microtubules.

The basal hexapods Collembola have centrioles with nine doublet microtubules and their sperm
axoneme lacks accessory tubules (Figure 4C,D) [61]. True accessory tubules forming an outer ring
around the axoneme are firstly observed in the basal group Diplura that have centrioles consisting of
nine triplet microtubules [95] and then in higher insects (Figure 4E,F). The accessory tubules, when
present, can display a variable diameter due to their different protofilament number that ranges from
13 to 40 [58]. Therefore, the basal Hexapoda have centrioles with doublet microtubules, whereas
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centrioles with nine triplet microtubules represent the more diffuse model within the insects, even if
some exceptions have been occasionally observed.Cells 2020, 9, x 8 of 28 
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Figure 4. Common centriole models in germ cells of Hexapoda. Cross sections of centrioles and
axonemes in (A,B) Campodea (Diplura), (C,D) Allacma (Collembola), and (E,F) Drosophila (Diptera). Low
Hexapoda have centrioles with doublet microtubules (C) and axonemes without accessory tubules
(D). Insect spermatocytes usually show centrioles with triplet microtubules (A,E) and axonemes with
distinct accessory tubules (B,F) derived by the proliferation of the C-tubules (inset B, arrowhead).
Longitudinal sections of centrioles in growing primary spermatocytes of the coleopteran Adalia (G)
and the dipteran Drosophila (H) showing their different length: both the centrioles and the cilium-like
regions (CLR) will grow further during prophase progression to reach their full length in mature
primary spermatocytes but their different dimensions do not change. The cartwheel (brackets) extends
along the length of the centriole in Adalia, whereas it is restricted to the proximal region of the centriole
in Drosophila. The daughter centriole (d) is orthogonal to the basal region of the mother (m). Bars: A–F,
100 nm; G,H, 200 nm.

Elongated centrioles with nine-fold symmetry have been reported in some coleopterans [96]
and neuropterans [97]. Remarkably, these centrioles have a very extended cartwheel (Figure 4G).
In Drosophila, the germ stem cells and spermatogonia have small centrioles in which the cartwheel
extends along their length. However, the cartwheel is restricted to the proximal end of the centrioles
when they grow during the first prophase to increase tenfold their length (Figure 4H). This points
to the presence of a mechanism monitoring the elongation of the cartwheel during male meiosis
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and suggests that this control could be overcome in some insect species that display very elongated
cartwheels. A very strange condition has been recently reported in larval tissues of the male wasp
Anisopteromalus in which cylindrical structures with nine-fold symmetry but without microtubules
would be present [98]. Surprisingly, adult tissues of this species display usual centrioles with triplet
microtubules and nine-fold symmetry.

It is hard to imagine the structural organisation of the spermatocyte centrioles in some dipteran
groups, like Cecidomyiidae that have large flagellar axonemes consisting of a highly variable number
of microtubule doublets (Figure 5A,B) [99]. It is unclear whether these aberrant axonemes reflect the
structure of unusual centrioles or if they are the result of significant modifications of the centriole
architecture occurring during the initial stages of spermatid differentiation. The sperm axoneme of
the gall-midge Asphondylia consists of a bundle of about 2000 doublet microtubules that originate
from sparse clusters of electron-dense material associated with elongated cisternae [100], but residual
centrioles have not been detected in the elongating spermatids. There is, therefore, a compelling need
to re-examine the formation of these aberrant axonemes to understand the structure of the centrioles
present during early stages of gametogenesis in these insects. This analysis could uncover new models
of centriole geometry, useful to reveal highly conserved mechanisms managing centriole biogenesis
and evolution.
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Figure 5. Axonemes in Hexapoda diverging from the conventional 9+2 model. (A) Cross sections of
the axonemes of the spermatids in the cecidomyiids Anaretella showing a circular array of doublets and
(B) Monarthropalpus with many doublets arranged in concentric rows. (C) Spermatid of the proturan
Acerentomon with an axoneme consisting of 14 doublet microtubules. (D,E) Cross sections of centrioles
in the primary spermatocyte of Acerentomon showing that their wall consists of 14 doublet microtubules.
The daughter centrioles have an inner large tubule (arrows) connected to the peripheral doublets by
thin links (arrowheads). ax, axoneme; d, daughter centriole; m, mother centriole. Bars: 200 nm.
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Ultrastructural analysis of the male gametogenesis in Sciara, that also displays a giant axoneme
consisting of a spiral of about 70 doublet microtubules, reveals the presence in primary and secondary
spermatocytes of extraordinarily large centrioles consisting up to 70 doublet microtubules [101].
A similar condition has been described during the spermatogenesis of the proturan Acerentomon, that
displays unusual axonemes (Figure 5C) and centrioles (Figure 5D,E) with 14 doublet microtubules [102].
However, whereas the centrioles in Acerentomon have a central hub-like structure, the giant centrioles
of the Sciara spermatocytes do not have a distinct hub, but, in its place, they show a large cylindrical
sheet from which emerge thin fibres that contact the peripheral doublets. The presence of such
large centrioles raises the question of how the symmetry could be achieved and maintained. Typical
centrioles have, indeed, a high evolutionary conserved nine-fold symmetry ensured by a cartwheel
consisting of a central hub and nine radial spokes. The regular organization of the cartwheel is due to
Sas6, a protein that consists of three domains: an amino-terminal globular head domain, a coiled-coil
region and a carboxy-terminal region. The coiled-coil region determines the dimerization of Sas6
monomers into homodimers that form the radial spokes, whereas the head domain mediates the
interaction between Sas6 homodimers forming the central hub. This arrangement leads to the assembly
of Sas6 into a nine-fold symmetric cartwheel [103–108].

Remarkably, the fibres emerging from the large hub of Acerentomon and the cylindrical sheet of
Sciara, are similar in length to the radial spokes found in Drosophila somatic and germ cell centrioles
that have a conventional nine-fold symmetry [102]. Therefore, the giant centrioles found in Sciara and
Acerentomon spermatocytes may reflect the presence of a Sas6 protein with different properties. Sas6
homodimers with angles larger than those found in canonical centrioles could be assembled and then
larger hub-like regions could be formed. The coiled-coil tail of the Sas6 protein could be conserved to
assemble radial spokes of constant length in both canonical and giant centrioles. Interestingly, only
the daughter centrioles display the hub-like structure in Acerentomon (Figure 5D,E). The daughter
centrioles with 14 doublet microtubules are disposed in spermatogonial cells at right angles to their
mothers that have nine doublet microtubules. Thus, their diameter is greater than the length of their
mothers [102]. The finding that centrioles with nine-fold symmetry are mothers for giant ones rules
out a “template” process for centriole duplication and calls into question the recent hypothesis that the
cartwheel assembled within the lumen of the mother centriole could represent the building block for
the formation of a new daughter [109].

The observation that centriole geometry varies not only from different species and among various
tissues of the same organism but also within the same cell, raises important questions on maintenance
and the propagation of the 9-fold symmetry through evolution and its central role in the conserved
functions of the centrioles.

5. Centriole Overduplication in Insects: Breaking the Rules

The organization of a functional mitotic spindle in proliferating cells requires the presence of
two centrosomes that originate by the duplication of the single centrosome inherit at the end of
the previous division. Since centrosome assembly and maintenance depend on the centriole pair
present inside, the behaviour of the centrosome is closely related to the biogenesis of its centrioles.
The duplication of these organelles usually starts before DNA duplication at the transition between G1
and S phases when a new procentriole grows perpendicularly from a single site at the proximal end of
each mother [50,110]. Mandatory for the duplication process is the loss of the orthogonal orientation of
the parent centrioles, the disengagement, that starts at metaphase/anaphase transition of the previous
cell cycle. This physical separation is generally retained to be the licensing factor that enables the
reproduction of the centrioles at the following interphase and warrants their correct number during
the cell cycle, thus avoiding unwanted duplications [111]. It has been shown, indeed, that centrioles
become competent to duplicate only when they are separated [112].

It is surprising, therefore, the finding of distinct procentrioles close to the basal region of each
parent centriole in primary spermatocytes of the lepidopterans Bombyx [113], Ephestia [114] and
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Pieris [115] that have orthogonal or V-shaped engaged parent centrioles. Procentrioles in Pieris look like
early intermediates in that they consist of a central cartwheel and a ring of peripheral electron-dense
material in which an incomplete number of singlet microtubules has been observed (Figure 6A) [115].
They do not behave like true procentrioles, but their development halts at an early stage before the
assembly of a complete A-tubule set. Distinct clusters of up to four procentrioles were often seen in the
proximity of a single parent centriole in butterfly spermatocytes. This is in contrast to the traditional
model in which the assembly of the daughter centriole is spatially restricted to a defined site close its
mother to warrant a centriole copy number control [116,117]. Therefore, the centrioles of the primary
prophase spermatocytes undergo an extra duplication cycle, in addition to their usual replication that
occurs in early prophase. The observation of multiple procentrioles at each spindle pole in butterflies
suggests that the rule of ‘only one centriole per mother’ is downregulated and that the assembly
of a daughter centriole does not necessarily prevent the formation of additional ones. This finding
also questions the proposed model in which the cartwheel of the procentriole acts to prevent the
reduplication of the parent [118]. Presumably, the supernumerary procentrioles play a redundant role,
since their structure is unmodified during meiosis and they disappear on spermiogenesis. Intriguingly,
thin fibrous material links the basal regions of just duplicated parental centrioles in butterfly and
Drosophila young primary spermatocytes [94]. This material persists in mature spermatocytes when the
centrioles have reached their full length [119]. Inhibition of Polo/Plk1 in early Drosophila spermatocytes
by the dihydropteridinone derivative BI2536, an ATP-competitive kinase inhibitor, leads to the failed
separation of the parent centrioles. This suggests that Polo kinase regulates the proteolysis of the
linkage among the parent centrioles to ensure their disengagement [120]. Centriole duplication without
disorientation has been also shown in mammalian cultured cells expressing high levels of active
PLK1 [121]. This suggests that centriole duplication without disengagement is not a paradox restricted
to some insect spermatocytes, but it is also present in mammalian cells under certain conditions.

An unexpected centriole duplication is also observed in early spermatids of some insect species
in which a structurally distinct procentriole is observed close to the proximal region of the basal
body at the beginning of the axoneme elongation (Figure 6B,C) [96,122,123]. The assembly of these
procentrioles requires in Drosophila typical centriolar proteins, such as Ana1, Bld10/Cep135, Sak/Plk4
and Sas6 [82,124,125]. However, the procentrioles do not elongate and do not acquire B and C tubules.
The variable position of the procentrioles along the length of the basal body points against the presence
of a fixed site of daughter centriole assembly close to the proximal end of the mothers. The observation
of procentrioles in Diptera, Coleoptera and Lepidoptera suggests that these structures may be largely
diffused during male gametogenesis of insects. However, further studies are required to verify
this possibility.

