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Centrioles are conserved, self-replicating, microtubule-based, 9-fold symmetric

subcellular organelles that are essential for proper cell division and function. Most cells

have two centrioles and maintaining this number of centrioles is important for animal

development and physiology. However, how animals gain their first two centrioles during

reproduction is only partially understood. It is well established that in most animals, the

centrioles are contributed to the zygote by the sperm. However, in humans and many

animals, the sperm centrioles are modified in their structure and protein composition, or

they appear to be missing altogether. In these animals, the origin of the first centrioles

is not clear. Here, we review various hypotheses on how centrioles are gained during

reproduction and describe specialized functions of the zygotic centrioles. In particular,

we discuss a new and atypical centriole found in sperm and zygote, called the proximal

centriole-like structure (PCL). We also discuss another type of atypical centriole, the

“zombie” centriole, which is degenerated but functional. Together, the presence of

centrioles, PCL, and zombie centrioles suggests a universal mechanism of centriole

inheritance among animals and new causes of infertility. Since the atypical centrioles

of sperm and zygote share similar functions with typical centrioles in somatic cells, they

can provide unmatched insight into centriole biology.

Keywords: centriole, centrosome, cilium, reproduction, fertilization, zygote, microtubules, sperm

How to Read this Review and Some Basic Definitions?

This review centers on and revolves around the formation, structure, and function of the atyp-
ical centrioles found in sexual reproduction. In particular, we discuss the hypothesis that in
most animals the sperm provide the zygote with two centriolar structures; these centriolar
structures may be typical or atypical centrioles. This review does not address the centriole in
parthenogenetic reproduction (see for reviews Schatten, 1994; Riparbelli et al., 2010; Brevini
et al., 2012). In addition, we will not discuss the critical role of the centriole in forming the
sperm flagella (for revue see Chemes and Rawe, 2010; Avasthi and Marshall, 2012; Malicki and
Avidor-Reiss, 2014). To help a general audience appreciate the difference between normal and
atypical centrioles, the first part of the review provides a short background on centrioles and key
concepts necessary to understand the similarities and differences between typical and atypical
centrioles.

Abbreviations: PCL, proximal centriole-like; PCM, pericentriolar material; GC, giant centriole.
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Background

Centrioles and atypical centrioles can be defined using a variety
of structural and functional criteria. To better understand what
constitutes an atypical centriole, we start by describing the crite-
ria that define a centriole and how the criteria have evolved from
recent discoveries. We will then briefly discuss how centrioles are
inherited when cells multiply by mitosis and use this as a basis for
comparison to how typical and atypical centrioles are inherited
during sexual reproduction.

What Are Centrioles and How Do We Define
Them Experimentally?
Centrioles are the subcellular structures that give rise to cen-
trosomes, asters, and cilia. Centrioles recruit proteins from the
cytoplasm that surround them in a matrix, which is known as
the pericentriolar material (PCM), thus forming the centrosome
(Figure 1A). The centrosome is a microtubule-organizing center
that forms an aster, a radial array of microtubules that helps orga-
nize the cytoplasm. The centriole can also extend from one end
to form a hair-like structure known as the cilium (aka flagellum,
in sperm cells) (Figure 1B). The cilium generates cell movement
and participates in cell signaling.

Our understanding and definition of a centriole changes as
the technology employed to detect it improves. From the time
it was identified in the late nineteenth century until the middle of
the twentieth century, centrioles were identified using stains such
as Heidenhain’s iron haematoxylin. These initial studies found
that the centrioles self-replicate, form centrosomes that emanate
astral rays, and give rise to cilia.

With the advent of electron microscopy in the mid-twentieth
century, centrioles were identified as barrel-shaped electron-
dense structures with 9-fold radially symmetric microtubules
(Figure 1C). In most cases, including the sperm and embryos of
vertebrates, the centriole microtubules are organized in triplets.
However, in Drosophila, sperm centrioles have triplet micro-
tubules and the embryo centrioles have 9-doublet-microtubules
(Figure 4 in Callaini et al., 1997); conversely, C. elegans sperm
and embryo centrioles have 9-singlet-microtubules (Figure 3 in
Pelletier et al., 2006). Altogether, regardless of the number of
microtubules, most centrioles demonstrate 9-fold microtubule
symmetry.

Electron microscopy better defined the structural role of the
centriole in the centrosome, cilia, and during self-replication. In
cilia, the centriolar microtubules elongate to form the axoneme—
the backbone of the cilium (Figure 1B). The axoneme is also
made of 9-fold symmetric microtubules, but unlike most centri-
oles, they are made of doublet microtubules. In the centrosome,
the centriole is surrounded by the PCM, which emanates astral
microtubules (Figure 1A). During self-replication of centrioles
(centriole duplication), a new centriole bud forms perpendicu-
lar to the proximal end of the preexisting centriole; the centriole
bud is known as the procentriole. This procentriole has a core
cartwheel (Figure 1C). In animals, the cartwheel is either lost in
mature centrioles or restricted to the proximal end. Altogether,
these electron microscopy studies gave rise to the notion that 9-
fold symmetry of centrioles is important for the organization of

the cilium but did not define a role for 9-fold symmetry in centro-
some formation or self-replication. In addition, it is apparent that
the cartwheel is a transient scaffold structure that mediates the
first step in centriole formation (Nakazawa et al., 2007; Guichard
et al., 2010; van Breugel et al., 2011).

In the late twentieth century, antibodies against PCM and
microtubular proteins (i.e., tubulin) were used to observe cen-
trosomes (Heidemann and Kirschner, 1975; McGill and Brink-
ley, 1975; Connolly and Kalnins, 1978). Using these antibodies
alone, in the absence of electron microscopy, the centriole can-
not be identified directly; however, the presence of centrioles can
be inferred from the ability to form PCM and to nucleate astral
microtubules (Sluder, 2014). These inferences must be treated
with caution, as tubulin and centrosome-enriched proteins can
form centrosome-like structures lacking centrioles. These struc-
tures are named acentriolar centrosomes and were reported in
the spindle poles of female meiosis (Schatten et al., 1985; Calarco,
2000). Therefore, the use of antibodies against centrosomal and
microtubular proteins is insufficient to identify a centriole, and
definitive identification of centrioles requires complementary
electron microscopy studies.

In the beginning of the twenty-first century, centriole-specific
proteins were identified, such as: Sas-4, Sas-6, Cep135/Bld10,
Ana1/Cep295, Ana2/Sas-5/Stil (Kirkham et al., 2003; Dammer-
mann et al., 2004; Matsuura et al., 2004; Goshima et al., 2007)
(Figure 3A). These advances allowed for the identification of cen-
trioles, either by using antibodies against these proteins or by
genetically adding fluorescent tags. A centriole appears either as a
focus of centriolar proteins surrounded by PCM proteins, which
emanates astral microtubules, or as a focus of centriolar pro-
teins at the base of the cilium. However, overexpression of some
of the genetically tagged centriolar proteins can produce artifi-
cial centrosome-like structures (Rodrigues-Martins et al., 2007a;
Gopalakrishnan et al., 2011). Therefore, definitive identification
of centrioles still requires complementary electron microscopy
studies when centriolar proteins are overexpressed.

Finally, in the last few years, the development of Super-
Resolution light microscopy has allowed for detailed visualiza-
tion of centriolar protein organization at previously unachievable
resolution (Fu and Glover, 2012; Lau et al., 2012; Mennella et al.,
2012). With the aid of this technology, for example, it has been
determined that the PCM is not as amorphous as it was previ-
ously thought, and that it can be distinguished from shells that
surround the centriole. The first shell, the PCM tube, contains
Asterless/Cep152, and the outer PCM contains γ-tubulin (Men-
nella et al., 2012) (Figure 3C). Furthermore, it was found that
some centrosomal proteins also exhibit semi-9-fold symmetry
(Lau et al., 2012; Mennella et al., 2012). In time, this technology
should allow us to define a centriole based on relative localization
of centriolar proteins.

In summary, currently there is only one generally-accepted,
definitive criterion for the identification of centrioles: a centri-
ole is a subcellular structure characterized by a barrel shape and
made of 9-fold symmetric microtubules that is visible using elec-
tron microscopy. However, a centriole can be inferred exper-
imentally via alternative techniques using five criteria: (1) the
centriole duplicates to form one centriole per cell cycle; (2)
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FIGURE 1 | The centrosome is required for mitosis and cilia

nucleation. (A) A cell with a centrosome emanating astral

microtubules (blue lines). The mother and daughter centrioles are

tethered together and are surrounded by pericentriolar material (PCM).

(B) A cell nucleating a cilium. The mother centriole nucleates the

axoneme and has less PCM and astral microtubules than in (A). The

centrioles are still tethered together. (C) A cross section of a centriole

with a cartwheel and triplet microtubules with 9-fold symmetric. The

microtubules in the triplet are referred to as tubules (A–C) depending

on their position.

the centriole recruits PCM; (3) the centriole is surrounded by
astral microtubules; (4) the centriole elongates to form a cil-
ium; and (5) the centriole is made of centriole-specific pro-
teins with a particular organization. As we discuss below, many
of the centrioles during reproduction are atypical and are not
made of 9-fold symmetric microtubules; yet, they do meet most
of the other criteria and can therefore be considered centriolar
structures.

How Does the Centriole Function in Cells and
How is it Maintained When Cell Divides?
In this section, we will address how centrioles, centrosomes,
asters, and cilia form and function in a typical cell. At the end
of this section we will briefly point out the differences between
typical somatic centrioles and those atypical one formed during
reproduction.

Cells have two centrioles during early interphase and four cen-
trioles after S phase. These centrioles are not identical and have
distinct structure and functions during the cell cycle (Figure 2).
Their various functions include cilium formation, centrosome
assembly, and self-replication. In non-dividing somatic cells, in
the G0/G1 phase of the cell cycle, the older centriole in the cell
(themother centriole) is docked to the cell plasmamembrane and
forms a cilium, a cellular extension that has motile and sensory
functions and is in a separate compartment from the cytoplasm
(Figure 2A). In these cells, the mother centriole is also known as
a basal body; and the cilium, if it is motile, as it is in the sperm
cell, is sometimes referred to as a flagellum. The daughter cen-
triole is tethered to the mother centriole; its function, if any, in
G0/G1 is not clear. However, the daughter centriole’s main role
is to develop along the cell cycle into a fully functional centriole
that will be the mother centriole of one of the daughter cells fol-
lowing the next mitosis. Therefore, having the daughter centriole

in differentiated cells is important for centriole formation and
inheritance during cell division.

Once a cell obtains the signal to prepare for cell division, the
two centrioles start to modify dramatically (Figure 2B). First,
the cilium is partially or completely resorbed, allowing the two
centrioles to be internalized. Then, during the S phase of the
cell cycle, each of the centrioles duplicates. The result of this
duplication is two centrosomes, each containing a pair of cen-
trioles. The two centrosomes are loosely attached to each other
via links (interconnecting fibers). Each centriole pair contains
mother centriole and a daughter centriole; the daughter centriole
is attached to the wall of the older centriole.

During the G2 phase, following centriole duplication in S
phase, the two pairs of centrioles separate and form independent
centrosomes (Figure 2C). Sometimes, the centrosome that con-
tains the original mother centriole is referred to as the mother
centrosome, and the other, which contains the original daugh-
ter centriole, is referred to as the daughter centrosome. In each
centrosome, the older centriole recruits additional PCM in a pro-
cess that is referred to as centrosome maturation (Palazzo et al.,
2000). During maturation, the centrosome increases its capac-
ity to nucleate and anchor microtubules. These microtubules,
known as astral microtubules, emanate from the centrosome in
an astral pattern.

During cell division, (M phase), the two centrosomes interact
with the cell division apparatus and become part of the mitotic
spindle poles via some of their astral microtubules. The remain-
ing astral microtubules connect the spindle pole to the cell plasma
membrane and orient the axes of cell division (reviewed in Stev-
ermann and Liakopoulos, 2012). During anaphase stage of theM
phase, each pair’s centrioles lose their perpendicular orientation
(i.e., become disengaged). However, the centrioles are still con-
nected via interconnecting fibers, which keep them near each
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FIGURE 2 | The centrosome changes throughout the cell cycle. (A) A

daughter cell inherits one centrosome, which then undergoes centrosome

reduction, where the PCM quantity is reduced and the centrosome

migrates to the cell periphery where it nucleate a cilium in G0/1. In G0/1,

the centrioles (mc, mother centriole; dc, daughter centriole) are tethered

together, with PCM surrounding the mother centriole. (B) In S phase, the

cilium is reabsorbed, leaving a ciliary bud (cb). Coincident with DNA

replication in the nucleus, procentrioles (prc) form, each one orthogonal to

the mother or daughter centriole, respectively. (C) In G2, the tether

between the mother and daughter centriole is severed, allowing the

centrosomes to separate. The centrosome containing the original mother

centriole is often called the Mother Centrosome (MC), whereas the original

daughter centriole is now part of the Daughter Centrosome (DC). Both the

Mother Centrosome and Daughter Centrosome recruit more PCM. (D) InM

phase, the centrosomes migrate to opposite poles of the cell and regulate

chromosome segregation.

other (Bahe et al., 2005; Yang et al., 2006). At the end of cell divi-
sion, the astral microtubules and PCM are partially diminished
in a process that is referred to as “centrosome reduction” (Man-
andhar et al., 2005). Once the cell division is complete, each of
the two daughter cells has a centrosome with a pair of centrioles,
which in the next G1, migrates to the cell plasma membrane to
form a cilium.