An extreme condition has been observed during the male gametogenesis of the termite Mastotermes
in which the spermatid inherit one centriole, but soon during early spermiogenesis about hundred
centrioles are assembled (Figure 6D) [126,127]. Apart gametes of lower plants [128,129], multiple
centrioles in the spermatids have until now reported only in gastropods [130] and annelids [131]. It is
unclear how the dramatic increase in centriole number occurs in Mastotermes spermatids. The short time
needed to achieve one hundred centrioles points to a process of assembly like that found during basal
body formation in multiciliated cells. However, clusters of dense material resembling deuterosomes,
the transient structures need to the massive assembly of centrioles in multiciliated cells [132–134], have
never observed in Mastotermes. Rather, scattered isolated centrioles at different stages of elongation are
found. This suggests that a process of de novo assembly like that observed in parthenogenetic eggs
could operate in Mastotermes spermatids. However, it has recently been shown show that deuterosomes
are dispensable for centriole amplification during multiciliogenesis of some mouse and Xenopus cell
types where a high number of procentrioles is formed in the vicinity of the parent centrioles [135].
Since orthogonally oriented centrioles are also found in Mastotermes spermatids it is possible that
a such mechanism of rapid duplication could operate in this system to enable the assembly of many
centrioles without the presence of deuterosomes.
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Figure 6. Abnormal centriole duplication in insect male germ cells. (A) Detail of two procentrioles
(arrows) in the primary spermatocytes of the butterfly Pieris. Procentrioles (arrows and insets) in young
spermatids of the fruit fly Drosophila (B) and the ladybird Adalia (C) brackets outline the extension of
the centrioles. (D) Multiple centrioles in the spermatids of the termite Mastotermes. Bars: A, insets B
and C, 100 nm; B,C, 500 nm; D, 1 mm.

6. Unusual Ciliary Structures in Hexapoda Spermatocytes

Insects lack conventional primary cilia but have ciliary structures within the sensory
neurons [136,137] and ephemeral cilium-like projections associated with developing epidermal secretory
cells [138,139]. It has been observed that in Drosophila the ciliary projections of neurons of type I
elongate through a mechanism mediated by an intraflagellar transport (IFT) mechanism [140,141],
namely the compartmentalized pathway of assembly [142]. The base of the sensory cilia in Drosophila
displays Y-links [68,90] and contains some conserved transition zone (TZ) module proteins [89–91,143].
This suggests that this region can be regarded as a typical TZ, a specialized domain found at the
boundary between the basal body and the axoneme in primary cilia and directly involved in their
assembly and maintenance.

In addition to the sensory cilia, Drosophila has another type of ciliary structures, the so-called
cilium-like regions (CLR) observed during male gametogenesis (Figure 7A). After the four
spermatogonial divisions, each primary spermatocyte inherits a centrosome that soon duplicates. So, at
the beginning of the first meiotic prophase, the germ cells have two pairs of short centrioles [81]. Early
in prophase, the parent centrioles migrate toward the cell surface where each of them organizes the
axoneme of a CLR that protrudes from the plasma membrane [144,145]. The centriole/CLR complexes
increase in length during prophase and persist throughout meiosis to organize the meiotic spindle [80].
It is still unclear how centrioles can elongate whereas they are engaged in the assembly of the axoneme.
At the end of meiosis, the centriole/CLR complexes are inherited by the spermatids and will be the
precursor of the sperm flagellum [80].

Although a detailed analysis of the centriole behaviour has not been reported during the
spermatogenesis of other insects, the presence of CLRs has occasionally been observed within different
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Hexapoda groups. The CLRs share a common axoneme scaffold, but their size and dimension could
vary among different species. The large centrioles of the primary spermatocytes of the proturan
Acerentomon extend their distal region to push against the cell membrane and form short CLRs
(Figure 7B) [102]. CLRs like those observed in Drosophila spermatocytes have been described during
the spermatogenesis of some coleopterans [95] and neuropterans [97]. Interestingly, the primary
spermatocytes of the crane fly Nephrotoma (Diptera) [146], the caddisfly Potamophylax (Tricoptera) [147]
and some lepidopterans, such as Bombyx [113,148], Ephestia [114] and Pieris [115], have extraordinarily
elongated CLRs. These structures have been also observed at the beginning of the last century [149,150]
and reviewed in [151].Cells 2020, 9, x 13 of 28 
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Figure 7. Ciliary projections in the male germ cells of Hexapoda. (A) Mature Drosophila primary
spermatocytes showing full length centrioles (c) projecting out the plasma membrane to assemble
a distinct cilium-like region (CLR). (B) Primary spermatocyte of Acerentomon with a short centriole
(C) and CLR. (C) Longitudinal section of the distal enlarged region of a ciliary projection in the
butterfly Pieris: note the apical cluster of electron-dense material (arrow) in which the tips of some
microtubules end. (D,E,F) Cross sections of the ciliary projections showing the gradual organization
of the axoneme from the apex to the basal region. (D) Distal sections show a few single tubules
(arrowhead) within the electron-dense material. (E) Sections at a lower level display complete and
incomplete doublet of microtubules. (F) Proximal sections show complete axonemes consisting of nine
doublets of microtubules with dynein arms (arrowheads) and the central tubules (arrow). Bars: A,B,
500 nm; C, 250 nm; D–F, 100 nm.
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The dynamics of the CLRs in insect spermatocytes break from the general rule of the primary
cilium biology observed in vertebrate cells, where this organelle has a transient life correlated to cell
cycle progression and its presence is incompatible with cell division [48,152,153]. On the contrary, in
insect spermatocytes, the CLRs do not disassemble at the beginning of the meiotic divisions, but they
are internalized, and the centrioles organize the centrosome that drives the assembly of the spindle
poles. Moreover, all the parent centrioles assemble ciliary projections in insect spermatocytes, whereas
in vertebrate cells only the mother centriole can nucleate a ciliary axoneme and the daughter acquires
this ability during the next cell cycle.

An additional question is the elongation mechanism of the CLRs. Although the CLRs of
Drosophila spermatocytes diverge from the conventional primary cilia, they share with vertebrate
cilia some conserved TZ module proteins [87–89,143,154]. The CLRs are assembled in Drosophila by
IFT-independent mechanisms [155] and it has been proposed that their grow requires components
directly recruited from the cytoplasm, namely the cytosolic pathway of assembly [142]. However, this
diffusion mechanism may be working when the CLRs are relatively short, as in the case of Drosophila,
but it could be inappropriate when the CLRs are very elongated as those observed in the spermatocytes
of crane flies, caddisflies and several lepidopteran species. Presumably, alternative processes are
required to enable the assembly of these extremely long axonemes. The initial stages of axoneme
formation in lepidopterans mirror the process described in Drosophila in which the A- and B-tubules of
the centrioles elongate and push against the plasma membrane. However, while the diameter of the
CLR is roughly constant in Drosophila spermatocytes, the elongated CLRs of lepidopteran spermatocytes
display a distal dilation [156,157]. This distal swelling contains an electrodense material in which
some scattered microtubules are immersed (Figure 7C). Moving from the tip to the basal region of the
ciliary projection, the microtubules are seen as singlets (Figure 7D), then they are arranged in distinct
doublets (Figure 7E) and finally they organize a complete axoneme (Figure 7F) [157]. This suggests
that the microtubule plus ends could grow within the dense material at the distal end of the CLR.
The CLRs of lepidopterans modify dramatically its structure during meiotic progression and acquire
a central tubule pair and dynein arms [114], thus resembling the axoneme of an elongating spermatid.
The presence of dynein arms points to the active beating of this structure. But if so, why a primary
spermatocyte should have a motile axoneme? Distinct Y-links have been observed at the transition
between the centriole and the ciliary region in Ephestia. It could be important to observe that similar
Y-links are found in Drosophila sensory neurons in the association with an IFT-dependent mechanism
of axoneme assembly. However, the presence of IFT trains during the assembly of the axoneme in
Ephestia is unclear.

7. Exceptions to the Conventional Presence of Sperm with Single Centrioles

Centriole duplication during the second meiosis leads, in most of the organisms, to the formation
of haploid spermatids with a centriole pair, but, as a rule, only one centriole, the mother one,
organizes the sperm axoneme [45,56]. It is unclear why the daughter centriole is unable to nucleate
an axoneme. Perhaps, the parent centrioles maintain during spermatid differentiation an intrinsic
asymmetry responsible for different functional properties. Remarkably, the spermiogenesis in mammals
circumvents this general rule and the sperm axoneme is organized by the daughter centriole [158], that
is dramatically remodelled in structure and composition during sperm maturation [159].

On the contrary, at the end of meiosis, most of the insect spermatids inherit only one centriole, that
could be the mother or the daughter. Therefore, unlike the usual rule in which only the mother centriole
could assemble an axoneme, both the parent centrioles in insects are able to nucleate functional sperm
axonemes. This suggests that the parent centrioles lost their identity during insect male meiosis or
that the daughter centrioles acquire the ability of their mothers. This possibility is supported by the
observation that the specific daughter centriole associated protein centrobin accumulates at both the
parents in primary Drosophila spermatocytes [79].
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Exceptions to the usual inheritance of a single centriole during male gametogenesis have
been reported in several insect species, principally within the groups characterized by an aberrant
meiotic process [160]. In Hymenopteran with haploid males, the conventional meiosis is replaced
by a “simple” mitosis giving rise to two haploid spermatids. In this process, as is the rule during
mitosis of most animal cell lines, a centriole duplication occurs, and the spermatids inherit a centriole
pair. Accordingly, the arrhenotokous parthenogenetic parasitoid Gryon lacks male meiosis and
each spermatocyte gives rise to two spermatids each containing a couple of orthogonally oriented
centrioles [161]. The spermatids of the isopterans Reticulitermes (Figure 8A) and Zootermopsis [162,163],
and the thricopteran Hydroptilidae [164], also contain two orthogonal centrioles. The spermatids of
Mallophaga and Anoplura [165], the related Psocoptera [166] and the gall-midge Semudobia [167] show
two parallel centrioles.Cells 2020, 9, x 15 of 28 
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Figure 8. Abnormal male gametogenesis and supernumerary centrioles in differentiating spermatids.
Details (A) of spermatids of the termite Reticulitermes with a pair of orthogonal centrioles (arrow) and
(B) spermatids of the thrips Haplothrips showing three parallel centrioles (arrows) (B). (C) Each centriole
in thrips spermatid organizes distinct axonemes (arrows) that fuse in a single large microtubule bundle
(arrowheads). Bars 200 nm.

Despite the presence of a centriole pair, the spermatids of Gryon assemble only one axoneme
that is nucleated by the distal centriole, whereas the proximal one has reduced size [161]. Both
the parallel centrioles of Mallophaga and Anoplura organize functional axonemes within the same
cytoplasm and the sperm is biflagellate [165]. In thrips, that also lack a meiotic process, one of the
two centrioles of the spermatids gives origin to a third centriole (Figure 8B). Each centriole nucleates
an axoneme that projects outside the cell as a flagellum (Figure 8C). Later, during spermiogenesis,
the three flagella fuse their plasma membrane to form a large microtubular bundle of 27 units
consisting of doublet and singlet microtubules (Figure 8C) [168,169]. Remarkably, the spermatid of the
termite Mastotermes has one hundred centrioles that nucleate as many independent flagella [126,127].
By contrast, the centrioles of the spermatids of Hodotermitidae do not organize a structured axoneme
and disappear during spermatid differentiation. So, the mature sperm is aflagellate [163]. Centrioles
that do not organize axonemes have been also reported in differentiating spermatids of Thricopteran
Hydropsychidae [170]. However, some scattered microtubules extend from the distal end of the
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centrioles in this species but do not organize a true axoneme and soon disappear. Aflagellate sperm
cells resulting from the degeneration of the axoneme during spermatid differentiation have been
described in several insect species (Figure 9A) [58]. The spermatids of the archaeococcid Matsucoccus
inherit at the end of spermatogenesis two orthogonal centrioles (Figure 9B). However, these centrioles
do not organize a functional axoneme at the onset of spermiogenesis. An axial structure consisting of
single microtubules arranged in circular arrays assemble from a peripheral cluster of electron-dense
material (Figure 9B) containing g-tubulin [171]. These findings raise the question of how several insect
species have elaborated controls over centriole/basal body conversion during spermatogenesis and
how they have inactivated the usual switch between centrosome organization and axoneme nucleation.Cells 2020, 9, x 16 of 28 
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The spermatogenesis in Drosophila seems to exactly mirror the general rule of the insect meiosis
that results in the formation of haploid spermatids carrying only one centriole [53]. However, the recent
observations of a small procentriole close to the proximal region of the basal body [122,123] open a new
scenario on the number of centrioles at the beginning of spermiogenesis in Drosophila. Whether such
organelle is also present in other insect species is an open question. However, an unstructured cylinder
has been reported in the spermatids of the beetle Tribolium [159], whereas a distinct procentriole
consisting of nine single microtubules has also been observed during the spermiogenesis of the
coccinellid beetle Adalia [76].

8. How Many Centrioles at Fertilization? One, Two or None?

Some quiescent and differentiated cells inactivate or remove their centrioles [172–175], perhaps
to avoid an improper assembly of centrosomes which could lead to unneeded divisions. The female
gamete also eliminates or inactivates its centrioles to avoid multiple aster formation at fertilization
and failed embryonic development [176–178]. Moreover, elimination of the maternal centrioles could
eventually prevent spontaneous parthenogenetic development [179]. Therefore, the assembly of
the zygotic centrosome at fertilization requires in most animals the direct involvement of the male
gamete, which contributes not only its genetic material but also provides its centriole [45,176,180,181].
This is well evident by the findings that the whole sperm enters the oocyte at fertilization in many
organisms [181–183]. The sperm centriole is not excised from the tail at fertilization and has been
observed at one pole of the gonomeric spindle in the early Drosophila [184–186] and Chrysopa [97]
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embryos. The centriole-axoneme complex persists during the syncytial mitoses in association with
the spindle poles of dividing nuclei. Thus, the sperm centriole that is not excised by its axoneme is
a true basal body able to duplicate and organize a centrosome, in contrast to the general idea that these
functions are incompatible.

During spermiogenesis, most of the centrosomal proteins associated with the centrioles during
meiosis disappear and the egg inherits a naked sperm centriole unable to organize a functional
centrosome [187]. However, the paternal centriole functions as a magnet that recruits from the
egg cytoplasm all the main centrosomal components need for its duplication and microtubule
nucleation [176,188]. Interestingly, the reduction during Drosophila spermiogenesis of the expression
levels of the typical centrosomal proteins Anastral Spindle 1 (Ana1) and Asterless (Asl) [189] is
accompanied by the unexpected accumulation of Poc1B [123], a conserved centriolar protein essential
for centriole elongation and stability [190].

The assembly of the first zygotic spindle, with the exception of mice [191], requires two functional
centrosomes each containing a centriole pair. Therefore, the zygotic centrosome consists of two
centrioles that duplicate as usually occurs during the mitotic divisions. However, in different animal
groups, the sperm provides either one, two or no centrioles at fertilization [176]. It is, therefore, unclear
how the first two centrioles are recovered at fertilization. Since the sperm of most animals have
a proximal and a distal centriole, they can provide the egg with two centrioles at fertilization [56,192].
However, sperm with a single centriole have been described in several animal groups including
insects [56,58]. Therefore, the lack of a second centriole raises the question of how the zygotic spindle
is assembled (Figure 10). The most trivial explanation is that the single sperm centriole undergoes two
sequential duplication processes to obtain the two centrosomes need to organize the first mitotic spindle.
Although, this is a likely possibility, there are not experimental observations to validate this hypothesis.
Rather, the procentrioles found in early Drosophila, Adalia and Tribolium spermatids [84,96,159] could
represent the precursor of the second centriole need to organize the first zygotic centrosome. However,
these procentrioles do not acquire the complete set of microtubules and are no longer found in mature
sperm, suggesting that they later disappear. Then, what could be the function of these transient
structures? Although we confirm the lack of true procentrioles in mature sperm, we cannot exclude
the presence of unstructured centriole precursors able to organize functional centrioles at fertilization.
It has been reported that the early Drosophila spermatid displays a proximal centriole-like structure
(PCL) near the basal end of its centriole [125]. The PCL is composed of typical centriole components and
its assembly involves the same proteins required to initiate centriole formation [125,193,194]. Therefore,
it is possible that the procentriole acts at the beginning of the spermiogenesis as a recruiting centre
for proteins needed to assemble the second centriole at fertilization. The PCL undergoes centrosome
reduction during late spermiogenesis but maintains paternal Poc1B that is essential to ensure the
proper zygotic centrosome assembly and embryo development [124]. Therefore, the second centriole
at fertilization could be provided by the sperm in the form of an atypical centriole. The centriole
precursor can recruit pericentriolar material to assemble a functional centrosome and can duplicate to
form a new daughter centriole [187]. If it is so, the generally retained inheritance of a single centriole at
fertilization in insects must be revised.

There are several examples of insect sperm in which the single centriole is highly modified after
the assembly of the axoneme and its typical barrel-shaped organization is no longer visible. In Sciara the
centriole is fragmented [195] whereas no centriole remnants have been observed in Cecidomyiids with
aberrant axonemes [58]. How can the egg of these species inherit functional centrioles? In mammals,
the distal centriole loses its organization forming an atypical structure, or atypical centriole, that
recruits centrosomal proteins and duplicates while maintaining its attachment to the axoneme [159].
However, the mammalian sperm have a proximal barrel-shaped centriole. It is unclear if the insect
sperm with highly modified axonemes have centriole precursors.
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Figure 10. Centriole number in insect spermatids and fertilization problems. The insect egg (A) is
activated during the transition through the oviduct, but the development in dioic species requires
the contribution of the male gamete to assemble the first zygotic spindle (B). This process is obvious
when the sperm have only one centriole (and eventually an atypical centriole) (most of the insects, (C).
However, this aspect is less clear when the sperm carry two functional centrioles (Mallophaga and
Anoplura, (D) or multiple centrioles (Mastotermes, (E) since in this case the egg is forced to elaborate
mechanisms to avoid polyspermy. By contrast, the spermatids with giant axonemes consisting of large
cytoplasmic bundles of microtubules, but with modified centrioles (i.e., several gall-midges), (F) or
aflagellate sperm without centrioles (as in some white flies), (G) raise the question of how the egg
cytoplasm can assemble the first centrosome without obvious male contribution.

Enigmatic is the centriole inheritance when the aflagellate sperm is acentriolar as it occurs in some
species of protura [196], isoptera [163], ephemeroptera [197] homoptera [198,199] and diptera [200].
A simple explanation could be that the egg cytoplasm self-organizes the zygotic centriole in these
species. But if it is so, why these eggs do not develop parthenogenetically? Egg activation in insects does
not require the interaction with the sperm, and the parthenogenetic development usually starts with the
formation ex novo of the centrioles within the egg cytoplasm [40,201,202]. Alternatively, the acentriolar
sperm could provide an unstructured framework able to recruit the maternal components needed to
organize the first zygotic centriole [187]. This hypothesis could be supported by the observation that
the PCL found in the early Drosophila spermatids disappears in mature sperm, but its associated Poc1B
is delivered to the egg [124]. Therefore, Poc1B could represent the scaffold to recruit some maternal
centrosome components. However, whether the PCL or Poc1B are present in the acentriolar sperm
is unknown.

In contrast, the sperm of Mallophaga and Anoplura [165] and Psocoptera [164], that have two
parallel centrioles and the unique sperm of Mastotermes with one hundred centrioles [127,128] raise
important questions about the presence of too many centrioles at fertilization. One problem during
fertilization of many organisms is the prevention of the polyspermy. Such process blocks the entrance
in the egg cytoplasm of more than one sperm to avoid the formation of supernumerary asters and
then the failure of embryo development [203]. So, how, can be reconciled the presence of several
centrioles in the fertilizing sperm and the proper embryo development? It has been shown that
more than one sperm could be occasionally present in the Drosophila egg at fertilization and that
the polyspermic eggs vary from 1 to 6% depending on the Drosophila species [204,205]. However,
the supernumerary sperm do not hinder the development of these eggs. The supernumerary sperm
replicate their DNA, duplicate their centrioles that organize a bipolar spindle, but mitosis arrests at
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the beginning of anaphase [204]. How mitosis of the supernumerary sperm is arrested represents
a conundrum. However, such mechanism could ensure the correct zygotic development in the insect
species with multiple centrioles in their sperm.

9. The Peculiar Tale of the Progressive Loss of Sperm Flagella and the Re-Acquisition of Sperm Motility

Homoptera Sternorrhyncha displays a peculiar evolutive trend leading to the loss of sperm flagella
and motility [206]. Aphidoidea have a conventional centriole and basal body producing a sperm with
a 9 + 9 × 2+2 typical and motile flagellar axoneme. Psylloidea shows a normal centriole and basal body
which gives rise to a posteriorly flattened flagellar axoneme. In Aleyrodoidea, likely the sister group of
Coccoidea and Aphidoidea, the centriole is an aberrant structure giving origin to an apparently normal
flagellar axoneme with doublets devoid of dynein arms and without central complex. At maturity,
the sperm flagellum is no longer visible with the typical structure, but it is longitudinally crossed by
a solid rod of tubules and it is immotile [198,199]. Coccoidea, the most specialized Sternorrhyncha,
have sperm that have lost a true flagella axoneme. However, the sperm motility is supported by
a bundle of singlet microtubules interconnected by short bridges of a dynein–like protein [207]. In the
archaeococcid Matsucoccus, the early spermatids have a conventional non-functional centriole that
does not give origin to the axoneme, but a microtubule-dependent structure is organized far from the
centrioles by a peripheral non-centrosome organizing center [171]. This finding supports the hypothesis
about the “autonomous” centriole origin through a sequence of events starting from a bundle of
polarized microtubules that later should have contacted the plasma membrane and then protruded
outward the cell to give origin to an atypical motile structure [208–211]. A centriole could have taken
origin at the proximal end of the polarized microtubule bundle.