Sexual reproduction consists of many exceptions to the prece-
dential expectations of normal cell cycle; these exceptions may
explain the presence of atypical centrioles that arise during game-
togenesis and fertilization. This deviation starts with meiosis,
continues with gamete differentiation and fertilization, and ends
at the finish of zygotic cell division. For example, the centrioles
duplicate during meiosis or early in spermiogenesis indepen-
dently of DNA duplication, and the centriole can stay connected
to the cilium while mediating meiotic and zygotic cell division
(Riparbelli and Callaini, 2010; Riparbelli et al., 2012; Gottardo
et al., 2013). Also, in sperm cells, the centriole is attached to the

nucleus, and the proximal part of cilium is open to the cytoplasm
(Basiri et al., 2014). These and other differences from mitotic cell
division may explain the presence of atypical centrioles during
reproduction.

Why Do Centrioles Duplicate?
In most cells, a new centriole forms once per cell cycle near a
preexisting centriole; this is referred to as centriole duplication.
Centriole duplication provides a way to assure that cells have
precisely two centrioles (Delattre and Gonczy, 2004). However,
in some cells and in some circumstances, centrioles form in the
absence of a preexisting centriole, a process which is referred to
as de novo centriole formation (La Terra et al., 2005; Rodrigues-
Martins et al., 2007b). It has been shown that when centrioles
form de novo, the number of centrioles is more than two. Having
too many centrioles is a devastating condition to animal devel-
opment (Holland et al., 2010; Godinho et al., 2014). For exam-
ple, having too many centrioles results in having too many cilia,
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FIGURE 3 | Four groups of centrosomal proteins. (A) The cascade

of proteins required for initiating the formation of the procentriole (prc)

near the proximal end of the mother centriole (mc). (B) A quarter of a

cross-section of a centriole, showing cartwheel and microtubule wall

proteins. (C) A quarter of a cross-section of a centriole, showing a

matrix of PCM proteins. Adapted from Mennella et al. (2012).

(D) Transition zone (tz), subdistal appendages, and distal centriole

proteins that are required for cilium formation.

which interferes with the cell’s sensory function (Mahjoub and
Stearns, 2012). Having precisely two centrioles is also impor-
tant for accurate cell division. Having only a single centriole
results in monopolar spindles and mitotic arrest, (Kirkham et al.,
2003) and having more than two centrioles results in multipo-
lar spindles and damage to chromosomes (Ganem et al., 2009).
Thus, in many cases, cells need to control their centriole number
precisely.

Utilizing a centriole duplication mechanism in which each
preexisting centriole gives rise to only one new centriole per cell
cycle can control centriole number. The molecular mechanisms
that ensure that only one new centriole forms per preexisting cen-
triole is another intensively researched subject (for recent review
see Sluder andKhodjakov, 2010; Fong et al., 2014). Since centriole
number is so precisely controlled during development, and the
zygote gives rise to all other cells of an animal, it is expected that
during reproduction, centrioles will form via centriole duplica-
tion. In the absence of typical centrioles, centriole duplication in
some organisms is mediated by atypical centrioles that, although
structurally different from centrioles, act as the preexisting cen-
triole for the purpose of promoting assembly of a new “typical”
centriole (Blachon et al., 2014; Lee et al., 2014).

How centrioles form and themolecularmechanisms used dur-
ing their formation are intensely investigated subjects that have
been reviewed recently (Nigg and Stearns, 2011; Gonczy, 2012;
Avidor-Reiss and Gopalakrishnan, 2013; Jana et al., 2014; Winey
and O’Toole, 2014). In general, there are four groups of centro-
somal proteins based on their function in centriole assembly and
function. One that mediates the initiation of centriole biogene-
sis by cartwheel formation (Figure 3A); another that functions
in centriole microtubule formation, stabilization, and elonga-
tion and forms a centriole processor known as the procentriole
(Figure 3B); one that is responsible for recruiting and anchoring
PCM and transforms the daughter centriole to an independent
centrosome (Figure 3C); and finally, one that is responsible for
cilium formation (Figure 3D). As described below, the formation
of the atypical centrioles involved with fertilization (e.g., sperma-
tozoa centriole, the PCL, and the degenerated centriole) begins,
in all cases, with the same centriolar proteins described above.
However, their formation does not continue along the canonical
process of centriole; instead, assembly is arrested as a centriole
precursor. Alternatively, the centrioles, after forming to comple-
tion, may add an additional stage where they are dramatically
modified (see below: centrosome reduction).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 April 2015 | Volume 3 | Article 21

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Avidor-Reiss et al. Centriole inheritance during reproduction

Centriole Inheritance during Reproduction

Centrioles, centrosomes, asters, and cilia were first discovered
in the context of reproductive biology (Wheatley, 1982; Scheer,
2014; Sluder, 2014). Yet, despite a century-long realization that
centrioles are fundamental to the initiation of new animal life, the
mechanism of centriole inheritance during fertilization and the
precise composition of zygotic centrioles remain unclear. Here,
we will describe the fate of the gamete centrioles and their func-
tion after fertilization. We will discuss the idea that zygote cen-
trioles are a group of subcellular structures that share a common
mechanism of formation, yet can deviate during their develop-
ment to have distinct structures and protein compositions. These
unique properties may serve a role in the specialization of the
centriole for zygotic functions. However, ultimately all centrio-
lar structures, typical and atypical, share a common function: to
replicate and form one, and only one, centriolar structure per cell
cycle. Therefore, the presence of atypical centrioles provides the
framework for a universal mechanism of centriole inheritance
among animals.

For the purpose of this review, the term “reproduction”
includes gametogenesis, fertilization, and zygote development;
“embryo development” starts post-fertilization and includes
zygote development and later developmental stages. Because
“centriole” and “basal body,” as well as “cilium,” “flagellum,” and
“the sperm tail” are related terms referring to the same structures,
we will simply use the terms “centriole” and “cilium,” respectively.
Since here we discuss various types of centrioles, we will use the
term “centriole” to refer to the typical centriole with 9-fold sym-
metry; we will refer to centriole-related structures that deviate
from that definition as “atypical centrioles”; and we will use the
term “centriolar structures” to refer collectively to both centrioles
and atypical centrioles.

How Do the Embryos Inherit Their Centrioles?
The first cell of an animal embryo (the zygote) forms not by
mitosis as most cells do, but by the fusion of male and female
gametes (ovum and spermatozoa) in the process of fertilization
(Figure 4A). This difference in the mechanism of cell formation

raises the question: how does the zygote obtain its centrioles?
It is well established that in most animals no functional centri-
oles capable of duplication are present in mature female gametes,
and in many animals centrioles are eliminated or inactivated dur-
ing ovum formation (oogenesis) (reviewed by Manandhar et al.,
2005; Sun and Schatten, 2007; Mikeladze-Dvali et al., 2012). It
is also believed that in most animals, mature male gametes have
some centrioles or centriole-derived structures (Sutovsky and
Schatten, 2000; Schatten and Sun, 2011). These paternal centri-
oles form a centrosome in the zygote that is essential for zygote
function and embryo development (Sathananthan et al., 1996;
O’Connell et al., 2001; Stevens et al., 2007; Varmark et al., 2007).
In addition, the zygote is the first cell of an animal, and it pro-
duces all other cells in an animal by dividing mitotically. When
the zygote prepares to divide, the zygote centrioles duplicate as
they do in normal somatic cells (Callaini and Riparbelli, 1996;
Sathananthan et al., 1996; O’Connell et al., 2001). Therefore, the
sperm centrioles, which become the zygotic centrioles, are the
origin of virtually all of the centrioles in an animal.

What is the Role of the Zygotic Centrioles?
The zygote centrosome forms when the paternal centrioles
recruit maternal PCM protein (Figure 4B) (Sluder and Rieder,
1985b; Stearns and Kirschner, 1994; Callaini and Riparbelli, 1996;
Terada et al., 2010; Schatten and Sun, 2011). This centrosome
acts as a microtubule-organizing center that assembles a large
microtubule aster. The zygote centrosome is thought to have two
important functions: first, it mediates the migration and congre-
gation of the female and male pronuclei (Figure 4B); second, it
assists in zygote division (Figure 4C).

The role of the zygotic centrosome in pronuclei migration and
congregation is a specialized function unique to the zygote, and
it appears to be conserved in many animals (Schatten et al., 1986;
Riparbelli et al., 2000; Sutovsky and Schatten, 2000). Pronucleus
migration happens in one of two ways: the first, in which the
male pronucleus migrates; and the second, in which the female
pronucleus migrates.C. elegans falls into the former group, where
the centrosome mediates male pronucleus migration toward the
female pronucleus (Kimura and Onami, 2005). Sea urchin, cattle,

FIGURE 4 | The centrioles are essential for pronucleus migration. (A)

After the sperm fertilizes the ovum, it provides the zygote with modified

centrioles and its genetic material in the form of a male pronucleus. (B) The

centrioles (green) then recruit maternal PCM proteins (pink) and nucleate

astral microtubules (purple lines), which mediate the migration of pronuclei

(blue spheres) using motor proteins. (C) Following duplication, the

centrosomes found in the spindle poles mediate chromosome segregation.

N and 2N indicate chromosome copy number.
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and Drosophilae fall into the latter, where the centrosome medi-
ates female pronucleus migration toward the male pronucleus
(Navara et al., 1994; Fechter et al., 1996; Riparbelli et al., 2000).

The role of the centrosome during zygote cell division may
also be specialized. In somatic cells, the centrosome increases the
fidelity of cell division, but cell division can take place in the
absence of centrosomes (Debec and Abbadie, 1989; Hinchcliffe
et al., 2001; Khodjakov and Rieder, 2001; Basto et al., 2006) #3906.
However, there is evidence which suggests that unlike in somatic
cells, centrosomes are essential for cell division in the zygote and
in early embryonic cells in Drosophila melanogaster, C. elegans,
and sea urchin (Sluder et al., 1989; O’Connell et al., 2001; Stevens
et al., 2007; Varmark et al., 2007). Such an essential role of the cen-
triole needs to be shown in human and othermammalian zygotes.
This precaution is necessary, as mouse embryos are thought to
have no centrioles up to the 32-cell stage (Schatten et al., 1986;
Gueth-Hallonet et al., 1993), and previous studies in humans and
other mammals showed that acentriolar zygote development in
parthenogenetic embryos can occur to some extent, but eventu-
ally these embryos fail and die (Paffoni et al., 2007; de Fried et al.,
2008).

What Happens to the Centriole upon Entry into
the Zygote?
As discussed below the sperm provide either one of two centri-
oles that are known as the distal centriole and proximal centri-
ole. Immediately after fertilization the centriole may or may not
be released from the sperm to form the zygotic centrosome. In
sea urchin, the distal centriole is detached from the flagellum’s
axoneme (Fechter et al., 1996), but remains firmly attached to a
depression in the nuclear envelope of the male pronucleus (i.e.,
centrosomal fossa) (Paweletz et al., 1987). However, detachment
from the axoneme does not occur in all animals, and the zygotic
centriole of D. melanogaster stays connected to the sperm flagel-
lum (Riparbelli and Callaini, 2010). Maintaining the connection
to the axoneme or centrosomal fossa inhibits the zygotic cen-
trosome movement toward the female pronucleus, and instead
the female pronuculeus must migrate to allow pronuclei congres-
sion. Whether or not the distal centriole detached in humans is
not clear (Simerly et al., 1995). However, the human’s proximal

centriole is released by 26S proteasome from the connecting piece
in which it is embedded (Rawe et al., 2008). Whether the proxi-
mal centriole is released from its centriolar adjunct that resembles
a simple axoneme is not clear.

Fertilization of the ovum by the sperm occurs during female
meiosis. Since both the ovum and the sperm have microtubular
networks, a mechanism to prevent interference between the two-
microtubule systems may be necessary. One such mechanism is
that the recruitment of the maternal PCM proteins to the sperm
centrioles takes place only after completion of female meiosis in
C. elegans (McNally et al., 2012). This type of regulation may not
take place in Drosophila where centrioles with PCM and aster are
observed duringmeiosis (Callaini and Riparbelli, 1996; Riparbelli
et al., 1997; Blachon et al., 2014); however, this was not studied
in detail and more study directed to address that and the role of
atypical centrioles in this regulation are needed.

When Does the Ovum Eliminate or Inactivate Its
Centrioles, and Why Does It Do So?
In most animals, it is thought that the zygote centrioles that
replicate and develop into embryo centrioles are derived from
paternal centrioles. For this to happen, the maternal centrioles
are lost or inactivated, so they are unable to participate in mei-
otic spindle assembly during oogenesis or duplicate in the zygote
(Schatten, 1994). Oogenesis starts when female primordial germ
cells undergo mitosis and differentiation to form an oogonium,
then oocyte, and finally the ovum (Figure 5). The oogonium pro-
liferates by mitosis and forms primary oocytes. Then, each oocyte
undergoes Meiosis I and II to form the ovum—the mature egg.
During mammalian oogenesis, centrioles are present up to mid-
Meiosis I (the pachytene stage), but are absent in the meiotic
spindles of oocytes (Figure 5A) (Szollosi et al., 1972; Sathanan-
than et al., 2006; Luksza et al., 2013). In contrast, in echino-
derms (e.g., starfish and sea urchin), centrioles are present in
femalemeiosis, and they are eliminated during polar body forma-
tion or lose their ability to duplicate (Sluder and Rieder, 1985a;
Sluder et al., 1989; Nakashima and Kato, 2001; Uetake et al.,
2002; Shirato et al., 2006) (Figures 5B,C). Altogether, regardless
of whether maternal centrioles are present or absent during
female meiosis, they neither function in zygote mitosis nor do

FIGURE 5 | The centrosome is eliminated during oogenesis. (A) During

meiosis I in humans, the 4N primary oocyte divides and the centrioles

degrade during prophase I. (B) The resulting secondary oocyte then

undergoes meiosis II in the absents centrioles. (C) The culmination of

oogenesis is an ovum with an unduplicated genome (1N), which lacks

centrioles. Mt, mitochondria. N and 2N indicate chromosome copy number.
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they contribute to the embryo. During parthenogenesis, on the
other hand, the zygote centrioles are of maternal contribution
(Washitani-Nemoto et al., 1994). Since retention of maternal
centrioles leads to parthenogenesis, it is thought that elimina-
tion of the maternal centriole is a mechanism to assure that
parthenogenetic development does not take place, (Washitani-
Nemoto et al., 1994; Manandhar et al., 2005). Furthermore, fail-
ure to eliminate maternal centrioles has been reported to result
in multipolar mitotic spindles in the C. elegans zygote; there-
fore maternal centriole loss or inactivation is essential for normal
embryo development (Kim and Roy, 2006).

How Do Sperm Cells Obtain Their Centrioles?
Spermatozoa are formed through a long differentiation pro-
cess called spermatogenesis. Spermatogenesis begins with the
differentiation of a stem cell into a spermatogonium, then a
spermatocyte, spermatid, and finally spermatozoa (Figure 6).
All of these sperm cell types, with the exception of spermatids
and spermatozoa, are produced by mitotic division with typical
centriole duplication and have two centrioles when resting and

four centrioles when preparing for cell division (Figure 6A). In
contrast, spermatids are formed as a result of two rounds of spe-
cialized cell divisions, meiosis-I andmeiosis-II. In spermatids, the
numbers of centrioles vary from animal to animal.

During spermiogenesis, the centrioles are located beneath the
nucleus in the neck region of the spermatid. The two centrioles
of vertebrate spermatids have distinctive functions and positions
and, therefore, have specific names based on these aspects: the
proximal centriole and the distal centriole (Figure 6). Confus-
ingly, there are two naming systems assigned to these centrioles;
the one used only in the sea urchin (Longo and Anderson, 1969),
and the most common one used in other vertebrates (Longo and
Anderson, 1968; Marshall and Luykx, 1973). Here we will use
the common nomenclature, in which the distal centriole is the
centriole that templates the sperm flagellum. The proximal cen-
triole either forms a short cilium-like structure called the centri-
ole adjunct or remains static (Figure 6 in Fawcett and Phillips,
1969). The proximal centriole is the daughter of the distal centri-
ole, and in non-insect animals, it is thought to be formed between
the two meioses (Figure 1 in Rattner, 1972; Krioutchkova and

FIGURE 6 | The centrosome is reduced during spermatogenesis.

(A) Mammalian spermatogenesis: In the primary spermatocyte, the two

centrioles duplicate as the DNA replicates. After meiosis I, the

secondary spermatocyte with two centrioles duplicates, while the DNA

does not. For this reason, Meiosis II culminates with two centrioles in

each of the spermatids. The spermatid then undergoes spermiogenesis,

during which the distal centriole forms a flagellum, and the centrosome

is reduced. Human ejaculated spermatozoa have one intact centriole

and one degenerated centriole. (B) Drosophila spermatogenesis:

Spermatogenesis in flies. Note that during meiosis I and meiosis II the

centrioles do not duplicate, and each spermatid has only one centriole

(c). This centriole then buds off the PCL and gives rise to a flagellum.

Both the centriole and PCL loses most of their component proteins, as

part of centrosome reduction. PC, proximal centriole; DC, distal

centriole; Mt, mitochondria. N and 2N indicate chromosome copy

number.
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FIGURE 7 | Models for centriole number in sperm vary from organism

to organism. A phylogenetic tree with the varied centriole numbers in different

organisms. Organisms with two intact centrioles in the spermatozoa (black).

Organisms with one centriole and one PCL (red). Organisms with no centrioles

in spermatozoa (green). Organisms with one centriole and one degenerated

centriole in spermatozoa (blue).

Onishchenko, 1999; Peters et al., 2010). This centriole duplication
is unique in that it takes place in the absence of DNA duplication.

In insects, it was thought for a long time that spermatids
possess only one centriole (Phillips, 1970; Szollosi et al., 1972;
Szollosi, 1975; Tokuyasu, 1975; Friedlander, 1980). This cen-
triole is homologs to the vertebrate distal centriole that tem-
plates the sperm flagellum. Since this centriole is longer than
a typical centriole in some species, it is sometimes referred to
as the giant centriole. Recently, it was discovered that in addi-
tion to the giant centriole, D. melanogaster sperm have a unique
atypical centriolar structure named the proximal centriolar-like
(PCL) (Figure 6B) (Blachon et al., 2009, 2014; Mottier-Pavie and
Megraw, 2009; Stevens et al., 2010). The PCL appears early in
spermiogenesis and therefore, like the vertebrate proximal cen-
triole, its formation takes place in the absence of DNA formation.
However, whether or not the PCL is found in other animal species
is unknown.

What Is Centrosome Reduction?
During the differentiation of the spermatid cells into spermato-
zoa (spermiogenesis), the centrosome loses many of its character-
istics in a process known as centrosome reduction (Manandhar
et al., 2005) (Figure 8). Centrosome reduction is a conserved pro-
cess found in all animals studied. However, the extent to which
the centrosome reduces, and the details of the process varies
between species. It ranges from merely loosing the PCM, as in
C. elegans, to intermediate situation, where the centrioles lose
their 9-fold symmetry and, to an extreme case, where the two
sperm centrioles are entirely degenerated, as inmice. Centrosome
reduction is a continuous process, however, a few benchmark
steps have been distinguished. First, the spermatid centrosome
loses its capacity to nucleate astral microtubules. Then, the cen-
trosome loses its PCM and some centrioles lose many of their
protein components. Finally, some centrioles undergo structural
modification, resulting in a loss of their 9-fold-symmetry and

microtubules. These centrioles are thought by many to be degen-
erated and non-functional (Manandhar et al., 2000, 2005; Delat-
tre and Gonczy, 2004).

Centrosome reduction occurs in a variety of species, including
mammals, mollusks, and insects. However, centrosome reduc-
tion was only studied systematically in rhesus monkeys (Man-
andhar and Schatten, 2000), mice (Manandhar et al., 1998),
and Drosophila (Blachon et al., 2014). Centrosome reduction
was observed by three methods: electron microscopy, immuno-
labeling of centrosomal components, and genetic tagging of
centrosomal proteins. Immuno-labeling of the PCM proteins
(γ-tubulin, and pericentrin) failed to detect any proteins in
the mouse and rhesus monkey spermatids. Electron microscopy
identified structural changes that ranged from apparent elimi-
nation of both centrioles (Woolley and Fawcett, 1973) to partial
structural defects in the distal centriole, but with an intact prox-
imal centriole (Zamboni and Stefanini, 1971) (Figure 8C). This
partial structural defect in human distal centriole results in the
absence of 50% of the centriolar microtubules (Manandhar and
Schatten, 2000). Likewise, the amount of the centriolar protein
centrin is reduced in the rhesus distal centriole, but not in the
rhesus proximal centriole (Manandhar and Schatten, 2000). In
D. melanogaster spermatozoa, PCM proteins γ-tubulin and Cnn,
as well as centriolar proteins Ana1, bld10, Sas-4, Sas-6, and Ana2,
are diminished (Wilson et al., 1997; Li et al., 1998; Blachon et al.,
2014) (Figures 8D,E). However, mass spectroscopy analysis ofD.
melanogaster spermatozoa identifies several core centriolar pro-
teins (e.g., Ana1, Ana3, and Bld10) (Wasbrough et al., 2010). This
suggests that small amounts of centriolar proteins are present in
the spermatozoa and may function in the zygote.

The presence of centrosome reduction in all studied animals
suggests that centrosome reduction is an essential and active
process. One prevailing hypothesis is that the role of centro-
some reduction is to inactivate the centrosome such that it will
require activation once entering the centrosome-deficient oocyte
(Riparbelli et al., 2010; Schatten and Sun, 2011; Mikeladze-Dvali
et al., 2012). This activation is accomplished by the sperm cen-
triole recruiting oocyte PCM proteins (Pelletier et al., 2004;
Dix and Raff, 2007). However, it is unknown if centrosome
reduction is essential for male fertility, or if it contributes to
human diseases.

The loss of the centriolar microtubules, or centriolar 9-fold
symmetry, in spermatozoa centrioles during centrosome reduc-
tion in animals can be explained in two distinct ways. In one
explanation 9-fold symmetric microtubules are not important
in the zygote, and there was no evolutionary pressure to keep
centriole symmetry; therefore, this property was lost. In the sec-
ond, the absence of 9-fold symmetry has evolutionary advantage.
One possible reason to maintain 9-fold symmetry microtubules
in spermatozoa centrioles is that it is essential in the spermatozoa
in the sperm neck region. For example in non-rodent mammals
the proximal centriole may be essential for organizing the sperm
connecting piece, a specialized form of PCM. The proximal cen-
triole may also be essential for the centriolar adjunct, a specialized
form of axoneme. Another possible reason for maintaining the
9-fold symmetry is that it is essential to form a functional cil-
ium early in embryogenesis (Hiraki et al., 2007). In mice that
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FIGURE 8 | Centrosome reduction occurs in three steps. (A)

Centrosome reduction in humans. The centrosome that has the future distal

centriole (DC) and proximal centriole (PC) first loses its ability to nucleate astral

microtubules. Next, it loses its PCM, and then finally, its centriolar proteins,

leaving one centriole with intact microtubular structures and one degenerated.

(B) In Drosophila, centrosome reduction occurs in the same three steps. Both

the PCL and the centriole then undergo reduction, losing most, but not all of

their comprising proteins, and the centriole degenerates. (C) An EM picture of

the human proximal centriole (PC) in the connecting piece of spermatozoa,

showing clear triplet microtubules with 9 fold symmetry. Obtained with

permission from Rawe et al. (2008). (D,E) In Drosophila melanogaster, the

PCL and centriole (C) undergo centrosome reduction (Blachon et al., 2014).

(D) The centriole (C, white solid line) is intensely labeled by PACT-GFP (which

is over-expressed by the strong ubiquitin promoter in intermediate spermatids),

but is barely observed at the base of the sperm nucleus (see inset for

magnification of this giant centriole). (E) The PCL (white dashed line) and

centriole (C, white solid line) are observed in intermediate spermatids by

Ana1-GFP. However, Ana1-GFP is not observed in spermatozoa found in the

seminal vesicle (white arrowhead). Scalebar 1µm (Blachon et al., 2014).

have no centrioles in spermatozoa, centrioles appear in embryos
at the 32-cell stage and cilia appear shortly after at the 64-cell
stage (Bangs et al., 2015). In vertebrates that are thought to have
at least one centriole in the spermatozoa, cilia play an essential
role in embryogenesis, but when cilia appear in embryogenesis
is not known (Goetz and Anderson, 2010). On the other hand,
Drosophila, which appears to have atypical centrioles in sperma-
tozoa, does not have cilia during early embryogenesis (Avidor-
Reiss et al., 2012). Therefore it is possible that 9-fold symmetric
microtubules in spermatozoa are maintained to allow for cilia
formation early in embryogenesis and was lost in animals that
do not have cilia in early embryogenesis.

In all of the studied model organisms, the molecular mecha-
nisms of centrosome reduction remain unknown. Several mech-
anisms may mediate centrosome reduction: (1) depletion of cen-
trosomal components due to halting of transcription and/or
translation; (2) centrosomal protein degradation; (3) ectocyto-
sis during spermiation, when most of the sperm cell’s cytoplasm
is remodeled and discarded in the waste bag (O’Donnell et al.,
2011); (4) autophagy of centriole components (Pampliega et al.,
2013; Tang et al., 2013); (5) post-translational modification that
destabilizes the ability of centrosomal proteins to bind to the cen-
trosome. These mechanisms are not mutually exclusive and may
work together in some combination to affect various components
of the centrosome.