10. Concluding Remarks

Hexapoda is the largest subphylum within the phylum Arthropoda, and among them over a million
of the Insect species have been described from terrestrial and aquatic habitats, thus representing the
most successful group of organisms on Earth. Therefore, Hexapoda could be a living lab enabling
investigations into the structure, the assembly, the dynamic changes and the function of the centrioles
during the cell life in a broad range of tissues and different developmental contexts.

The variety of the Hexapoda often reflects unexpected variations of the centriole architecture
and/or the ciliary structures that they organize. One interesting finding is the presence of centrioles
with doublet microtubules in lower Hexapoda, whereas the typical insect centriole usually consists
of triplets, confirming the evolutionary separation between the smaller wingless orders Collembola
and Protura and the class Insecta. However, centrioles with triplet microtubules firstly appear in
Diplura that are the third order of non-insect Hexapoda supporting the placement of this order as
sister-group of the Insects [95]. The acquisition of the C-tubule, mandatory for the formation of the
accessory tubules in the sperm axoneme, is restricted to germ cell centrioles, whereas somatic centrioles
maintain the doublet microtubules. Moreover, centrioles with unusual structure diverging from the
common nine-fold symmetry are found within unrelated Hexapoda groups. This finding brought
into the question the role of the cartwheel and of the related Sas6 protein in centriole assembly and
duplication, as reported in conventional model organisms. Finally, there are many examples among
the Hexapoda of centrioles able to recruit centrosomal material during male gametogenesis but unable
to organize functional axonemes. This aspect raises important questions on the temporal control of the
centriole function. Thus, a better understanding of the centriole biogenesis in various animal groups
would allow us to gain insight in the general mechanisms of centriole formation and function.
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49. Milunović-Jevtić, A.; Mooney, P.; Sulerud, T.; Bisht, J.; Gatlin, J.C. Centrosomal clustering contributes to
chromosomal instability and cancer. Curr. Opin. Biotechnol. 2016, 40, 113–118. [CrossRef]

http://dx.doi.org/10.1242/dev.126615
http://www.ncbi.nlm.nih.gov/pubmed/26586219
http://dx.doi.org/10.1098/rsob.120104
http://www.ncbi.nlm.nih.gov/pubmed/22977736
http://dx.doi.org/10.1038/ncb2597
http://www.ncbi.nlm.nih.gov/pubmed/23086239
http://dx.doi.org/10.1016/j.tcb.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24268653
http://dx.doi.org/10.1038/nrm4062
http://dx.doi.org/10.1126/science.1209037
http://dx.doi.org/10.1016/j.gde.2019.05.002
http://dx.doi.org/10.1016/j.tig.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21680046
http://dx.doi.org/10.1038/nrc3995
http://www.ncbi.nlm.nih.gov/pubmed/26493645
http://dx.doi.org/10.1038/s41467-018-03641-x
http://www.ncbi.nlm.nih.gov/pubmed/29593297
http://dx.doi.org/10.1016/j.devcel.2018.04.016
http://dx.doi.org/10.1101/sqb.2017.82.034421
http://dx.doi.org/10.1038/nrm.2017.127
http://dx.doi.org/10.1101/cshperspect.a028191
http://dx.doi.org/10.1056/NEJMra1010172
http://dx.doi.org/10.1093/jb/mvy031
http://dx.doi.org/10.1016/j.tice.2010.01.002
http://dx.doi.org/10.1038/nature02291
http://www.ncbi.nlm.nih.gov/pubmed/14961119
http://dx.doi.org/10.1038/291317a0
http://dx.doi.org/10.1016/j.tig.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17097187
http://dx.doi.org/10.1007/BF00173190
http://www.ncbi.nlm.nih.gov/pubmed/8587107
http://dx.doi.org/10.3390/cells7070067
http://www.ncbi.nlm.nih.gov/pubmed/29949922
http://dx.doi.org/10.1038/nature08136
http://dx.doi.org/10.3390/cells8070701
http://dx.doi.org/10.1016/j.copbio.2016.03.011


Cells 2020, 9, 744 21 of 27

50. Fırat-Karalar, E.N.; Stearns, T. The centriole duplication cycle. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2014,
369. [CrossRef]

51. Callaini, G.; Riparbelli, M.G.; Dallai, R. Centrosome inheritance in insects: Fertilization and parthenogenesis.
Biol. Cell. 1999, 91, 355–366. [CrossRef] [PubMed]

52. Cenci, G.; Bonaccorsi, S.; Pisano, C.; Verni, F.; Gatti, M. Chromatin and microtubule organization during
premeiotic, meiotic and early postmeiotic stages of Drosophila melanogaster spermatogenesis. J. Cell Sci. 1994,
107, 3521–3534.

53. Friedländer, M.; Wahrman, J. The number of centrioles in insect sperm: A study in two kinds of differentiating
silkworm spermatids. J. Morphol. 1971, 134, 383–398. [CrossRef] [PubMed]

54. Fuller, M.T. Spermatogenesis in the development of Drosophila melanogaster. Ed. A. Martinez-Arias 1993, 1,
71–147.

55. Fritz-Niggli, H. Meiosis and spermatid formation in non-irradiated and irradiated male germ cells in
Drosophila melanogaster. Rev. Suisse Zool. Suppl. 1972, 245–265.

56. Krioutchkova, M.M.; Onishchenko, G.E. Structural and functional characteristics of the centrosome in
gametogenesis and early embryogenesis of animals. Int. Rev. Cytol. 1999, 185, 107–156. [PubMed]

57. Reina, J.; Gonzalez, C. When fate follows age: Unequal centrosomes in asymmetric cell division. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 2014. [CrossRef] [PubMed]

58. Dallai, R. Overview on spermatogenesis and sperm structure of Hexapoda. Arthropod Struct. Dev. 2014, 43,
257–290. [CrossRef]

59. Da Cruz-Landim, C.; Beig, D.; De Moraes, R.L.M.S. The Process of Differentiation During Spermatogenesis
in Bees (Hymenoptera, Apidae). Caryologia 1980, 33, 1–15. [CrossRef]

60. Hoage, T.R.; Kessel, R.G. An electron microscope study of the process of differentiation during
spermatogenesis in drone honeybee (Apis mellifera L.) with special reference to centriole replication and
elimination. J. Ultrast. Res. 1968, 24, 6–32. [CrossRef]

61. Fanciulli, P.P.; Gottardo, M.; Dallai, R. The spermatogenesis and oogenesis of the springtail Podura aquatica
Linné 1758 (Hexapoda: Collembola). Tissue Cell 2013, 45, 211–218. [CrossRef] [PubMed]

62. Feng, Z.; Caballe, A.; Wainman, A.; Johnson, S.; Haensele, A.F.M.; Cottee, M.A.; Conduit, P.T.; Lea, S.M.;
Raff, J.W. Structural Basis for Mitotic Centrosome Assembly in Flies. Cell 2017, 169, 1078–1089. [CrossRef]
[PubMed]

63. Lattao, R.; Kovács, L.; Glover, D.M. The Centrioles, Centrosomes, Basal Bodies, and Cilia of Drosophila
melanogaster. Genetics 2017, 206, 33–53. [CrossRef] [PubMed]

64. Uzbekov, R.; Alieva, I. Who are you, subdistal appendages of centriole? Open Biol. 2018. [CrossRef] [PubMed]
65. Tanos, B.E.; Yang, H.J.; Soni, R.; Wang, W.J.; Macaluso, F.P.; Asara, J.M.; Tsou, M.F. Centriole distal appendages

promote membrane docking, leading to cilia initiation. Genes Dev. 2013, 27, 163–168. [CrossRef] [PubMed]
66. Sánchez, I.; Dynlacht, B.D. Cilium assembly and disassembly. Nat. Cell Biol. 2016, 18, 711–717. [CrossRef]

[PubMed]
67. Callaini, G.; Whitfield, W.G.; Riparbelli, M.G. Centriole and centrosome dynamics during the embryonic cell

cycles that follow the formation of the cellular blastoderm in Drosophila. Exp. Cell Res. 1997, 234, 183–190.
[CrossRef]

68. Persico, V.; Callaini, G.; Riparbelli, M.G. The Microtubule-depolymerizing kinesin-13 Klp10A is enriched
in the transition zone of the ciliary structures of Drosoph. Melanogaster. Front. Cell Dev. Biol. 2019, 7, 173.
[CrossRef]

69. Gonzalez, C.; Tavosanis, G.; Mollinari, C. Centrosomes and microtubule organization during Drosophila
development. J. Cell Sci. 1998, 111, 2697–2706.

70. Conduit, P.T.; Raff, J.W. Cnn dynamics drive centrosome size asymmetry to ensure daughter centriole
retention in Drosophila neuroblasts. Curr. Biol. 2010, 20, 2187–2192. [CrossRef]

71. Januschke, J.; Llamazares, S.; Reina, J.; Gonzalez, C. Drosophila neuroblasts retain the daughter centrosome.
Nat. Commun. 2011, 2, 243. [CrossRef] [PubMed]

72. Yamashita, Y.M.; Jones, D.L.; Fuller, M.T. Orientation of asymmetric stem cell division by the APC tumor
suppressor and centrosome. Science 2003, 301, 1547–1550. [CrossRef] [PubMed]

73. Yamashita, Y.M.; Mahowald, A.P.; Perlin, J.R.; Fuller, M.T. Asymmetric inheritance of mother versus daughter
centrosome in stem cell division. Science 2007, 315, 518–521. [CrossRef] [PubMed]

http://dx.doi.org/10.1098/rstb.2013.0460
http://dx.doi.org/10.1111/j.1768-322X.1999.tb01093.x
http://www.ncbi.nlm.nih.gov/pubmed/11407409
http://dx.doi.org/10.1002/jmor.1051340402
http://www.ncbi.nlm.nih.gov/pubmed/5093420
http://www.ncbi.nlm.nih.gov/pubmed/9750266
http://dx.doi.org/10.1098/rstb.2013.0466
http://www.ncbi.nlm.nih.gov/pubmed/25047620
http://dx.doi.org/10.1016/j.asd.2014.04.002
http://dx.doi.org/10.1080/00087114.1980.10796814
http://dx.doi.org/10.1016/S0022-5320(68)80014-0
http://dx.doi.org/10.1016/j.tice.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23515073
http://dx.doi.org/10.1016/j.cell.2017.05.030
http://www.ncbi.nlm.nih.gov/pubmed/28575671
http://dx.doi.org/10.1534/genetics.116.198168
http://www.ncbi.nlm.nih.gov/pubmed/28476861
http://dx.doi.org/10.1098/rsob.180062
http://www.ncbi.nlm.nih.gov/pubmed/30045886
http://dx.doi.org/10.1101/gad.207043.112
http://www.ncbi.nlm.nih.gov/pubmed/23348840
http://dx.doi.org/10.1038/ncb3370
http://www.ncbi.nlm.nih.gov/pubmed/27350441
http://dx.doi.org/10.1006/excr.1997.3618
http://dx.doi.org/10.3389/fcell.2019.00173
http://dx.doi.org/10.1016/j.cub.2010.11.055
http://dx.doi.org/10.1038/ncomms1245
http://www.ncbi.nlm.nih.gov/pubmed/21407209
http://dx.doi.org/10.1126/science.1087795
http://www.ncbi.nlm.nih.gov/pubmed/12970569
http://dx.doi.org/10.1126/science.1134910
http://www.ncbi.nlm.nih.gov/pubmed/17255513