How Many Centrioles Does the Sperm Provide to
the Zygote?
Since all somatic centrioles originate from the zygotic centrioles,
it is not surprising that the zygote also possesses two centrioles.
Likewise, because the zygotic centrioles originate from the sper-
matozoa, it is unsurprising that the spermatozoa of many ani-
mals appear to have two centrioles (Figure 7) (Krioutchkova and
Onishchenko, 1999). Indeed, it was proposed that the ancestral
sperm cells of animals had two centrioles with 9-fold symmetric
microtubules (Baccetti and Afzelius, 1976). However, in several
animal groups, including humans, mammals, and insects, excep-
tions have been reported, where spermatozoa appear to have a
single centriole or no centrioles at all (Fuller, 1993; Manandhar
et al., 2005; Sun and Schatten, 2007; Dias et al., 2015). Perhaps
a second centriolar structure exists, but electron microscopy was
unable to detect it, as was the case for the Drosophila’s second
centriolar structure, the PCL (Blachon et al., 2009). The failure to
recognize a second centriolar structure inmost animals leaves the
origin of the two zygotic centrioles and the number of centrioles
in the zygote up for debate.

Since the centriole number, structure, and composition is dis-
tinct in the sperm of various species, several hypotheses were
proposed to explain the origin of centrioles. These hypotheses
can be divided into four groups: (1) The Classic Hypothesis
(Figure 9A), (2) Non-Paternal Models (Figure 9B), (3) Restored
Centrioles Models (Figure 9C), and (4) Paternal Precursor Mod-
els (Figure 9D). These hypotheses are not necessarily universal,
as certain hypotheses have been accepted over others in specific

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 April 2015 | Volume 3 | Article 21

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Avidor-Reiss et al. Centriole inheritance during reproduction

FIGURE 9 | Hypotheses for centriole Inheritance. (A) The classical

hypothesis, where, after centrosome reduction, two centrioles are inherited,

and they form the zygote centrosome. (B) The maternal/de novo hypothesis,

in which the spermatid has two centrioles, which are then eliminated in the

spermatozoa. The zygote then undergoes division without centrioles.

(C) Hypotheses that involve centrioles degenerating and then being restored

to their original configuration upon fertilization. In the Duplication Hypothesis,

one centriole is eliminated, and the second centriole is restored using the

remaining centriole as a template. The Regeneration Hypothesis suggests

that the distal centriole partially degenerates, but is restored upon fertilization.

In this hypothesis, the centriole is only functional after restoration. (D) The

Zombie Hypotheses state that degenerated centrioles may still be functional.

For example, in mammals, the degenerated distal centriole is inherited into

the zygote and functions without being restored. Similarly, the PCL is partially

degenerated during spermiogenesis, but is inherited into the zygote and is

functional. DC, distal centriole; PC, proximal centriole, C, centriole.
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species. Furthermore, some of these models could be combined,
while others are fundamentally mutually exclusive.

The Classic Hypothesis
This hypothesis is most intuitive, stipulating that two centrioles
are found in spermatozoa and that these two centrioles enter the
zygote and function there. These centrioles are intact; centrosome
reduction eliminates only their PCM. This model of inheritance
was suggested in C. elegans, sea urchin, and Xenopus Laevis.

Non-Paternal Centriole
These models attempt to explain the observation that in some
rodents (e.g., mice and rat) and some insects, both the sperm
and the zygote lack recognizable centrioles, yet centrioles are
observed in the embryo. For example, centrioles appear when the
embryo reaches the 32 or 64 cell stage of these rodents (Schatten
et al., 1986; Gueth-Hallonet et al., 1993). There are two mutually
exclusive models:

The Maternal Precursor Hypothesis: This hypothesis postu-
lates that the ovum contains a currently unrecognizable centri-
olar precursor that somehow gives rise to the embryo’s centrioles
(Calarco, 2000).

The de novo Hypotheses: This hypothesis postulates that the
centrioles form de novo in the embryo (Courtois et al., 2012).

Restored Centrioles
These models attempt to explain the observation that in non-
rodent mammals and other vertebrates, two or more centrioles
are observed in the zygote even though spermatozoa appear to
have only one intact centriole. There are two mutually exclusive
models:

The Duplication Hypothesis postulates that a single functional
centriole is inherited from the sperm and is duplicated shortly
after fertilization, in the absence of DNA duplication (Sutovsky
and Schatten, 2000). In non-rodent mammals, the single func-
tional centriole in the zygote is known to be the proximal cen-
triole. The second centriole in the zygote is presumed to be the
proximal centriole’s daughter centriole. These two centrioles are
thought to duplicate in the zygote, parallel to DNA duplication,
resulting in four centrioles during the first zygotic mitosis. This
model has a potentially fatal flaw, as only three centrioles have
ever been observed using serial section electron microscopy dur-
ing the zygotic mitosis (Sathananthan et al., 1996; Crozet et al.,
2000). Thismodel was thought to occur in Drosophila too (Ripar-
belli et al., 1997), however this model was disproved (Blachon
et al., 2014).

The Regeneration Hypothesis attempts to explain the observa-
tion that in non-rodent mammals two centrioles are found in
early spermatids, while in the spermatozoa one is intact, and the
second is degenerated. This hypothesis proposes that after fertil-
ization, the degenerated centriole regenerates to form a second
centriole (Schatten and Sun, 2009). Like the duplication hypoth-
esis, this model assumes that four centrioles exist during the first
zygotic mitosis, although only three centrioles have ever been
observed during the zygotic mitosis (Sathananthan et al., 1996;
Crozet et al., 2000).

Paternal Precursor
These models are based on recent data and revisiting preexisting
literatures. Recent data suggests that the PCL of D. melanogaster,
which does not have microtubules, is the second sperm and
zygotic centriole (Blachon et al., 2009, 2014). Revisiting of preex-
isting literature suggests that the centriole of insect spermatozoa
is degenerated, as it completely lacks or has a disorganized array
of microtubules. This degenerated insect centriole is similar to
the degenerated distal centriole in non-rodent vertebrates. There-
fore, we now propose two new hypotheses that apply to insects
as well as to certain mammals. These hypotheses are mutually
exclusive with the Duplication Hypothesis, de novo Hypotheses,
Regeneration Hypothesis, and The Maternal Precursor Hypothesis,
but are not mutually exclusive to each other.

The PCL Hypothesis attempts to explain the observation that
only one centriole is present in insects throughout spermiogen-
esis. This hypothesis proposes that the 2nd centriolar structure
is the proximal centriole-like (PCL) (Blachon et al., 2009). In the
zygote, the PCL acts as the second centriolar structure, despite
the absence of centriolar microtubules (Blachon et al., 2014). The
PCL never was a typical centriole and is similar to an arrested
early-intermediate in centriole formation. The PCL hypothesis
assumes that the PCL does not need to regenerate its 9-fold sym-
metric microtubules in order to function (i.e., recruit PCM, form
asters, and “duplicate” to form a new centriole). Evidence for this
model is present in Drosophila and it is possible that a PCL-like
structure is present in other insects, non-rodent mammals, and
rodents however no evidence for that is currently available.

The Zombie Hypothesis is a new hypothesis that claims that
in many animals, after forming a typical centriole(s), one or
more centrioles undergo dramatic centrosome reduction, result-
ing in their structural and compositional degeneration. Yet, these
degenerated centrioles are functional (i.e., recruit PCM, form
asters, and “duplicate” to form a new centriole), and do not
need to regenerate their 9-fold symmetric microtubules to do
so. Because these centrioles are both degenerated (“dead”) and
functional (“live”), we named them zombie centrioles.

The PCL and zombie hypotheses, while conceptually similar,
are different in that the PCL never fully develops into a typical
centriole whereas the zombie centriole developed into a typical
centriole, and then degraded, leaving a remnant. Some evidence
suggests that this model applies to the single centriole of insect
sperm. In addition, while no direct evidence currently exists,
zombie centrioles maybe present in non–rodent mammals. A
somewhat similar idea suggested that in non–rodent mammals
the unrestored, degenerated centriole duplicates to give rise to a
centriole; however, in this model, the degenerated centriole is not
able to form an aster (Schatten and Sun, 2009).

What Evidence Exists to Support the Classic
Hypothesis of Centriole Inheritance?
In the classic hypothesis, the spermatozoon provides two cen-
trioles to the zygote. This was shown convincingly in C. ele-
gans, the mollusk Crassostrea virginica (American oyster) and sea
urchin. In C. elegans, electron microscopy showed that imme-
diately after fertilization, the zygote has two centrioles, made of
singlet microtubules with 9-fold symmetry (Figure 3 in Pelletier
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et al., 2006). These findings are consistent with light microscopy
studies showing centriolar proteins Sas-6-GFP and Sas-4-GFP
from the sperm are maintained in the zygote centriole. This sug-
gests that C. elegans centrioles are intact. Likewise, in the mollusk
C. virginica, electron microscopy found that ejaculated sperma-
tozoa have intact proximal and distal centrioles (Figures 5, 8 in
Daniels et al., 1971).

Consistent with the classic hypothesis, in sea urchin zygotes,
a pair of centrioles is found at each end of the spindle pole dur-
ingmitosis, withmicrotubules in nine-fold symmetry (Greenfield
Sluder, unpublished data) (Figures 2, 3 in Sluder and Rieder,
1985a). Another electron microscopy study claims that the prox-
imal centriole (a.k.a. mitochondrial centrosome in Paweletz et al.,
1987) is degenerated while the distal centriole is intact (a.k.a.
sperm head centrosome in Paweletz et al., 1987). However, since
the ultrastructure preservation appears to have been imperfect
in the latter paper, the classic hypothesis may still apply to sea
urchin.

In addition, there is evidence supporting the classic model
for X. Laevis. In X. Laevis, electron microscopy of testicular
spermatozoa found intact proximal and distal centrioles (Fig-
ures 8, 11 in Bernardini et al., 1986; Figure 6 in Felix et al.,
1994). However, whether these centrioles are reduced or degen-
erated in post-testicular stages, as they are in mice, has not been
investigated.

Interestingly, two intact centrioles are observed in the sper-
matozoa of two phylogenetically distinct organisms, C. elegans
and Cancer crab, which both lack flagella (Figure 28 in Lan-
greth, 1969). Since in many species with flagellated spermato-
zoa centrioles are degenerated, the above observation suggests
that the presence of flagella is connected to the presence of
abnormities in spermatozoa centrioles. It will be interesting to
study whether other non-flagellated spermatozoa also have intact
centrioles.

What Evidence Exists that Supports the
Non-Paternal Centriole Hypothesis?
In rodents (mouse and rat), it was suggested that the sperm
does not provide any centriolar structures at fertilization. Instead,
centrioles appear at the 32/64-cell stage (Courtois et al., 2012).
Several lines of investigation led to this proposal: (1) Electron
microscopy studies have not been able to identify proximal nor
distal centrioles in the ejaculated spermatozoa (Figure 7 inWool-
ley and Fawcett, 1973). (2) Electron microscopy studies have not
been able to identify centrioles in the zygote (Zamboni et al.,
1972) (3) Immunofluorescence and live imaging studies in the
zygote did not identify a dominant microtubule aster associated
with the fertilizing sperm head (Schatten et al., 1985, 1986; Cour-
tois et al., 2012). Instead, immediately post-fertilization, PCM
starts to aggregate randomly in the cytoplasm and forms mini-
asters that are recruited to the pronuclei membrane, where they
are organized into a barrel-shaped spindle (Courtois et al., 2012).
These cytoplasmic mini asters of the mouse zygote resemble
the mini asters observed in parthenogenetic embryos of non-
rodent mammals that divide in the absence of paternal cen-
trioles (Morito et al., 2005; Terada et al., 2009). This pattern
of aster formation suggests that the paternal centrioles that

are normally responsible for PCM recruitment and concentra-
tion are absent or are unable to form a dominant microtubule
aster.

For the maternal/de novo hypotheses to be valid, there needs
to be non-centriolar mechanisms that perform the essential func-
tions that are carried out by the centriole in other models.
This includes: (1) pronuclear migration and congregation; (2)
organization of the spindle pole; and (3) precise regulation of
centriole number. In response to this first function, it was pro-
posed that pronuclear migration is mediated by actin filaments
in mice (Maro et al., 1984). Organization of the spindle pole
can be achieved in the absence of centrioles in many cell types
(Hinchcliffe et al., 2001; Basto et al., 2006), including in the fer-
tilized ovum during female meiotic division (Szollosi et al., 1972;
Sathananthan et al., 2006; Luksza et al., 2013). How regulation
of centriole number takes place in the absence of a preexisting
centriole or centriolar structure is not clear.

Like mice and rats, stick insects of the Bacillus genus are
thought to have no centrioles in spermatozoon or in zygotes. Two
lines of evidence are available. First, electron microscopy studies
do not find centrioles in Bacillus spermatozoon, suggesting that
the spermatid single centriole is modified or completely degener-
ated (Baccetti et al., 1973). Second, in Bacillus zygotes, no sperm
asters are associated with the fertilizing sperm head, suggesting
that the spermatozoa do not contribute a functioning centriole
(Marescalchi et al., 2002).

What Evidence Exists to Support the Restored
Hypothesis?
There is no evidence that the degenerated centrioles in sperm
regain microtubules with 9-fold symmetry in the zygote, as pro-
posed by the regeneration model. Instead, it was reported in
serial section analyses of both sheep and human zygotes that
only three centrioles were identified (Sathananthan et al., 1996;
Crozet et al., 2000). In both the sheep and human zygotes dur-
ing cell division, one spindle pole had two electron dense cen-
trioles, and the other pole had only one centriole. Some of the
zygotic centrioles in humans have microtubules, but this may be
restricted to the proximal centriole in the zygote inherited from
the sperm. One way to explain these findings is that the pole with
two centrioles has the proximal centriole and its daughter cen-
triole. The other pole should also have two centrioles according
to the Regeneration and Duplication model, but there is only one
centriole.

The proximal centriole was proposed to be the only centri-
ole provided by the human sperm to the zygote, and that it
is a precursor to the four centrioles in the zygote during its
division (Sathananthan et al., 1996). According to the duplica-
tion model, the proximal centriole duplicates first during the
two-pronuclear zygote (2PN) stage. These centrioles form one
of the spindle poles. Then they duplicate, and one pair relo-
cates to the other pole. However, there is no direct evidence
for the presence of four centrioles during zygote cell division,
or for the relocation of the pair of centrioles during cell divi-
sion. This lack of evidence is consistent with alternative idea
that centrioles are present but are atypical (PCL and zombie
centrioles).
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What Evidence Exists to Support the PCL
Hypothesis?
A paternal precursor model was proposed initially by Crozet et al.
(2000) as one of the mechanisms that can account for their obser-
vation that sheep zygotes during cell division have three centri-
oles instead of the expected presence of four centrioles. However,
the first evidence for the existence of paternal precursors came
from the study of centrioles in D. melanogaster (Blachon et al.,
2009). In D. melanogaster, the spermatids have one centriole that
resembles the distal centriole because it nucleates the flagellum
(Tates, 1971; Tokuyasu, 1975; Carvalho-Santos et al., 2012). An
additional atypical centriole was discovered as a result of study-
ing the localization of the centriolar protein Ana1 (the ortholog
of human Cep295, also known as KIAA1731) in spermatids. It
was found that spermatids have two Ana1 foci; one elongated,
as expected from the giant centriole, and one unexpected small
focus (Figure 10A). During spermiogenesis, the small Ana1 focus
was found first at the proximal end of the centriole and was
therefore named the Proximal Centriole-Like (PCL) (Blachon
et al., 2009). Further studies found that the centriolar proteins
Plk4, Sas-6, Ana2, Sas-4, and Bld10 and the PCM proteins Asl,
Cnn, and γ-tubulin mark the PCL (Blachon et al., 2009; Stevens
et al., 2010). In addition, PCL formation is dependent upon the
same proteins that are involved in the initiation of centriole
formation, such as: Plk4, Sas-6, and Asl (Blachon et al., 2009).
This suggests that the PCL is related in its origin to a centri-
ole. However, unlike centrioles, the PCL does not have micro-
tubules, nor does it require Sas-4 for its formation, which is essen-
tial for centriole microtubule formation (Blachon et al., 2009).
This suggested that the PCL is a centriole precursor that lacks
microtubules.

After the discovery of the PCL in spermatids, the question
became: is the PCL inherited by the zygote? This question is
critical, because in late spermiogenesis spermatids lose most of
their cytoplasmic content in the processes known as individu-
alization and spermiation (Noguchi and Miller, 2003; Xiao and
Yang, 2007). In addition, like in the centriole, centrosomal pro-
teins do not mark the PCL in spermatozoa because of centrosome
reduction (Blachon et al., 2014) (Figure 10B). Ultimately, it was

shown that the PCL is delivered from the sperm to the zygote in
two independent experiments that excluded the possibility that
the 2nd centriole of the zygote is of maternal or zygotic origin. It
was found that in the zygote, like the centriole, the PCL recruits
PCM, forms an aster, serves as a scaffold to form one daugh-
ter centriole, and is found in one of the zygotic spindles during
division (Figure 10B) (Blachon et al., 2014). The PCL was only
recently discovered, and additional directed studies are necessary
to understand how it forms and functions, and whether a PCL is
present in other animals.

Naegleria Pringsheimi Novel Centriolar Precursor

Structure
Most interestingly, in the single cell amoeba Naegleria pring-
sheimi, a recent study has identified precursors for centrioles,
which explains how centrioles are inherited in this system that
was thought to be governed by de novo centriole formation (Lee
et al., 2014). Naegleria have two body forms: an amoeba and flag-
ellate. The amoeba form undergoes mitosis and the flagellate is
a non-dividing differentiated form. The amoeba lacks centrioles,
but the two centrioles appear during differentiation to the flag-
ellate. These two centrioles originate during differentiation from
transient precursors known as GPM complexes, which contain γ-
tubulin, pericentrin-like protein, andmyosin II (Kim et al., 2005).
Importantly, the GPM complex originates from a self-replicating
precursor that is present in the amoeba and was named GPMp
(Lee et al., 2014). The GPMp contains a transacylase that marks
it specifically and disappears once the centriole forms. This find-
ing demonstrates that even in a system where centrioles appear
to assemble de novo, the reality is that they are assembled from
a precursor with a distinct composition. Similar precursors may
be present in mice and rats and could explain the origin of their
centrioles.

What Evidence Exists to Support the Zombie
Hypothesis?
Classic electron microscopy studies concluded that in many
insects, the spermatid centrioles with 9 fold symmetry of
microtubules disappear in mature sperm (Phillips, 1970).

FIGURE 10 | The PCL is a centriole precursor that forms in the

spermatid and becomes one of the zygote’s spindle poles. (A)

Ana1-GFP labels the PCL that forms near the Ana-1 labeled giant centriole

(GC) in Drosophila spermatids (Blachon et al., 2009). (B) A metaphase

zygote formed from an ovum expressing Sas-6-GFP has both a PCL and GC

centrosome (which are labeled by antibody against the PCM marker Asl). The

PCL and GC centrosomes each have their own daughter centrioles (DC)

(which are labeled by the maternal Sas-6- GFP) (Blachon et al., 2014).
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This is supported by observations from more recent electron
microscopy studies of Drosophila’s spermatozoa (Blachon et al.,
2009; Yasuno and Yamamoto, 2014). In these observations, the
microtubules of the centriole appear collapsed into a tight bun-
dle at the proximal end. Taking advantage of the long cen-
triole found in some insect sperm, a light microscopy study
unequivocally demonstrated that the giant centriole, despite its
collapsed structure, functions as the zygotic centriole (Fried-
lander, 1980). Similar observations were made recently in D.
melanogaster using fluorescent microscopy (Blachon et al., 2014).
These seemingly contradictory findings can be reconciled by the
idea that the centrioles of insect spermatozoa are extremely mod-
ified/degenerated; yet can function as centrioles after fertilization
(i.e., they are zombie centrioles). Similar arguments can be made
for the vertebrate’s distal centriole.

It appears that like the PCL, the atypical insect zombie centri-
ole can direct the formation of a daughter centriole. If a zombie
centriole (the degenerated distal centriole) is present in mam-
mals, it would fit the observation of three centrioles in the human
and sheep metaphase zygote (Sathananthan et al., 1996; Crozet
et al., 2000). However, in mice, where centrioles are not observed
up to the 32/64-cell stage (blastocyst), zombie centrioles are
expected to duplicate for several cell cycles prior to forming cen-
trioles. Presumably, these centriole structures are initially ineffec-
tive in recruiting the PCM, and they develop the ability to recruit
PCM later. This postulated mechanism would fit the observation
that in mouse early embryos, the transition from meiotic spin-
dle assembly, which lacks centrioles, to mitotic spindle, which is
centriolar, is gradual (Courtois et al., 2012).

Mice May Contribute a Degenerated Centriole That

Functions in the Zygote to Duplicate Centriole
Although, there is a general belief that mice spermatozoa do not
contribute centrioles to the zygote, several recent studies suggest
that a paternal centriolar structure is contributed to the zygote.
First, injection of mouse spermatozoa into cat ovum results in
the formation of asters at the base of the sperm nucleus imme-
diately after fertilization, suggesting that the sperm does provide
a microtubule organization center (Figure 3B in Jin et al., 2012).
This fertilization results in formation of bipolar spindles and suc-
cessful zygote division. This interesting study suggests that the
mice ovum is different from that of cat or other mammalian ova
in the way it forms astral microtubules, but not in the presence of
a centriolar structure. Second, a study of the protein Speriolin, a
sperm centriole protein, also suggests that a centriolar structure
may be present in mouse spermatozoa (Figures 3, 7 in Goto et al.,
2010). Third, spindle formation in the mouse zygote requires
Plk4 (Coelho et al., 2013). Since Plk4 is the master regulator of
centriole formation, this observation suggests that a centriolar
structure is present.

Similar to other mammals, electron microscopic analysis in
the rodents: chinchilla, Guinea pig, Chinese hamster, and ground
squirrel, suggest that the proximal centriole is retained but the
distal centriole is degenerated in the spermatozoa (Fawcett, 1965;
Fawcett and Phillips, 1969 #3867). Therefore, it appears that the
dramatic degeneration of both the proximal and distal centriole
is limited even in rodents.

What Is the Significance of the Paternal
Precursor Centriole Hypothesis?
One significant aspect of the paternal precursor centriole hypoth-
esis is that it proposes a universal mechanism of centriole
inheritance among animals. It might be that two centriolar struc-
tures are inherited from the spermatozoa in all animals; however
these structures are not always typical centrioles. The two struc-
tures may be two intact centrioles, two degenerated centrioles,
two PCLs, two GPMs, or any combination of these.

Another significant aspect of the paternal precursor centri-
ole hypothesis is that it may provide insight into how the zygote
centriole duplicates and functions. One idea to explain centriole
duplication is that the preexisting centriole (or centriolar struc-
ture) functions as a template for a new centriole. This idea of
“template” fell out of favor because centrioles can form de novo
(Rodrigues-Martins et al., 2007b). However, recently, a new idea
that attempts to explain centriole duplication is that the proxi-
mal lumen of the preexisting centriole functions as a counting
device to restrict centriole number (Fong et al., 2014). Alterna-
tively, it could be that a particular triplet microtubule of the 9
triplet microtubules of the centriole is unique and determines the
site of new centriole formation (O’Toole and Dutcher, 2014). If
the degenerated centriole does not have microtubules with 9-fold
symmetry, then there is no proximal lumen. If the PCL does not
have microtubules to determine the site of new centriole forma-
tion, then we could infer that the microtubules do not determine
the new centriole nucleation site. Therefore, the ability of PCL
and degenerated centriole to duplicate provides useful insight to
the mechanisms of centriole duplication.

The paternal precursor centriole hypothesis could shed light
on the functional significance of PCM organization. The PCM
and other centriole-associated structures have pseudo 9-fold
symmetry that is thought to be a reflection of the microtubule
9-fold symmetry (Lau et al., 2012; Mennella et al., 2012). If the
PCL or the degenerated centriole does not have microtubules
with 9-fold symmetry, then their PCM in the zygote may also
lack pseudo 9-fold symmetry. Therefore, PCM 9-fold symme-
try would not be essential for the centrosome to function as a
microtubule-organization center.

Summary

The zygote centrioles are a key subcellular organelle for fertil-
ization as well as for animal development and physiology. In
the zygote, the centrioles form centrosomes that mediate the
migration of the female pronucleus and cell division. In addi-
tion, the zygote centrioles duplicate to form essentially all of
the animal centrioles, which are essential for the cilia present
in most of our cells. Defects in sperm centrioles, which affect
their function in the zygote, are expected to result in male infer-
tility; however, very little is known about this type of infer-
tility. Also, we do not yet fully understand the structural and
molecular mechanisms underlying the formation, modification,
and maintenance of the various centriolar structures (i.e., PCL
and degenerated centrioles) in the sperm and zygote. Therefore,
directed studies are needed to precisely identify the centriole pro-
teins and organization in the spermatozoa and zygote. Beyond
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gaining an essential understanding of fertilization, these studies
will shed light on other basic questions and mechanisms in cell
and developmental biology, such as centriole function, centriole
duplication, and PCM formation.

Funding

This work was supported by grant 1121176 from theNational Sci-
ence Foundation and R01GM098394 from the National Institute

of General Medical Sciences. The authors declare no competing
financial interests.

Acknowledgments

We thank Dr. Greenfield Sluder, Dr. Timothy Megraw, and Dr.
Gerald Schatten for commenting and advice on the manuscript.
We thank Dr. Hector Chemes for providing Figure 8C and for
additional comments on the manuscript.

References

Avasthi, P., and Marshall, W. F. (2012). Stages of ciliogenesis and regulation of

ciliary length. Differentiation 83, S30–S42. doi: 10.1016/j.diff.2011.11.015

Avidor-Reiss, T., and Gopalakrishnan, J. (2013). Building a centriole. Curr. Opin.

Cell Biol. 25, 72–77. doi: 10.1016/j.ceb.2012.10.016

Avidor-Reiss, T., Gopalakrishnan, J., Blachon, S., and Polyanovsky, A. (2012).

“Centriole duplication and inheritance in Drosophila melanogaster,” in The

Centrosome: Cell and Molecular Mechanisms of Functions and Dysfunctions in

Disease, ed H. Schatten (New York, NY: Humana Press), 3–31.