Cells 2020, 9, 744 22 of 27

74. Lerit, D.A.; Jordan, H.A.; Poulton, J.S.; Fagerstrom, C.J.; Galletta, B.J.; Peifer, M.; Rusan, N.M. Interphase
centrosome organization by the PLP-Cnn scaffold is required for centrosome function. J. Cell Biol. 2015, 210,
79–97. [CrossRef]

75. Richens, J.H.; Barros, T.P.; Lucas, E.P.; Peel, N.; Pinto, D.M.; Wainman, A.; Raff, J.W. The Drosophila
Pericentrin-like-protein (PLP) cooperates with Cnn to maintain the integrity of the outer PCM. Biol. Open
2015, 4, 1052–1061. [CrossRef]

76. Januschke, J.; Reina, J.; Llamazares, S.; Bertran, T.; Rossi, F.; Roig, J.; Gonzalez, C. Centrobin controls
mother-daughter centriole asymmetry in Drosophila neuroblasts. Nat. Cell Biol. 2013, 15, 241–248. [CrossRef]

77. Gottardo, M.; Pollarolo, G.; Llamazares, S.; Reina, J.; Riparbelli, M.G.; Callaini, G.; Gonzalez, C. Loss of
Centrobin enables daughter centrioles to form sensory cilia in Drosophila. Curr. Biol. 2015, 25, 2319–2324.
[CrossRef]

78. Salzmann, V.; Chen, C.; Chiang, C.Y.; Tiyaboonchai, A.; Mayer, M.; Yamashita, Y.M. Centrosome-dependent
asymmetric inheritance of the midbody ring in Drosophila germline stem cell division. Mol. Biol. Cell 2014,
25, 267–275. [CrossRef]

79. Reina, J.; Gottardo, M.; Riparbelli, M.G.; Llamazares, S.; Callaini, G.; Gonzalez, C. Centrobin is essential for
C-tubule assembly and flagellum development in Drosophila melanogaster spermatogenesis. J. Cell Biol. 2018,
201, 801032. [CrossRef]

80. Gottardo, M.; Callaini, G.; Riparbelli, M.G. The cilium-like region of the Drosophila spermatocyte: An
emerging flagellum? J. Cell Sci. 2013, 126, 5441–5452. [CrossRef]

81. Riparbelli, M.G.; Callaini, G.; Megraw, T.L. Assembly and persistence of primary cilia in dividing Drosophila
spermatocytes. Dev. Cell 2012, 23, 425–432. [CrossRef] [PubMed]

82. Stevens, N.R.; Roque, H.; Raff, J.W. DSas-6 and Ana2 coassemble into tubules to promote centriole duplication
and engagement. Dev. Cell 2010, 19, 913–919. [CrossRef] [PubMed]

83. Persico, V.; Migliorini, M.; Callaini, G.; Riparbelli, M.G. The Singularity of the Drosophila Male Germ Cell
Centriole: The Asymmetric Distribution of Sas4 and Sas6. Cells 2020, 9, 115. [CrossRef] [PubMed]

84. Gottardo, M.; Callaini, G.; Riparbelli, M.G. The Drosophila centriole–conversion of doublets into triplets
within the stem cell niche. J. Cell Sci. 2015, 128, 2437–2442. [CrossRef]

85. Cunha-Ferreira, I.; Rodrigues-Martins, A.; Bento, I.; Riparbelli, M.G.; Zhang, W.; Laue, E.; Callaini, G.;
Glover, D.M.; Bettencourt-Dias, M. The SCF/Slimb ubiquitin ligase limits centrosome amplification through
degradation of SAK/PLK4. Curr. Biol. 2009, 19, 43–49. [CrossRef]

86. Callaini, G.; Riparbelli, M.G. Centriole and centrosome cycle in the early Drosophila embryo. J. Cell Sci. 1990,
97, 539–543.

87. Mahowald, A.P.; Strassheim, J.M. Intercellular migration of centrioles in the germarium of Drosophila
melanogaster. An electron microscopic study. J. Cell Biol. 1970, 45, 306–320. [CrossRef]

88. Callaini, G.; Riparbelli, M.G.; Dallai, R. Pole cell migration through the gut wall of the Drosophila embryo:
Analysis of cell interactions. Dev. Biol. 1995, 170, 365–375. [CrossRef]

89. Basiri, M.L.; Ha, A.; Chadha, A.; Clark, N.M.; Polyanovsky, A.; Cook, B.; Avidor-Reiss, T. A migrating
ciliary gate compartmentalizes the site of axoneme assembly in Drosophila spermatids. Curr. Biol. 2014, 24,
2622–2631. [CrossRef]

90. Jana, S.C.; Mendonça, S.; Machado, P.; Werner, S.; Rocha, J.; Pereira, A.; Maiato, H.; Bettencourt-Dias, M.
Differential regulation of transition zone and centriole proteins contributes to ciliary base diversity. Nat. Cell
Biol. 2018, 20, 928–941. [CrossRef]

91. Vieillard, J.; Paschak, M.; Duteyrat, J.L.; Augière, C.; Cortier, E.; Lapart, J.A.; Thomas, J.; Durand, B. Transition
zone assembly and its contribution to axoneme formation in Drosophila male germ cells. J. Cell Biol. 2016,
214, 875–889. [CrossRef]

92. Phillips, D.M. Insect sperm: Their structure and morphogenesis. J. Cell Biol. 1970, 44, 243–277. [CrossRef]
[PubMed]

93. Phillips, D.M. Structural variants in invertebrate sperm flagella and their relation to motility. In Cilia and
Flagella; Sleigh, M.A., Ed.; Academic Press: London, UK, 1974; pp. 379–402.

94. Gottardo, M.; Persico, V.; Callaini, G.; Riparbelli, M.G. The “transition zone” of the cilium-like regions in the
Drosophila spermatocytes and the role of the C-tubule in axoneme assembly. Exp. Cell Res. 2018, 371, 262–268.
[CrossRef]

http://dx.doi.org/10.1083/jcb.201503117
http://dx.doi.org/10.1242/bio.012914
http://dx.doi.org/10.1038/ncb2671
http://dx.doi.org/10.1016/j.cub.2015.07.038
http://dx.doi.org/10.1091/mbc.e13-09-0541
http://dx.doi.org/10.1083/jcb.201801032
http://dx.doi.org/10.1242/jcs.136523
http://dx.doi.org/10.1016/j.devcel.2012.05.024
http://www.ncbi.nlm.nih.gov/pubmed/22898783
http://dx.doi.org/10.1016/j.devcel.2010.11.010
http://www.ncbi.nlm.nih.gov/pubmed/21145506
http://dx.doi.org/10.3390/cells9010115
http://www.ncbi.nlm.nih.gov/pubmed/31947732
http://dx.doi.org/10.1242/jcs.172627
http://dx.doi.org/10.1016/j.cub.2008.11.037
http://dx.doi.org/10.1083/jcb.45.2.306
http://dx.doi.org/10.1006/dbio.1995.1222
http://dx.doi.org/10.1016/j.cub.2014.09.047
http://dx.doi.org/10.1038/s41556-018-0132-1
http://dx.doi.org/10.1083/jcb.201603086
http://dx.doi.org/10.1083/jcb.44.2.243
http://www.ncbi.nlm.nih.gov/pubmed/4903810
http://dx.doi.org/10.1016/j.yexcr.2018.08.020


Cells 2020, 9, 744 23 of 27

95. Dallai, R.; Mercati, D.; Carapelli, A.; Nardi, F.; Machida, R.; Sekiya, K.; Frati, F. Sperm accessory microtubules
suggest the placement of Diplura as the sister-group of Insecta s.s. Arthropod Struct. Dev. 2011, 40, 77–92.
[CrossRef]

96. Dallai, R.; Mercati, D.; Lino-Neto, J.; Dias, G.; Lupetti, P. Evidence of a procentriole during spermiogenesis
in the coccinellid insect Adalia decempunctata (L): An ultrastructural study. Arthropod Struct. Dev. 2017, 46,
815–823. [CrossRef] [PubMed]

97. Friedlander, M. The sperm centriole persists during early egg cleavage in the insect Chrysopa carnea
(Neuroptera, Chrysopidae). J. Cell Sci. 1980, 42, 221–226. [PubMed]

98. Uzbekov, R.; Garanina, A.; Bressac, C. Centrioles without microtubules: A new morphological type of
centriole. Biol. Open. 2018, 7. [CrossRef]

99. Dallai, R.; Lupetti, P.; Mencarelli, C. Unusual axonemes of hexapod spermatozoa. Int. Rev. Cytol. 2006, 254,
45–99.

100. Mencarelli, C.; Lupetti, P.; Rosetto, M.; Dallai, R. Morphogenesis of the giant sperm axoneme in Asphondylia
ruebsaameni Kertesz (Diptera, Cecidomyiidae). Tissue Cell 2000, 32, 188–197. [CrossRef]

101. Phillips, D.M. Giant centriole formation in Sciara. J. Cell Biol. 1967, 33, 73–92. [CrossRef]
102. Riparbelli, M.G.; Dallai, R.; Mercati, D.; Bu, Y.; Callaini, G. Centriole symmetry: A big tale from small

organisms. Cell. Motil. Cytoskeleton. 2009, 66, 1100–1105. [CrossRef] [PubMed]
103. Gönczy, P. Towards a molecular architecture of centriole assembly. Nat. Rev. Mol. Cell Biol. 2012, 13, 425–435.

[CrossRef] [PubMed]
104. Gönczy, P.; Hatzopoulos, G.N. Centriole assembly at a glance. J. Cell Sci. 2019, 132. pii: jcs228833.
105. Guichard, P.; Hamel, V.; Gönczy, P. The Rise of the Cartwheel: Seeding the Centriole Organelle. Bioessays

2018, 40, e1700241. [CrossRef]
106. Hilbert, M.; Noga, A.; Frey, D.; Hamel, V.; Guichard, P.; Kraatz, S.H.; Pfreundschuh, M.; Hosner, S.;

Flückiger, I.; Jaussi, R.; et al. SAS-6 engineering reveals interdependence between cartwheel and microtubules
in determining centriole architecture. Nat. Cell Biol. 2016, 18, 393–403. [CrossRef]

107. Hirono, M. Cartwheel assembly. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2014, 369. [CrossRef]
108. Kitagawa, D.; Vakonakis, I.; Olieric, N.; Hilbert, M.; Keller, D.; Olieric, V.; Bortfeld, M.; Erat, M.C.; Flückiger, I.;

Gönczy, P.; et al. Structural basis of the 9-fold symmetry of centrioles. Cell 2011, 144, 364–375. [CrossRef]
109. Fong, C.Y.; Kim, M.; Yang, T.T.; Liao, J.C.; Tsou, M.F.B. SAS-6 assembly templated by the lumen of

cartwheel-less centrioles precedes centriole duplication. Dev. Cell 2014, 30, 238–245. [CrossRef]
110. Breslow, D.K.; Holland, A.J. Mechanism and Regulation of Centriole and Cilium Biogenesis. Annu. Rev.