Baccetti, B., and Afzelius, B. A. (1976). The biology of the sperm cell.Monogr. Dev.

Biol. 1–254.

Baccetti, B., Burrini, A. G., Dallai, R., Pallini, V.P., Periti, P., Piantelli, F., et al.

(1973). Structure and function in the spermatozoon of Bacillus rossius. The

spermatozoon of arthropoda. XIX. J. Ultrastruct. Res. 12, 1–73.

Bahe, S., Stierhof, Y. D., Wilkinson, C. J., Leiss, F., and Nigg, E. A. (2005). Rootletin

forms centriole-associated filaments and functions in centrosome cohesion.

J. Cell Biol. 171, 27–33. doi: 10.1083/jcb.200504107

Bangs, F. K., Schrode, N., Hadjantonakis, A. K., and Anderson, K. V. (2015).

Lineage specificity of primary cilia in the mouse embryo. Nat. Cell Biol. 17,

113–122. doi: 10.1038/ncb3091

Basiri, M. L., Ha, A., Chadha, A., Clark, N. M., Polyanovsky, A., Cook, B., et al.

(2014). A migrating ciliary gate compartmentalizes the site of axoneme assem-

bly in Drosophila Spermatids. Curr. Biol. 24, 2622–2631. doi: 10.1016/j.cub.

2014.09.047

Basto, R., Lau, J., Vinogradova, T., Gardiol, A., Woods, C. G., Khodjakov, A., et al.

(2006). Flies without Centrioles. Cell 125, 1375–1386. doi: 10.1016/j.cell.2006.

05.025

Bernardini, G., Stipani, R., and Melone, G. (1986). The ultrastructure of Xenopus

spermatozoon. J. Ultrastruct. Mol. Struct. Res. 94, 188–194. doi: 10.1016/0889-

1605(86)90065-0

Blachon, S., Cai, X., Roberts, K. A., Yang, K., Polyanovsky, A., Church, A., et al.

(2009). A proximal centriole-like structure is present in Drosophila spermatids

and can serve as a model to study centriole duplication. Genetics 182, 133–144.

doi: 10.1534/genetics.109.101709

Blachon, S., Khire, A., and Avidor-Reiss, T. (2014). The origin of the second cen-

triole in the zygote of Drosophila melanogaster. Genetics 197, 199–205. doi:

10.1534/genetics.113.160523

Brevini, T. A., Pennarossa, G., Vanelli, A., Maffei, S., and Gandolfi, F.

(2012). Parthenogenesis in non-rodent species: developmental com-

petence and differentiation plasticity. Theriogenology 77, 766–772. doi:

10.1016/j.theriogenology.2011.11.010

Calarco, P. G. (2000). Centrosome precursors in the acentriolar mouse

oocyte. Microsc. Res. Tech. 49, 428–434. doi: 10.1002/(SICI)1097-

0029(20000601)49:5<428::AID-JEMT4>3.0.CO;2-K

Callaini, G., and Riparbelli, M. G. (1996). Fertilization in Drosophila melanogaster:

centrosome inheritance and organization of the first mitotic spindle. Dev. Biol.

176, 199–208. doi: 10.1006/dbio.1996.0127

Callaini, G., Whitfield, W. G., and Riparbelli, M. G. (1997). Centriole and cen-

trosome dynamics during the embryonic cell cycles that follow the formation

of the cellular blastoderm in Drosophila. Exp. Cell Res. 234, 183–190. doi:

10.1006/excr.1997.3618

Carvalho-Santos, Z., Machado, P., Alvarez-Martins, I., Gouveia, S. M., Jana, S. C.,

Duarte, P., et al. (2012). BLD10/CEP135 is a microtubule-associated protein

that controls the formation of the flagellum central microtubule pair. Dev. Cell

23, 412–424. doi: 10.1016/j.devcel.2012.06.001

Chemes, H. E., and Rawe, V. Y. (2010). The making of abnormal sper-

matozoa: cellular and molecular mechanisms underlying pathological

spermiogenesis. Cell Tissue Res. 341, 349–357. doi: 10.1007/s00441-010-

1007-3

Coelho, P. A., Bury, L., Sharif, B., Riparbelli, M. G., Fu, J., Callaini, G.,

et al. (2013). Spindle formation in the mouse embryo requires Plk4 in

the absence of centrioles. Dev. Cell 27, 586–597. doi: 10.1016/j.devcel.2013.

09.029

Connolly, J. A., and Kalnins, V. I. (1978). Visualization of centrioles and basal bod-

ies by fluorescent staining with nonimmune rabbit sera. J. Cell Biol. 79, 526–532.

doi: 10.1083/jcb.79.2.526

Courtois, A., Schuh, M., Ellenberg, J., and Hiiragi, T. (2012). The transition

from meiotic to mitotic spindle assembly is gradual during early mammalian

development. J. Cell Biol. 198, 357–370. doi: 10.1083/jcb.201202135

Crozet, N., Dahirel, M., and Chesne, P. (2000). Centrosome inheritance

in sheep zygotes: centrioles are contributed by the sperm. Microsc. Res.

Tech. 49, 445–450. doi: 10.1002/(SICI)1097-0029(20000601)49:5<445::AID-

JEMT6>3.0.CO;2-B

Dammermann, A., Muller-Reichert, T., Pelletier, L., Habermann, B., Desai, A.,

and Oegema, K. (2004). Centriole assembly requires both centriolar and peri-

centriolar material proteins. Dev. Cell 7, 815–829. doi: 10.1016/j.devcel.2004.

10.015

Daniels, E. W., Longwell, A. C., McNiff, J. M., and Wolfgang, R. W. (1971).

Ultrastructure of spermatozoa from the American oyster Crassostrea virginica.

Trans. Am. Microsc. Soc. 90, 275–282. doi: 10.2307/3225187

Debec, A., and Abbadie, C. (1989). The acentriolar state of the Drosophila cell lines

1182. Biol. Cell 67, 307–311.

de Fried, E. P., Ross, P., Zang, G., Divita, A., Cunniff, K., Denaday, F., et al.

(2008). Human parthenogenetic blastocysts derived from noninseminated cry-

opreserved human oocytes. Fertil. Steril. 89, 943–947. doi: 10.1016/j.fertnstert.

2007.04.045

Delattre, M., and Gonczy, P. (2004). The arithmetic of centrosome biogenesis.

J. Cell Sci. 117, 1619–1630. doi: 10.1242/jcs.01128

Dias, G., Lino-Neto, J., and Dallai, R. (2015). The sperm ultrastructure of Stic-

toleptura cordigera (Fussli, 1775) (Insecta, Coleoptera, Cerambycidae). Tissue

Cell 47, 73–77. doi: 10.1016/j.tice.2014.11.007

Dix, C. I., and Raff, J. W. (2007). Drosophila Spd-2 recruits PCM to the sperm cen-

triole, but is dispensable for centriole duplication. Curr. Biol. 17, 1759–1764.

doi: 10.1016/j.cub.2007.08.065

Fawcett, D. W. (1965). The anatomy of the mammalian spermatozoon with partic-

ular reference to the guinea pig. Z. Zellforsch. Mikrosk. Anat. 67, 279–296. doi:

10.1007/BF00339376

Fawcett, D. W., and Phillips, D. M. (1969). The fine structure and development of

the neck region of the mammalian spermatozoon. Anat. Rec. 165, 153–164. doi:

10.1002/ar.1091650204

Fechter, J., Schoneberg, A., and Schatten, G. (1996). Excision and disassem-

bly of sperm tail microtubules during sea urchin fertilization: require-

ments for microtubule dynamics. Cell Motil. Cytoskeleton 35, 281–288. doi:

10.1002/(SICI)1097-0169(1996)35:4<281::AID-CM1>3.0.CO;2-A

Felix, M. A., Antony, C., Wright, M., and Maro, B. (1994). Centrosome assembly

in vitro: role of gamma-tubulin recruitment in Xenopus sperm aster formation.

J. Cell Biol. 124, 19–31.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 April 2015 | Volume 3 | Article 21

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Avidor-Reiss et al. Centriole inheritance during reproduction

Fong, C. S., Kim, M., Yang, T. T., Liao, J. C., and Tsou, M. F. (2014). SAS-6

assembly templated by the lumen of cartwheel-less centrioles precedes centriole

duplication. Dev. Cell 30, 238–245. doi: 10.1016/j.devcel.2014.05.008

Friedlander, M. (1980). The sperm centriole persists during early egg cleavage in

the insect Chrysopa carnea (Neuroptera, Chrysopidae). J. Cell Sci. 42, 221–226.

Fu, J., and Glover, D. M. (2012). Structured illumination of the interface

between centriole and peri-centriolar material. Open Biol. 2:120104. doi:

10.1098/rsob.120104

Fuller, M. T. (1993). “Spermatogenesis,” in The Development of Drosophila

melanogaster, eds M. Bate and A. Martinez-Arias (Cold Spring Harbor, NY:

Cold Spring Harbor Laboratory Press), 71–174.

Ganem, N. J., Godinho, S. A., and Pellman, D. (2009). A mechanism link-

ing extra centrosomes to chromosomal instability. Nature 460, 278–282. doi:

10.1038/nature08136

Godinho, S. A., Picone, R., Burute, M., Dagher, R., Su, Y., Leung, C. T., et al. (2014).

Oncogene-like induction of cellular invasion from centrosome amplification.

Nature 510, 167–171. doi: 10.1038/nature13277

Goetz, S. C., and Anderson, K. V. (2010). The primary cilium: a signalling

centre during vertebrate development. Nat. Rev. Genet. 11, 331–344. doi:

10.1038/nrg2774

Gonczy, P. (2012). Towards a molecular architecture of centriole assembly. Nat.

Rev. Mol. Cell Biol. 13, 425–435. doi: 10.1038/nrm3373

Gopalakrishnan, J., Mennella, V., Blachon, S., Zhai, B., Smith, A. H., Megraw, T.

L., et al. (2011). Sas-4 provides a scaffold for cytoplasmic complexes and tethers

them in a centrosome. Nat. Commun. 2, 359. doi: 10.1038/ncomms1367

Goshima, G., Wollman, R., Goodwin, S. S., Zhang, N., Scholey, J. M., Vale, R. D.,

et al. (2007). Genes required for mitotic spindle assembly in Drosophila S2 cells.

Science 316, 417–421. doi: 10.1126/science.1141314

Goto, M., O’Brien, D. A., and Eddy, E. M. (2010). Speriolin is a novel human

and mouse sperm centrosome protein. Hum. Reprod. 25, 1884–1894. doi:

10.1093/humrep/deq138

Gottardo, M., Callaini, G., and Riparbelli, M. G. (2013). The cilium-like region

of the Drosophila spermatocyte: an emerging flagellum? J. Cell Sci. 126,

5441–5452. doi: 10.1242/jcs.136523

Gueth-Hallonet, C., Antony, C., Aghion, J., Santa-Maria, A., Lajoie-Mazenc, I.,

Wright, M., et al. (1993). gamma-Tubulin is present in acentriolar MTOCs

during early mouse development. J. Cell Sci. 105(Pt 1), 157–166.

Guichard, P., Chretien, D., Marco, S., and Tassin, A. M. (2010). Procentriole

assembly revealed by cryo-electron tomography. EMBO J. 29, 1565–1572. doi:

10.1038/emboj.2010.45

Heidemann, S. R., and Kirschner, M. W. (1975). Aster formation in eggs of Xeno-

pus laevis. Induction by isolated basal bodies. J. Cell Biol. 67, 105–117. doi:

10.1083/jcb.67.1.105

Hinchcliffe, E. H., Miller, F. J., Cham, M., Khodjakov, A., and Sluder, G.

(2001). Requirement of a centrosomal activity for cell cycle progression

through G1 into S phase. Science 291, 1547–1550. doi: 10.1126/science.291.

5508.1547

Hiraki, M., Nakazawa, Y., Kamiya, R., and Hirono, M. (2007). Bld10p constitutes

the cartwheel-spoke tip and stabilizes the 9-fold symmetry of the centriole.

Curr. Biol. 17, 1778–1783. doi: 10.1016/j.cub.2007.09.021

Holland, A. J., Lan, W., and Cleveland, D. W. (2010). Centriole duplication: a

lesson in self-control. Cell Cycle 9, 2731–2736. doi: 10.4161/cc.9.14.12184

Jana, S. C., Marteil, G., and Bettencourt-Dias, M. (2014). Mapping molecules

to structure: unveiling secrets of centriole and cilia assembly with near-

atomic resolution. Curr. Opin. Cell Biol. 26, 96–106. doi: 10.1016/j.ceb.2013.

12.001

Jin, Y. X., Cui, X. S., Yu, X. F., Lee, S. H., Wang, Q. L., Gao, W. W., et al. (2012).

Cat fertilization by mouse sperm injection. Zygote 20, 371–378. doi: 10.1017/

S0967199411000451

Khodjakov, A., and Rieder, C. L. (2001). Centrosomes enhance the fidelity of

cytokinesis in vertebrates and are required for cell cycle progression. J. Cell Biol.

153, 237–242. doi: 10.1083/jcb.153.1.237

Kim, D. Y., and Roy, R. (2006). Cell cycle regulators control centrosome elimina-

tion during oogenesis in Caenorhabditis elegans. J. Cell Biol. 174, 751–757. doi:

10.1083/jcb.200512160

Kim, H. K., Kang, J. G., Yumura, S., Walsh, C. J., Cho, J. W., and Lee, J.

(2005). De novo formation of basal bodies in Naegleria gruberi: regulation by

phosphorylation. J. Cell Biol. 169, 719–724. doi: 10.1083/jcb.200410052

Kimura, A., and Onami, S. (2005). Computer simulations and image pro-

cessing reveal length-dependent pulling force as the primary mechanism

for C. elegans male pronuclear migration. Dev. Cell 8, 765–775. doi:

10.1016/j.devcel.2005.03.007

Kirkham, M., Muller-Reichert, T., Oegema, K., Grill, S., and Hyman, A. A. (2003).

SAS-4 is a C. elegans centriolar protein that controls centrosome size. Cell 112,

575–587. doi: 10.1016/S0092-8674(03)00117-X

Krioutchkova, M. M., and Onishchenko, G. E. (1999). Structural and functional

characteristics of the centrosome in gametogenesis and early embryogenesis of

animals. Int. Rev. Cytol. 185, 107–156.

La Terra, S., English, C. N., Hergert, P., McEwen, B. F., Sluder, G., and Khod-

jakov, A. (2005). The de novo centriole assembly pathway in HeLa cells: cell

cycle progression and centriole assembly/maturation. J. Cell Biol. 168, 713–722.

doi: 10.1083/jcb.200411126

Langreth, S. G. (1969). Spermiogenesis in Cancer crabs. J. Cell Biol. 43, 575–603.

Lau, L., Lee, Y. L., Sahl, S. J., Stearns, T., and Moerner, W. E. (2012).

STED microscopy with optimized labeling density reveals 9-fold arrangement

of a centriole protein. Biophys. J. 102, 2926–2935. doi: 10.1016/j.bpj.2012.

05.015

Lee, J., Kang, S., Choi, Y. S., Kim, H., Yeo, C., Lee, Y., et al. (2014). Identification of

a cell cycle-dependent duplicating complex that assembles basal bodies de novo

in naegleria. Protist 166, 1–13. doi: 10.1016/j.protis.2014.11.001

Li, K., Xu, E. Y., Cecil, J. K., Turner, F. R.,Megraw, T. L., and Kaufman, T. C. (1998).

Drosophila centrosomin protein is required for male meiosis and assembly of

the flagellar axoneme. J. Cell Biol. 141, 455–467. doi: 10.1083/jcb.141.2.455

Longo, F. J., and Anderson, E. (1968). The fine structure of pronuclear devel-

opment and fusion in the sea urchin, Arbacia punctulata. J. Cell Biol. 39,

339–368.

Longo, F. J., and Anderson, E. (1969). Sperm differentiation in the sea urchins

Arbacia punctulata and Strongylocentrotus purpuratus. J. Ultrastruct. Res. 27,

486–509.

Luksza, M., Queguigner, I., Verlhac, M. H., and Brunet, S. (2013). Rebuilding

MTOCs upon centriole loss during mouse oogenesis.Dev. Biol. 382, 48–56. doi:

10.1016/j.ydbio.2013.07.029

Mahjoub, M. R., and Stearns, T. (2012). Supernumerary centrosomes nucleate

extra cilia and compromise primary cilium signaling. Curr. Biol. 22, 1628–1634.

doi: 10.1016/j.cub.2012.06.057

Malicki, J., and Avidor-Reiss, T. (2014). From the cytoplasm into the cilium: bon

voyage. Organogenesis 10, 138–157. doi: 10.4161/org.29055

Manandhar, G., and Schatten, G. (2000). Centrosome reduction during Rhe-

sus spermiogenesis: gamma-tubulin, centrin, and centriole degeneration. Mol.

Reprod. Dev. 56, 502–511. doi: 10.1002/1098-2795(200008)56:4<502::AID-

MRD8>3.0.CO;2-Q

Manandhar, G., Schatten, H., and Sutovsky, P. (2005). Centrosome reduction dur-

ing gametogenesis and its significance. Biol. Reprod. 72, 2–13. doi: 10.1095/biol-

reprod.104.031245

Manandhar, G., Simerly, C., and Schatten, G. (2000). Centrosome reduction

during mammalian spermiogenesis. Curr. Top. Dev. Biol. 49, 343–363. doi:

10.1016/S0070-2153(99)49017-9

Manandhar, G., Sutovsky, P., Joshi, H. C., Stearns, T., and Schatten, G. (1998).

Centrosome reduction during mouse spermiogenesis. Dev. Biol. 203, 424–434.

Marescalchi, O., Zauli, C., and Scali, V. (2002). Centrosome dynamics and inher-

itance in related sexual and parthenogenetic Bacillus (Insecta Phasmatodea).

Mol. Reprod. Dev. 63, 89–95. doi: 10.1002/mrd.10177

Maro, B., Johnson, M. H., Pickering, S. J., and Flach, G. (1984). Changes in actin

distribution during fertilization of the mouse egg. J. Embryol. Exp. Morphol. 81,

211–237.

Matsuura, K., Lefebvre, P. A., Kamiya, R., and Hirono, M. (2004). Bld10p, a

novel protein essential for basal body assembly in Chlamydomonas: local-

ization to the cartwheel, the first ninefold symmetrical structure appear-

ing during assembly. J. Cell Biol. 165, 663–671. doi: 10.1083/jcb.2004

02022

McGill, M., and Brinkley, B. R. (1975). Human chromosomes and centrioles as

nucleating sites for the in vitro assembly of microtubules from bovine brain

tubulin. J. Cell Biol. 67, 189–199. doi: 10.1083/jcb.67.1.189

McNally, K. L., Fabritius, A. S., Ellefson, M. L., Flynn, J. R., Milan, J. A., and

McNally, F. J. (2012). Kinesin-1 prevents capture of the oocyte meiotic spindle

by the sperm aster. Dev. Cell 22, 788–798. doi: 10.1016/j.devcel.2012.01.010

Frontiers in Cell and Developmental Biology | www.frontiersin.org 17 April 2015 | Volume 3 | Article 21

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Avidor-Reiss et al. Centriole inheritance during reproduction

Mennella, V., Keszthelyi, B., McDonald, K. L., Chhun, B., Kan, F., Rogers, G.

C., et al. (2012). Subdiffraction-resolution fluorescence microscopy reveals a

domain of the centrosome critical for pericentriolar material organization. Nat.

Cell Biol. 14, 1159–1168. doi: 10.1038/ncb2597

Mikeladze-Dvali, T., von Tobel, L., Strnad, P., Knott, G., Leonhardt, H., Scher-

melleh, L., et al. (2012). Analysis of centriole elimination during C. elegans

oogenesis. Development 139, 1670–1679. doi: 10.1242/dev.075440

Morito, Y., Terada, Y., Nakamura, S., Morita, J., Yoshimoto, T., Murakami, T., et al.

(2005). Dynamics of microtubules and positioning of female pronucleus during

bovine parthenogenesis. Biol. Reprod. 73, 935–941. doi: 10.1095/biolreprod.105.

042366

Mottier-Pavie, V., and Megraw, T. L. (2009). Drosophila bld10 is a centriolar pro-

tein that regulates centriole, basal body, and motile cilium assembly.Mol. Biol.

Cell 20, 2605–2614. doi: 10.1091/mbc.E08-11-1115

Nakashima, S., and Kato, K. H. (2001). Centriole behavior during meiosis in

oocytes of the sea urchin Hemicentrotus pulcherrimus. Dev. Growth Differ. 43,

437–445. doi: 10.1046/j.1440-169x.2001.00580.x

Nakazawa, Y., Hiraki, M., Kamiya, R., and Hirono, M. (2007). SAS-6 is a cartwheel

protein that establishes the 9-fold symmetry of the centriole. Curr. Biol. 17,

2169–2174. doi: 10.1016/j.cub.2007.11.046

Navara, C. S., First, N. L., and Schatten, G. (1994). Microtubule organization in

the cow during fertilization, polyspermy, parthenogenesis, and nuclear trans-

fer: the role of the sperm aster. Dev. Biol. 162, 29–40. doi: 10.1006/dbio.

1994.1064

Nigg, E. A., and Stearns, T. (2011). The centrosome cycle: centriole biogene-

sis, duplication and inherent asymmetries. Nat. Cell Biol. 13, 1154–1160. doi:

10.1038/ncb2345

Noguchi, T., and Miller, K. G. (2003). A role for actin dynamics in individual-

ization during spermatogenesis in Drosophila melanogaster. Development 130,

1805–1816. doi: 10.1242/dev.00406

O’Connell, K. F., Caron, C., Kopish, K. R., Hurd, D. D., Kemphues, K. J., Li, Y., et al.

(2001). The C. elegans zyg-1 gene encodes a regulator of centrosome duplica-

tion with distinct maternal and paternal roles in the embryo. Cell 105, 547–558.

doi: 10.1016/S0092-8674(01)00338-5

O’Donnell, L., Nicholls, P. K., O’Bryan, M. K., McLachlan, R. I., and Stanton, P.

G. (2011). Spermiation: the process of sperm release. Spermatogenesis 1, 14–35.

doi: 10.4161/spmg.1.1.14525

O’Toole, E. T., and Dutcher, S. K. (2014). Site-specific basal body duplication in

Chlamydomonas. Cytoskeleton (Hoboken) 71, 108–118. doi: 10.1002/cm.21155

Paffoni, A., Brevini, T. A., Somigliana, E., Restelli, L., Gandolfi, F., and Ragni, G.

(2007). In vitro development of human oocytes after parthenogenetic activa-

tion or intracytoplasmic sperm injection. Fertil. Steril. 87, 77–82. doi: 10.1016/

j.fertnstert.2006.05.063

Palazzo, R. E., Vogel, J. M., Schnackenberg, B. J., Hull, D. R., and Wu, X. (2000).

Centrosomematuration. Curr. Top. Dev. Biol. 49, 449–470. doi: 10.1016/S0070-

2153(99)49021-0

Pampliega, O., Orhon, I., Patel, B., Sridhar, S., Diaz-Carretero, A., Beau, I., et al.

(2013). Functional interaction between autophagy and ciliogenesis.Nature 502,

194–200. doi: 10.1038/nature12639

Paweletz, N., Mazia, D., and Finze, E. M. (1987). Fine structural studies of the

bipolarization of the mitotic apparatus in the fertilized sea urchin egg. I. The

structure and behavior of centrosomes before fusion of the pronuclei. Eur. J.

Cell Biol. 44, 195–204.

Pelletier, L., O’Toole, E., Schwager, A., Hyman, A. A., and Muller-Reichert, T.

(2006). Centriole assembly in Caenorhabditis elegans.Nature 444, 619–623. doi:

10.1038/nature05318

Pelletier, L., Ozlü, N., Hannak, E., Cowan, C., Habermann, B., Ruer, M., et al.

(2004). The Caenorhabditis elegans centrosomal protein SPD-2 is required for

both pericentriolar material recruitment and centriole duplication. Curr. Biol.

14, 863–873. doi: 10.1016/j.cub.2004.04.012

Peters, N., Perez, D. E., Song, M. H., Liu, Y., Muller-Reichert, T., Caron,

C., et al. (2010). Control of mitotic and meiotic centriole duplication by

the Plk4-related kinase ZYG-1. J. Cell Sci. 123, 795–805. doi: 10.1242/jcs.

050682

Phillips, D.M. (1970). Insect sperm: their structure andmorphogenesis. J. Cell Biol.

44, 243–277.

Rattner, J. B. (1972). Observations of centriole formation in male meiosis. J. Cell

Biol. 54, 20–29.

Rawe, V. Y., Diaz, E. S., Abdelmassih, R., Wojcik, C., Morales, P., Sutovsky, P.,

et al. (2008). The role of sperm proteasomes during sperm aster formation

and early zygote development: implications for fertilization failure in humans.

Hum. Reprod. 23, 573–580. doi: 10.1093/humrep/dem385

Riparbelli, M. G., and Callaini, G. (2010). Detachment of the basal body from

the sperm tail is not required to organize functional centrosomes dur-

ing Drosophila embryogenesis. Cytoskeleton (Hoboken) 67, 251–258. doi:

10.1002/cm.20440

Riparbelli, M. G., Callaini, G., and Glover, D. M. (2000). Failure of pronuclear

migration and repeated divisions of polar body nuclei associated with MTOC

defects in polo eggs of Drosophila. J. Cell Sci. 113(Pt 18), 3341–3350.

Riparbelli, M. G., Callaini, G., and Megraw, T. L. (2012). Assembly and persistence

of primary cilia in dividing Drosophila spermatocytes. Dev. Cell 23, 425–432.

doi: 10.1016/j.devcel.2012.05.024

Riparbelli, M. G., Dallai, R., and Callaini, G. (2010). The insect centriole: a land of

discovery. Tissue Cell 42, 69–80. doi: 10.1016/j.tice.2010.01.002

Riparbelli, M. G., Whitfield, W. G., Dallai, R., and Callaini, G. (1997). Assembly of

the zygotic centrosome in the fertilizedDrosophila egg.Mech. Dev. 65, 135–144.