Biochem. 2019, 88, 691–724. [CrossRef]
111. Wong, C.; Stearns, T. Centrosome number is controlled by a centrosome-intrinsic block to reduplication. Nat.

Cell Biol. 2003, 5, 539–544. [CrossRef]
112. Tsou, M.F.; Stearns, T. Mechanism limiting centrosome duplication to once per cell cycle. Nature 2006, 442,

947–951. [CrossRef] [PubMed]
113. Yamashiki, N.; Kawamura, N. Behavior of centrioles during meiosis in the male silkworm, Bombyx mori

(Lepidoptera). Dev. Growth Differ. 1998, 40, 619–630. [CrossRef] [PubMed]
114. Wolf, K.W.; Kyburg, J. The restructuring of the flagellar base and the flagellar necklace during spermatogenesis

of Ephestia kuehniella Z. (Pyralidae, Lepidoptera). Cell Tissue Res. 1989, 256, 77–86. [CrossRef]
115. Gottardo, M.; Callaini, G.; Riparbelli, M.G. Procentriole assembly without centriole disengagement–a paradox

of male gametogenesis. J. Cell Sci. 2014, 127, 3434–3439. [CrossRef]
116. Loncarek, J.; Hergert, P.; Magidson, V.; Khodjakov, A. Control of daughter centriole formation by the

pericentriolar material. Nat. Cell Biol. 2008, 10, 322–328. [CrossRef]
117. Sluder, G.; Khodjakov, A. Centriole duplication: Analogue control in a digital age. Cell Biol. Int. 2010, 34,

1239–1245. [CrossRef]
118. Kim, M.; O’Rourke, B.P.; Soni, R.K.; Jallepalli, P.V.; Hendrickson, R.C.; Tsou, M.F. Promotion and Suppression

of Centriole Duplication Are Catalytically Coupled through PLK4 to Ensure Centriole Homeostasis. Cell Rep.
2016, 16, 1195–1203. [CrossRef]

119. Stevens, N.R.; Dobbelaere, J.; Brunk, K.; Franz, A.; Raff, J.W. Drosophila Ana2 is a conserved centriole
duplication factor. J. Cell Biol. 2010, 188, 313–323. [CrossRef]

120. Riparbelli, M.G.; Gottardo, M.; Glover, D.M.; Callaini, G. Inhibition of Polo kinase by BI2536 affects centriole
separation during Drosophila male meiosis. Cell Cycle 2014, 13, 2064–2072. [CrossRef]

http://dx.doi.org/10.1016/j.asd.2010.08.001
http://dx.doi.org/10.1016/j.asd.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29092794
http://www.ncbi.nlm.nih.gov/pubmed/7400233
http://dx.doi.org/10.1242/bio.036012
http://dx.doi.org/10.1054/tice.2000.0103
http://dx.doi.org/10.1083/jcb.33.1.73
http://dx.doi.org/10.1002/cm.20417
http://www.ncbi.nlm.nih.gov/pubmed/19746415
http://dx.doi.org/10.1038/nrm3373
http://www.ncbi.nlm.nih.gov/pubmed/22691849
http://dx.doi.org/10.1002/bies.201700241
http://dx.doi.org/10.1038/ncb3329
http://dx.doi.org/10.1098/rstb.2013.0458
http://dx.doi.org/10.1016/j.cell.2011.01.008
http://dx.doi.org/10.1016/j.devcel.2014.05.008
http://dx.doi.org/10.1146/annurev-biochem-013118-111153
http://dx.doi.org/10.1038/ncb993
http://dx.doi.org/10.1038/nature04985
http://www.ncbi.nlm.nih.gov/pubmed/16862117
http://dx.doi.org/10.1046/j.1440-169X.1998.00389.x
http://www.ncbi.nlm.nih.gov/pubmed/9865972
http://dx.doi.org/10.1007/BF00224720
http://dx.doi.org/10.1242/jcs.152843
http://dx.doi.org/10.1038/ncb1694
http://dx.doi.org/10.1042/CBI20100612
http://dx.doi.org/10.1016/j.celrep.2016.06.069
http://dx.doi.org/10.1083/jcb.200910016
http://dx.doi.org/10.4161/cc.29083


Cells 2020, 9, 744 24 of 27

121. Shukla, A.; Kong, D.; Sharma, M.; Magidson, V.; Loncarek, J. Plk1 relieves centriole block to reduplication by
promoting daughter centriole maturation. Nat. Commun. 2015, 6, 8077. [CrossRef]

122. Gottardo, M.; Callaini, G.; Riparbelli, M.G. Structural characterization of procentrioles in Drosophila spermatids.
Cytoskelet. 2015, 72, 576–584. [CrossRef] [PubMed]

123. Khire, A.; Jo, K.H.; Kong, D.; Akhshi, T.; Blachon, S.; Cekic, A.R.; Hynek, S.; Ha, A.; Loncarek, J.;
Mennella, V.; et al. Centriole Remodeling during Spermiogenesis in Drosophila. Curr. Biol. 2016, 26,
3183–3189. [CrossRef] [PubMed]

124. Blachon, S.; Cai, X.; Roberts, K.A.; Yang, K.; Polyanovsky, A.; Church, A.; Avidor-Reiss, T. A proximal
centriole-like structure is present in Drosophila spermatids and can serve as a model to study centriole
duplication. Genetics 2009, 182, 133–144. [CrossRef] [PubMed]

125. Mottier-Pavie, V.; Megraw, T.L. Drosophila bld10 is a centriolar protein that regulates centriole, basal body,
and motile cilium assembly. Mol. Biol. Cell 2009, 20, 2605–2614. [CrossRef] [PubMed]

126. Baccetti, B.; Dallai, R. The spermatozoon of Arthropoda. XXX. The multiflagellate spermatozoon in the
termite Mastotermes darwiniensis. J. Cell. Biol. 1978, 76, 569–576. [CrossRef] [PubMed]

127. Riparbelli, M.G.; Callaini, G.; Mercati, D.; Hertel, H.; Dallai, R. Centrioles to basal bodies in the spermiogenesis
of Mastotermes darwiniensis (Insecta, Isopoda). Cell. Motil. Cytoskelet. 2009, 66, 1100–1105. [CrossRef]
[PubMed]

128. Myles, D.G. An ultrastructural study of the spermatozoid of the fern, Marsilea vestita. J. Cell Sci. 1975, 17,
633–645.

129. Vaughn, K.C.; Renzaglia, K.S. Structural and immunocytochemical characterization of the Ginkgo biloba L.
sperm motility apparatus. Protoplasma 2006, 227, 165–173. [CrossRef]

130. Healy, J.M.; Jamieson, B.G.M. An ultrastructural examination of developing and mature paraspermatozoa in
Pyrazus ebeninus (Mollusca, Gastropoda, Potamididae). Zoomorphology 1981, 98, 101–119. [CrossRef]

131. Ferraguti, M.; Fascio, U.; Boi, S. Mass production of basal bodies in paraspermiogenesis of Tubificinae
(Annelida, Oligochaeta). Biol. Cell 2002, 94, 109–115. [CrossRef]

132. Al Jord, A.; Lemaître, A.I.; Delgehyr, N.; Faucourt, M.; Spassky, N.; Meunier, A. Centriole amplification by
mother and daughter centrioles differs in multiciliated cells. Nature 2014, 516, 104–107. [CrossRef] [PubMed]

133. Nanjundappa, R.; Kong, D.; Shim, K.; Stearns, T.; Brody, S.L.; Loncarek, J.; Mahjoub, M.R. Regulation of cilia
abundance in multiciliated cells. Elife 2019, 26. [CrossRef] [PubMed]

134. Zhao, H.; Chen, Q.; Fang, C.; Huang, Q.; Zhou, J.; Yan, X.; Zhu, X. Parental centrioles are dispensable for
deuterosome formation and function during basal body amplification. EMBO Rep. 2019, 20. [CrossRef]
[PubMed]

135. Mercey, O.; Levine, M.S.; LoMastro, G.M.; Rostaing, P.; Brotslaw, E.; Gomez, V.; Kumar, A.; Spassky, N.;
Mitchell, B.J.; Meunier, A.; et al. Massive centriole production can occur in the absence of deuterosomes in
multiciliated cells. Nat. Cell Biol. 2019, 21, 1544–1552. [CrossRef]

136. Keil, T.A. Sensory cilia in arthropods. Arthropod Struct. Dev. 2012, 41, 515–534. [CrossRef]
137. Yack, J.E. The structure and function of auditory chordotonal organs in Insects. Microsc. Res. Tech. 2004, 63,

315–337. [CrossRef]
138. Quennedey, A. Insect Epidermal Gland Cells: Ultrastructure and Morphogenesis. In Microscopic Anatomy of

Invertebrates; Harrison, F.W., Locke, M., Eds.; Wiley-Liss: New York, NY, USA, 1998; pp. 177–207.
139. Sreng, L.; Quennedey, A. Role of a temporary ciliary structure in the morphogenesis of insect glands. An

electron microscope study of the tergal glands of male Blattella germanica L. (Dictyoptera, Blattellidae). J.
Ultrastruct. Res. 1976, 56, 78–95. [CrossRef]

140. Han, Y.G.; Kwok, B.H.; Kernan, M.J. Intraflagellar transport is required in Drosophila to differentiate sensory
cilia but not sperm. Curr. Biol. 2003, 13, 1679–1686. [CrossRef]

141. Sarpal, R.; Todi, S.V.; Sivan-Loukianova, E.; Shirolikar, S.; Subramanian, N.; Raff, E.C.; Erickson, J.W.; Ray, K.;
Eberl, D.F. Drosophila KAP interacts with the kinesin II motor subunit KLP64D to assemble chordotonal
sensory cilia, but not sperm tails. Curr. Biol. 2003, 13, 1687–1696. [CrossRef]

142. Avidor-Reiss, T.; Leroux, M.R. Shared and distinct mechanisms of compartmentalized and cytosolic
ciliogenesis. Curr. Biol. 2015, 25, R1143–R1150. [CrossRef]