Marshall, R. D., and Luykx, P. (1973). Observations on the centrioles of the sea

urchin spermatozoon. Dev. Growth Differ. 14, 311–324. doi: 10.1111/j.1440-

169X.1973.00311.x

Rodrigues-Martins, A., Bettencourt-Dias, M., Riparbelli, M., Ferreira, C., Ferreira,

I., Callaini, G., et al. (2007a). DSAS-6 organizes a tube-like centriole precur-

sor, and its absence suggests modularity in centriole assembly. Curr. Biol. 17,

1465–1472. doi: 10.1016/j.cub.2007.07.034

Rodrigues-Martins, A., Riparbelli, M., Callaini, G., Glover, D. M., and Bettencourt-

Dias, M. (2007b). Revisiting the role of the mother centriole in centriole

biogenesis. Science 316, 1046–1050. doi: 10.1126/science.1142950

Sathananthan, A. H., Ratnam, S. S., Ng, S. C., Tarin, J. J., Gianaroli, L., and Troun-

son, A. (1996). The sperm centriole: its inheritance, replication and perpetua-

tion in early human embryos. Hum. Reprod. 11, 345–356. doi: 10.1093/HUM-

REP/11.2.345

Sathananthan, A. H., Selvaraj, K., Girijashankar, M. L., Ganesh, V., Selvaraj, P., and

Trounson, A. O. (2006). From oogonia to mature oocytes: inactivation of the

maternal centrosome in humans.Microsc. Res. Tech. 69, 396–407. doi: 10.1002/

jemt.20299

Schatten, G. (1994). The centrosome and its mode of inheritance: the reduction of

the centrosome during gametogenesis and its restoration during fertilization.

Dev. Biol. 165, 299–335. doi: 10.1006/dbio.1994.1256

Schatten, G., Simerly, C., and Schatten, H. (1985). Microtubule configurations dur-

ing fertilization, mitosis, and early development in the mouse and the require-

ment for egg microtubule-mediated motility during mammalian fertilization.

Proc. Natl. Acad. Sci. U.S.A. 82, 4152–4156. doi: 10.1073/pnas.82.12.4152

Schatten, H., Schatten, G., Mazia, D., Balczon, R., and Simerly, C. (1986). Behav-

ior of centrosomes during fertilization and cell division in mouse oocytes

and in sea urchin eggs. Proc. Natl. Acad. Sci. U.S.A. 83, 105–109. doi:

10.1073/pnas.83.1.105

Schatten, H., and Sun, Q. Y. (2009). The role of centrosomes in mammalian fer-

tilization and its significance for ICSI. Mol. Hum. Reprod. 15, 531–538. doi:

10.1093/molehr/gap049

Schatten, H., and Sun, Q. Y. (2011). New insights into the role of centrosomes in

mammalian fertilization and implications for ART. Reproduction 142, 793–801.

doi: 10.1530/REP-11-0261

Scheer, U. (2014). Historical roots of centrosome research: discovery of Boveri’s

microscope slides inWurzburg. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369. doi:

10.1098/rstb.2013.0469

Shirato, Y., Tamura, M., Yoneda, M., and Nemoto, S. (2006). Centrosome des-

tined to decay in starfish oocytes. Development 133, 343–350. doi: 10.1242/dev.

02193

Simerly, C., Wu, G. J., Zoran, S., Ord, T., Rawlins, R., Jones, J., et al. (1995). The

paternal inheritance of the centrosome, the cell’s microtubule-organizing cen-

ter, in humans, and the implications for infertility. Nat. Med. 1, 47–52. doi:

10.1038/nm0195-47

Sluder, G. (2014). One to only two: a short history of the centrosome and its

duplication. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369. doi: 10.1098/rstb.

2013.0455

Sluder, G., and Khodjakov, A. (2010). Centriole duplication: analogue control in a

digital age. Cell Biol. Int. 34, 1239–1245. doi: 10.1042/CBI20100612

Frontiers in Cell and Developmental Biology | www.frontiersin.org 18 April 2015 | Volume 3 | Article 21

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Avidor-Reiss et al. Centriole inheritance during reproduction

Sluder, G., and Rieder, C. L. (1985a). Centriole number and the reproduc-

tive capacity of spindle poles. J. Cell Biol. 100, 887–896. doi: 10.1083/jcb.

100.3.887y

Sluder, G., and Rieder, C. L. (1985b). Experimental separation of pronuclei in fer-

tilized sea urchin eggs: chromosomes do not organize a spindle in the absence

of centrosomes. J. Cell Biol. 100, 897–903. doi: 10.1083/jcb.100.3.897

Sluder, G., Miller, F. J., and Rieder, C. L. (1989). Reproductive capacity of sea

urchin centrosomes without centrioles. Cell Motil. Cytoskeleton 13, 264–273.

doi: 10.1002/cm.970130405

Stearns, T., and Kirschner, M. (1994). In vitro reconstitution of centrosome assem-

bly and function: the central role of gamma-tubulin. Cell 76, 623–637. doi:

10.1016/0092-8674(94)90503-7

Stevens, N. R., Dobbelaere, J., Brunk, K., Franz, A., and Raff, J. W. (2010).

Drosophila Ana2 is a conserved centriole duplication factor. J. Cell Biol. 188,

313–323. doi: 10.1083/jcb.200910016

Stevens, N. R., Raposo, A. A., Basto, R., St Johnston, D., and Raff, J. W. (2007).

From stem cell to embryo without centrioles. Curr. Biol. 17, 1498–1503. doi:

10.1016/j.cub.2007.07.060

Stevermann, L., and Liakopoulos, D. (2012). Molecular mechanisms in spindle

positioning: structures and new concepts. Curr. Opin. Cell Biol. 24, 816–824.

doi: 10.1016/j.ceb.2012.10.005

Sun, Q. Y., and Schatten, H. (2007). Centrosome inheritance after fertilization

and nuclear transfer in mammals. Adv. Exp. Med. Biol. 591, 58–71. doi:

10.1007/978-0-387-37754-4_4

Sutovsky, P., and Schatten, G. (2000). Paternal contributions to the mammalian

zygote: fertilization after sperm-egg fusion. Int. Rev. Cytol. 195, 1–65. doi:

10.1016/S0074-7696(08)62703-5

Szollosi, A. (1975). Electronmicroscope study of spermiogenesis in Locusta migra-

toria (Insect Orthoptera). J. Ultrastruct. Res. 50, 322–346. doi: 10.1016/S0022-

5320(75)80064-5

Szollosi, D., Calarco, P., and Donahue, R. P. (1972). Absence of centrioles in the

first and second meiotic spindles of mouse oocytes. J. Cell Sci. 11, 521–541.

Tang, Z., Lin, M. G., Stowe, T. R., Chen, S., Zhu, M., Stearns, T., et al. (2013).

Autophagy promotes primary ciliogenesis by removing OFD1 from centriolar

satellites. Nature 502, 254–257. doi: 10.1038/nature12606

Tates, A. D. (1971). Cytodifferentiation during Spermatogenesis in Drosophila

melanogaster: An Electron Microscope Study. Leiden: Rijksuniversiteit de

Leiden.

Terada, Y., Hasegawa, H., Ugajin, T., Murakami, T., Yaegashi, N., and

Okamura, K. (2009). Microtubule organization during human partheno-

genesis. Fertil. Steril. 91, 1271–1272. doi: 10.1016/j.fertnstert.2008.

05.051

Terada, Y., Schatten, G., Hasegawa, H., and Yaegashi, N. (2010). Essential roles of

the sperm centrosome in human fertilization: developing the therapy for fertil-

ization failure due to sperm centrosomal dysfunction. Tohoku J. Exp. Med. 220,

247–258. doi: 10.1620/tjem.220.247

Tokuyasu, K. T. (1975). Dynamics of spermiogenesis in Drosophila melanogaster.

V. Head-tail alignment. J. Ultrastruct. Res. 50, 117–129. doi: 10.1016/S0022-

5320(75)90013-1

Uetake, Y., Kato, K. H., Washitani-Nemoto, S., and Nemoto Si, S. (2002).

Nonequivalence of maternal centrosomes/centrioles in starfish oocytes:

selective casting-off of reproductive centrioles into polar bodies. Dev. Biol. 247,

149–164. doi: 10.1006/dbio.2002.0682

van Breugel, M., Hirono, M., Andreeva, A., Yanagisawa, H. A., Yamaguchi, S.,

Nakazawa, Y., et al. (2011). Structures of SAS-6 suggest its organization in

centrioles. Science 331, 1196–1199. doi: 10.1126/science.1199325

Varmark, H., Llamazares, S., Rebollo, E., Lange, B., Reina, J., Schwarz, H., et al.

(2007). Asterless is a centriolar protein required for centrosome function and

embryo development in Drosophila. Curr. Biol. 17, 1735–1745. doi: 10.1016/j.

cub.2007.09.031

Wasbrough, E. R., Dorus, S., Hester, S., Howard-Murkin, J., Lilley, K., Wilkin,

E., et al. (2010). The Drosophila melanogaster sperm proteome-II (DmSP-II).

J. Proteomics 73, 2171–2185. doi: 10.1016/j.jprot.2010.09.002

Washitani-Nemoto, S., Saitoh, C., and Nemoto, S. (1994). Artificial parthenogene-

sis in starfish eggs: behavior of nuclei and chromosomes resulting in tetraploidy

of parthenogenotes produced by the suppression of polar body extrusion. Dev.

Biol. 163, 293–301. doi: 10.1006/dbio.1994.1148

Wheatley, D. N. (1982). The Centriole, a Central Enigma of Cell Biology.

Amsterdam: Elsevier Biomedical Press.

Wilson, P. G., Zheng, Y., Oakley, C. E., Oakley, B. R., Borisy, G. G., and Fuller, M. T.

(1997). Differential expression of two gamma-tubulin isoforms during gameto-

genesis and development in Drosophila. Dev. Biol. 184, 207–221. doi: 10.1006/

dbio.1997.8545

Winey, M., and O’Toole, E. (2014). Centriole structure. Philos. Trans. R. Soc. Lond.

B Biol. Sci. 369. doi: 10.1098/rstb.2013.0457

Woolley, D. M., and Fawcett, D. W. (1973). The degeneration and disappearance

of the centrioles during the development of the rat spermatozoon. Anat. Rec.

177, 289–301. doi: 10.1002/ar.1091770209

Xiao, X., and Yang, W. X. (2007). Actin-based dynamics during spermatogenesis

and its significance. J. Zhejiang Univ. Sci. B 8, 498–506. doi: 10.1631/jzus.2007.

B0498

Yang, J., Adamian, M., and Li, T. (2006). Rootletin interacts with C-Nap1 and may

function as a physical linker between the pair of centrioles/basal bodies in cells.

Mol. Biol. Cell 17, 1033–1040. doi: 10.1091/mbc.E05-10-0943

Yasuno, Y., and Yamamoto, M. T. (2014). Electron microscopic observation of the

sagittal structure of Drosophila mature sperm.Microsc. Res. Tech. 77, 661–666.

doi: 10.1002/jemt.22386

Zamboni, L., Chakraborty, J., and Smith, D. M. (1972). First cleavage division of

the mouse zygot. An ultrastructural study. Biol. Reprod. 7, 170–193.

Zamboni, L., and Stefanini,M. (1971). The fine structure of the neck ofmammalian

spermatozoa. Anat. Rec. 169, 155–172. doi: 10.1002/ar.1091690203

Conflict of Interest Statement: The authors declare that the research was con-

ducted in the absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Copyright © 2015 Avidor-Reiss, Khire, Fishman and Jo. This is an open-access arti-

cle distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 19 April 2015 | Volume 3 | Article 21

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

	Atypical centrioles during sexual reproduction
	How to Read this Review and Some Basic Definitions?
	Background
	What Are Centrioles and How Do We Define Them Experimentally?
	How Does the Centriole Function in Cells and How is it Maintained When Cell Divides?
	Why Do Centrioles Duplicate?

	Centriole Inheritance during Reproduction
	How Do the Embryos Inherit Their Centrioles?
	What is the Role of the Zygotic Centrioles?
	What Happens to the Centriole upon Entry into the Zygote?
	When Does the Ovum Eliminate or Inactivate Its Centrioles, and Why Does It Do So?
	How Do Sperm Cells Obtain Their Centrioles?
	What Is Centrosome Reduction?
	How Many Centrioles Does the Sperm Provide to the Zygote?
	The Classic Hypothesis
	Non-Paternal Centriole
	Restored Centrioles
	Paternal Precursor

	What Evidence Exists to Support the Classic Hypothesis of Centriole Inheritance?
	What Evidence Exists that Supports the Non-Paternal Centriole Hypothesis?
	What Evidence Exists to Support the Restored Hypothesis?
	What Evidence Exists to Support the PCL Hypothesis?
	Naegleria Pringsheimi Novel Centriolar Precursor Structure

	What Evidence Exists to Support the Zombie Hypothesis?
	Mice May Contribute a Degenerated Centriole That Functions in the Zygote to Duplicate Centriole

	What Is the Significance of the Paternal Precursor Centriole Hypothesis?

	Summary
	Funding
	Acknowledgments
	References