143. Pratt, M.B.; Titlow, J.S.; Davis, I.; Barker, A.R.; Dawe, H.R.; Raff, J.W.; Roque, H. Drosophila sensory cilia
lacking MKS proteins exhibit striking defects in development but only subtle defects in adults. J. Cell Sci.
2016, 129, 3732–3743. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncomms9077
http://dx.doi.org/10.1002/cm.21260
http://www.ncbi.nlm.nih.gov/pubmed/26492851
http://dx.doi.org/10.1016/j.cub.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/28094036
http://dx.doi.org/10.1534/genetics.109.101709
http://www.ncbi.nlm.nih.gov/pubmed/19293139
http://dx.doi.org/10.1091/mbc.e08-11-1115
http://www.ncbi.nlm.nih.gov/pubmed/19321663
http://dx.doi.org/10.1083/jcb.76.3.569
http://www.ncbi.nlm.nih.gov/pubmed/564912
http://dx.doi.org/10.1002/cm.20417
http://www.ncbi.nlm.nih.gov/pubmed/19746415
http://dx.doi.org/10.1007/s00709-005-0141-3
http://dx.doi.org/10.1007/BF00310431
http://dx.doi.org/10.1016/S0248-4900(02)01185-1
http://dx.doi.org/10.1038/nature13770
http://www.ncbi.nlm.nih.gov/pubmed/25307055
http://dx.doi.org/10.7554/eLife.44039
http://www.ncbi.nlm.nih.gov/pubmed/31025935
http://dx.doi.org/10.15252/embr.201846735
http://www.ncbi.nlm.nih.gov/pubmed/30833343
http://dx.doi.org/10.1038/s41556-019-0427-x
http://dx.doi.org/10.1016/j.asd.2012.07.001
http://dx.doi.org/10.1002/jemt.20051
http://dx.doi.org/10.1016/S0022-5320(76)80142-6
http://dx.doi.org/10.1016/j.cub.2003.08.034
http://dx.doi.org/10.1016/j.cub.2003.09.025
http://dx.doi.org/10.1016/j.cub.2015.11.001
http://dx.doi.org/10.1242/jcs.194621
http://www.ncbi.nlm.nih.gov/pubmed/27577095


Cells 2020, 9, 744 25 of 27

144. Fritz-Niggli, H.; Suda, T. Bildung und Bedeutung der Zentriolen: Eine Studie und Neuinterpretation der
Meiose von Drosophila. [formation and significance of centrioles: A study and new interpretation of the
meiosis of Drosophila]. Cytobiologie 1972, 5, 12–41.

145. Tates, A.D. Cytodifferentiation during Spermatogenesis in Drosophila melanogaster: An Electron Microscopy
Study. Ph.D. Thesis, Rijksunivrsiteit de Leiden, Leiden, The Netherlands, 1971.

146. LaFountain, J.R., Jr. Analysis of birefringence and ultrastructure of spindles in primary spermatocytes of
Nephrotoma suturalis during anaphase. J. Ultrastruct. Res. 1976, 54, 333–346. [CrossRef]

147. Klein, C.; Wolf, K.W. Spermatocytes of the caddisfly Potamophylax rotundipennis (Trichoptera, Insecta): A fine
structure study with emphasis on synaptonemal complex plates associated with chromatin. Tissue Cell 1997,
29, 283–291. [CrossRef]

148. Friedlander, M.; Wahrman, J. The spindle as a basal body distributor. A study in the meiosis of the male
silkworm moth, Bombyx mori. J. Cell Sci. 1970, 7, 65–89.

149. Henneguy, L.F. Sur les rapports des cils vibratiles avec les centrosomes. Arch. Anat. Microsc. 1898, 1, 481–496.
150. Meves, F. Ueber oligopyrene und apyrene Spermien und uber ihre Entstehung, nach Beobachtungen

an Paludina und Pygaera. Arch. Mikrosk. Anat. 1903, 61, 1–84. [CrossRef]
151. Bloodgood, R.A. From central to rudimentary to primary: The history of an underappreciated organelle

whose time has come. The primary cilium. Methods Cell Biol. 2009, 94, 3–52.
152. Kim, S.; Tsiokas, L. Cilia and cell cycle re-entry: More than a coincidence. Cell Cycle 2011, 10, 2683–2690.

[CrossRef]
153. Kobayashi, T.; Dynlacht, B.D. Regulating the transition from centriole to basal body. J. Cell Biol. 2011, 193,

435–444. [CrossRef]
154. Gonçalves, J.; Pelletier, L. The ciliary transition zone: Finding the pieces and assembling the gate. Mol. Cells

2017, 40, 243–253. [CrossRef]
155. Witman, G.B. Cell motility: Deaf Drosophila keep the beat. Curr. Biol. 2003, 13, R796–R798. [CrossRef]

[PubMed]
156. Godula, J. Quadriflagellar primary spermatocytes in the cotton leafworm, Spodoptera littoralis (Boisd.)

(Noctuidae, Lepidoptera). Cell. Tissue Res. 1985, 242, 681–683. [CrossRef]
157. Wolf, K.W.; Traut, W. Ultrastruture of distal flagellar swellings in spermatocytes and spermatids of Ephestia

kuehniella Z. (Pyralidae, Lepidoptera). Cell Tissue Res. 1987, 250, 421–424. [CrossRef]
158. Alieva, I.; Staub, C.; Uzbekova, S.; Uzbekov, R. Flagella and Cilia Types, Structure and Functions; Uzbekov, R.,

Ed.; Nova Science Publishers, Inc.: New York, NY, USA, 2018; pp. 109–126.
159. Fishman, E.L.; Jo, K.; Nguyen, Q.P.H.; Kong, D.; Royfman, R.; Cekic, A.R.; Khanal, S.; Miller, A.; Simerly, C.;

Schatten, G.; et al. A novel atypical sperm centriole is functional during human fertilization. Nat. Commun.
2018, 9, 2210. [CrossRef]

160. Normark, B.B. The evolution of alternative genetic systems in insects. Annu. Rev. Entomol. 2003, 48, 397–423.
[CrossRef]

161. Paoli, F.; Gottardo, M.; Dallai, R.; Roversi, P.F. Morphology of the male reproductive system and sperm
ultrastructure of the egg parasitoid Gryon pennsylvanicum (Ashmead) (Hymenoptera, Platygastridae).
Arthropod Struct. Dev. 2013, 42, 297–308. [CrossRef]

162. Baccetti, B.; Dallai, R.; Rosati, F.; Giusti, F.; Bernini, F.; Selmi, G. The spermatozoon of Arthropoda. XXVI.
The spermtozoon of Isoptera, Embioptera and Dermaptera. J. Microsc. 1974, 21, 159–172.

163. Baccetti, R.; Dallai, R.; Callaini, C. The spermatozoon of Arthropoda: Zootermopsis nevadensis and isopteran
sperm phylogeny. Int. J. Invert. Reprod. 1981, 3, 87–99. [CrossRef]

164. Dallai, R.; Afzelius, B.A. Sperm structure in Trichoptera. II. The aflagellate spermatozoa of Hydroptila,
Orthotrichia and Stactobia (Hydroptilidae). Int. J. Insect Morphol. Embryol. 1995, 24, 161–170. [CrossRef]

165. Baccetti, B.; Dallai, R.; Rosati, F. The spermatozoon of Arthropoda. IV.; Corrodentia, Mallophaga and
Thysanoptera. J. Microsc. 1969, 8, 249–262.

166. King, P.E.; Ahmed, K.S. Sperm structure in Psocoptera. Acta Zool. 1989, 70, 57–61. [CrossRef]
167. Dallai, R.; Mazzini, M. The spermatozoon of the gall-midge Oligotrophidi (Diptera, Cecidomyiidae). Boll.

Zool. 1989, 56, 13–27. [CrossRef]
168. Paccagnini, E.; Mencarelli, C.; Mercati, D.; Afzelius, B.A.; Dallai, R. Ultrastructural analysis of the aberrant

axoneme morphogenesis in thrips (Thysanoptera, Insecta). Cell Motil. Cytoskelet. 2007, 64, 645–661. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/S0022-5320(76)80020-2
http://dx.doi.org/10.1016/S0040-8166(97)80004-3
http://dx.doi.org/10.1007/BF02977916
http://dx.doi.org/10.4161/cc.10.16.17009
http://dx.doi.org/10.1083/jcb.201101005
http://dx.doi.org/10.14348/molcells.2017.0054
http://dx.doi.org/10.1016/j.cub.2003.09.047
http://www.ncbi.nlm.nih.gov/pubmed/14561418
http://dx.doi.org/10.1007/BF00225438
http://dx.doi.org/10.1007/BF00219086
http://dx.doi.org/10.1038/s41467-018-04678-8
http://dx.doi.org/10.1146/annurev.ento.48.091801.112703
http://dx.doi.org/10.1016/j.asd.2013.03.005
http://dx.doi.org/10.1080/01651269.1981.10553385
http://dx.doi.org/10.1016/0020-7322(95)93341-9
http://dx.doi.org/10.1111/j.1463-6395.1989.tb01053.x
http://dx.doi.org/10.1080/11250008909355617
http://dx.doi.org/10.1002/cm.20212
http://www.ncbi.nlm.nih.gov/pubmed/17598184


Cells 2020, 9, 744 26 of 27

169. Paccagnini, E.; Mercati, D.; Giusti, F.; Conti, B.; Dallai, R. The spermatogenesis and the sperm structure of
Terebrantia (Thysanoptera, Insecta). Tissue Cell 2010, 42, 247–258. [CrossRef] [PubMed]

170. Friedländer, M.; Morse, J.C. The aberrant spermatozoa of Hydropsychidae caddisflies (Trichoptera): An electron
microscope analysis on spermiogenesis. J. Ultrastruct. Res. 1982, 78, 84–94. [CrossRef]

171. Paoli, F.; Roversi, P.F.; Gottardo, M.; Callaini, G.; Mercati, D.; Dallai, R. A microtubule organizing centre
(MTOC) is responsible for the production of the sperm flagellum in Matsucoccus feytaudi (Hemiptera:
Coccoidea). Arthropod Struct. Dev. 2015, 44, 237–242. [CrossRef]

172. Lu, Y.; Roy, R. Centrosome/cell cycle uncoupling and elimination in the endoreduplicating intestinal cells of
C. elegans. PLoS ONE 2014, 9, e110958. [CrossRef]

173. Mahowald, A.P.; Caulton, J.H.; Edwards, M.K.; Floyd, A.D. Loss of centrioles and polyploidization in follicle
cells of Drosophila melanogaster. Exp. Cell Res. 1979, 118, 404–410. [CrossRef]

174. Riparbelli, M.G.; Colozza, G.; Callaini, G. Procentriole elongation and recruitment of pericentriolar material
are downregulated in cyst cells as they enter quiescence. J. Cell Sci. 2009, 122, 3613–3618. [CrossRef]

175. Zebrowski, D.C.; Vergarajauregui, S.; Wu, C.C.; Piatkowski, T.; Becker, R.; Leone, M.; Hirth, S.; Ricciardi, F.;
Falk, N.; Giessl, A.; et al. Developmental alterations in centrosome integrity contribute to the post-mitotic
state of mammalian cardiomyocytes. Elife 2015, 6, 4. [CrossRef] [PubMed]

176. Manandhar, G.; Schatten, H.; Sutovsky, P. Centrosome reduction during gametogenesis and its significance.
Biol. Reprod. 2005, 72, 2–13. [PubMed]

177. Mikeladze-Dvali, T.; von Tobel, L.; Strnad, P.; Knott, G.; Leonhardt, H.; Schermelleh, L.; Gönczy, P. Analysis
of centriole elimination during C. elegans oogenesis. Dev. 2012, 139, 1670–1679.

178. Pimenta-Marques, A.; Bento, I.; Lopes, C.A.; Duarte, P.; Jana, S.C.; Bettencourt-Dias, M. A mechanism for the
elimination of the female gamete centrosome in Drosophila melanogaster. Science 2016, 353, aaf4866. [CrossRef]
[PubMed]

179. Ross, L.; Normark, B.B. Evolutionary problems in centrosome and centriole biology. J. Evol. Biol. 2015, 28,
995–1004.

180. Delattre, M.; Gönczy, P. The arithmetic of centrosome biogenesis. J. Cell Sci. 2004, 117, 1619–1630. [CrossRef]
181. Schatten, G. The centrosome and its mode of inheritance: The reduction of the centrosome during

gametogenesis and its restoration during fertilization. Dev. Biol. 1994, 165, 299–335.
182. Karr, T.L. Intracellular sperm/egg interaction in Drosophila: A three dimensional structural analysis of

a paternal product in the developing egg. Mech. Dev. 1991, 34, 101–111. [CrossRef]
183. Pitnick, S.; Karr, T.L. Paternal products and by-products in Drosophila development. Proc. Biol. Sci. 1998, 265,

821–826. [CrossRef]
184. Loppin, B.; Dubruille, R.; Horard, B. The intimate genetics of Drosophila fertilization. Open Biol. 2015, 5.

[CrossRef]
185. Riparbelli, M.G.; Callaini, G. Detachment of the basal body from the sperm tail is not required to organize

functional centrosomes during Drosophila embryogenesis. Cytoskelet 2010, 67, 251–258.
186. Varmark, H.; Llamazares, S.; Rebollo, E.; Lange, B.; Reina, J.; Schwarz, H.; Gonzalez, C. Asterless is a centriolar

protein required for centrosome function and embryo development in Drosophila. Curr. Biol. 2007, 17,
1735–1745. [CrossRef] [PubMed]

187. Avidor-Reiss, T.; Khire, A.; Fishman, E.L.; Jo, K.H. Atypical centrioles during sexual reproduction. Front. Cell
Dev. Biol. 2015, 3, 21. [CrossRef]

188. Sun, Q.Y.; Schatten, H. Centrosome inheritance after fertilization and nuclear transfer in mammals. Adv. Exp.
Med. Biol. 2007, 591, 58–71. [PubMed]

189. Khire, A.; Vizuet, A.A.; Davila, E.; Avidor-Reiss, T. Asterless reduction during spermiogenesis is regulated
by Plk4 and is essential for zygote development in Drosophila. Curr. Biol. 2015, 25, 2956–2963. [CrossRef]
[PubMed]

190. Pearson, C.G.; Osborn, D.P.; Giddings, T.H., Jr.; Beales, P.L.; Winey, M. Basal body stability and ciliogenesis
requires the conserved component Poc1. J. Cell Biol. 2009, 187, 905–920. [CrossRef]

191. Calarco-Gillam, P.D.; Siebert, M.C.; Hubble, R.; Mitchison, T.; Kirschner, M. Centrosome development in
early mouse embryos as defined by an autoantibody against pericentriolar material. Cell 1983, 35, 621–629.
[CrossRef]

192. Baccetti, B.; Afzelius, B.A. The biology of the sperm cell. Monogr. Dev. Biol. 1976, 10, 1–254.

http://dx.doi.org/10.1016/j.tice.2010.04.008
http://www.ncbi.nlm.nih.gov/pubmed/20542530
http://dx.doi.org/10.1016/S0022-5320(82)80015-4
http://dx.doi.org/10.1016/j.asd.2015.03.002
http://dx.doi.org/10.1371/journal.pone.0110958
http://dx.doi.org/10.1016/0014-4827(79)90167-8
http://dx.doi.org/10.1242/jcs.049957
http://dx.doi.org/10.7554/eLife.05563
http://www.ncbi.nlm.nih.gov/pubmed/26247711
http://www.ncbi.nlm.nih.gov/pubmed/15385423
http://dx.doi.org/10.1126/science.aaf4866
http://www.ncbi.nlm.nih.gov/pubmed/27229142
http://dx.doi.org/10.1242/jcs.01128
http://dx.doi.org/10.1016/0925-4773(91)90047-A
http://dx.doi.org/10.1098/rspb.1998.0366
http://dx.doi.org/10.1098/rsob.150076
http://dx.doi.org/10.1016/j.cub.2007.09.031
http://www.ncbi.nlm.nih.gov/pubmed/17935995
http://dx.doi.org/10.3389/fcell.2015.00021
http://www.ncbi.nlm.nih.gov/pubmed/17176554
http://dx.doi.org/10.1016/j.cub.2015.09.045
http://www.ncbi.nlm.nih.gov/pubmed/26480844
http://dx.doi.org/10.1083/jcb.200908019
http://dx.doi.org/10.1016/0092-8674(83)90094-6


Cells 2020, 9, 744 27 of 27

193. Blachon, S.; Khire, A.; Avidor-Reiss, T. The origin of the second centriole in the zygote of Drosophila
melanogaster. Genetics 2014, 197, 199–205. [CrossRef]

194. Jo, K.H.; Jaiswal, A.; Khanal, S.; Fishman, E.L.; Curry, A.N.; Avidor-Reiss, T. Poc1B and Sas-6 Function
Together during the Atypical Centriole Formation in Drosophila melanogaster. Cells 2019, 8, 841. [CrossRef]

195. Phillips. D.M. Fine structure of Sciara coprophila sperm. J. Cell Biol. 1966, 30, 499–517.
196. Baccetti, B.; Dallai, R.; Fratello, B. The spermatozoon of arthropoda. XXII. The 12+0’, 14+0’ or aflagellate

sperm of protura. J. Cell Sci. 1973, 13, 321–335. [PubMed]
197. Gaino, E.; Mazzini, M. Aflagellate sperm in three species of Leptophlebiidae (Ephemeroptera). Int. J. Insect

Morphol. Embryol. 1991, 20, 119–125. [CrossRef]
198. Baccetti, B.; Dallai, R. The spermatozoon of Arthropoda. XXIX. The degenerated axoneme and branched

acrosome of Aleyrodids. J. Ultrastruct. Res. 1977, 61, 260–270. [CrossRef]
199. Bào, S.N.; Eillot, W.; Kitajima, E.W.; Callaini, G.; Lupetti, P.; Dallai, R. Spermiogenesis in Three Species of

Whitefly (Homoptera, Aleyrodidae). Acta Zool 1997, 78, 163–170. [CrossRef]
200. Baccetti, B.; Dallai, R.; Burrini, A.G. The spermatozoon of Arthropoda. XVIII. The non-motile bifurcated

sperm of Psychodidae flies. J. Cell Sci. 1973, 12, 287–311.
201. Riparbelli, M.G.; Tagu, D.; Bonhomme, J.; Callaini, G. Aster self-organization at meiosis: a conserved

mechanism in insect parthenogenesis? Dev. Biol. 2005, 278, 220–230. [CrossRef]
202. Riparbelli, M.G.; Gottardo, M.; Callaini, G. Parthenogenesis in Insects: The Centriole Renaissance. Results

Probl. Cell Differ. 2017, 63, 435–479.
203. Snook, R.R.; Hosken, D.J.; Karr, T.L. The biology and evolution of polyspermy: Insights from cellular and

functional studies of sperm and centrosomal behavior in the fertilized egg. Reproduction 2011, 142, 779–792.
[CrossRef]

204. Callaini, G.; Riparbelli, M.G. Fertilization in Drosophila melanogaster: Centrosome inheritance and organization
of the first mitotic spindle. Dev. Biol. 1996, 176, 199–208. [CrossRef]

205. Snook, R.R.; Karr, T.L. Only long sperm are fertilization-competent in six sperm-heteromorphic Drosophila
species. Curr. Biol. 1998, 8, 291–294. [CrossRef]

206. Dallai, R. An overview of atypical spermatozoa in insects. In The Spermatozoon; Fawcett, D.W., Bedford, J.M.,
Eds.; Urban Schawarzenberg: Baltimore, MD, USA, 1979; pp. 253–265.

207. Baccetti, B.; Burrini, A.G.; Dallai, R.; Pallini, V. A motile system of singlet microtubules in spermatozoa. Cell
Motil. Cytoskelet. 1982, 2, 93–101. [CrossRef]

208. Carvalho-Santos, Z.; Azimzadeh, J.; Pereira-Leal, J.B.; Bettencourt-Dias, M. Tracing the origins of centrioles,
cilia, and flagella. J. Cell Biol. 2011, 194, 165–175. [CrossRef]

209. Jékely, G.; Arendt, D. Evolution of intraflagellar transport from coated vesicles and autogenous origin of the
eukaryotic cilium. Bioessays 2006, 28, 191–198. [CrossRef]

210. Mitchell, D.R. Speculations on the evolution of 9+2 organelles and the role of central pair microtubules. Biol.
Cell. 2004, 96, 691–696. [CrossRef]

211. Satir, P.; Mitchell, D.R.; Jékely, G. How did the cilium evolve? Curr. Top. Dev. Biol. 2008, 85, 63–82. [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1534/genetics.113.160523
http://dx.doi.org/10.3390/cells8080841
http://www.ncbi.nlm.nih.gov/pubmed/4760589
http://dx.doi.org/10.1016/0020-7322(91)90003-R
http://dx.doi.org/10.1016/S0022-5320(77)80051-8
http://dx.doi.org/10.1111/j.1463-6395.1997.tb01135.x
http://dx.doi.org/10.1016/j.ydbio.2004.11.009
http://dx.doi.org/10.1530/REP-11-0255
http://dx.doi.org/10.1006/dbio.1996.0127
http://dx.doi.org/10.1016/S0960-9822(98)70112-5
http://dx.doi.org/10.1002/cm.970020202
http://dx.doi.org/10.1083/jcb.201011152
http://dx.doi.org/10.1002/bies.20369
http://dx.doi.org/10.1016/j.biolcel.2004.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19147002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction: The Centriole 
	Centriole Dynamics in Insect Spermatogenesis: Rule or Exception? 
	The Case of Drosophila: Three Centriole Models? 
	Centrioles in Hexapoda: Common and Uncommon Models 
	Centriole Overduplication in Insects: Breaking the Rules 
	Unusual Ciliary Structures in Hexapoda Spermatocytes 
	Exceptions to the Conventional Presence of Sperm with Single Centrioles 
	How Many Centrioles at Fertilization? One, Two or None? 
	The Peculiar Tale of the Progressive Loss of Sperm Flagella and the Re-Acquisition of Sperm Motility 
	Concluding Remarks 
	References

