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The cilium is an elongated and continuous structure that spans two major subcellular
domains. The cytoplasmic domain contains a short centriole, which serves to nucleate the
mainprojectionof thecilium.Thisprojection,knownastheaxoneme, remains separated from
the cytoplasm by a specialized gatekeeping complex within a ciliary subdomain called the
transition zone. In this way, the axoneme is compartmentalized. Intriguingly, however, this
generalprincipleofciliumbiology is altered in thespermcellsofmanyanimals,which instead
contain a cytoplasmic axoneme domain. Here, we discuss the hypothesis that the formation
of specialized sperm giant centrioles and cytoplasmic cilia is mediated by the migration of the
transition zone from its typical location as part of a structure known as the annulus and
examinethe intrinsicpropertiesof the transitionzonethatmay facilitate itsmigratorybehavior.

This review specifically addresses a phenome-
non unique to certain ciliated cell types

whereby a ciliary substructure known as the
transition zone migrates distally from its original
position between the centriole and the cilium
during the process of axoneme assembly. We be-
gin our discussion with a general introduction
to cilium biology that is primarily intended for
those who are less familiar with the transition
zone and other fundamental ciliary substruc-
tures. Next, we build on this foundation by in-
troducing the relatively recent observation that,
in certain sperm cell types, the transition zone
and a related structure known as the annulus
migrates away from the centriole and its original
position at the base of the ciliary compartment.
We then consider the ways in which transi-
tion zone migration may contribute to centriole
elongation, and we end our discussion by hy-

pothesizing the mechanism by which transition
zone migration enables cytoplasmicciliogenesis.

CENTRIOLE, CILIUM, AND
TRANSITION ZONE

Centriole, Centrosome, Basal Body,
and Cilium Are Related Terms

The centriole lives a double life. In dividing
cells, the centriole is located centrally, where it
functions to organize and maintain dense layers
of protein complexes referred to as pericentrio-
lar material around its periphery to assemble the
centrosome and participate in mitotic activities.
Once mitosis ends, the centriole sheds the ma-
jorityof its centrosomal complexes and travels to
the cell membrane where it produces a cilium
during interphase (G0/1). If the cell cycle contin-
ues to mitosis, the cilium is disassembled and the
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centriole returns to the center of the cell where it
again nucleates centrosomal complexes (S–G2).
Therefore, the centrosome and cilium are dis-
tinct functional and morphological manifesta-
tions of the same organelle, shifting back and
forth throughout the cell cycle to accomplish
separate cellular responsibilities. Of note, the
centriole is historically referred to as the “basal
body” while it is a component of the cilium. For
simplicity, we will use the term centriole in the
context of both the centrosome and cilium.

A Centriole and a Cilium Form a Continuous
Microtubule-Based Structure Dynamic at
One End

In broad terms, the cilium is comprised of two
parts: a cytoplasmic segment characterized by
the centriole, and a second longer segment that
projects from the cell surface via a structure
known as the axoneme. Although, these ciliary
substructures are often regarded separately, the
axoneme is not structurally discrete from the
centriole but is instead formed as a continuous
extension of the centriole’s distal end that gains
compositional and functional distinction by in-
corporating axoneme-specific proteins (Fig.
1A). Importantly, a common and continuous
polymer of microtubules forms both structures.
At its proximal segment, the centriole is com-
prised of a ninefold radial array of triplet micro-
tubules, by convention referred to as the “A,”

“B,” and “C” microtubules (Fig. 1A). This ra-
dial arrangement continues distally along the
centriole and throughout the axoneme via ex-
tension of the “A” and “B” microtubules. Con-
sidering this relationship, the centriole can
therefore be regarded as both the template and
the cytoplasmic anchor for the axoneme.

Because microtubules have an inherent po-
larity, the centriole and axoneme are also polar-
ized, with the microtubule “minus” end found
at the proximal end of the centriole and the
“plus” end found at the distal end of the axo-
neme. In general, microtubule minus ends are
stabilized by complexes formed from g-tubulin
(g-TuRC) (Moritz et al. 1995). Consistently, it
appears that the proximal end of centriolar “A”
microtubules are also stabilized by a g-TuRC
complex (Guichard et al. 2010). On the other
hand, however, microtubule “plus” ends are dy-
namic, displaying the capacity for both dramatic
extension and collapse (Mitchison and Kirsch-
ner 1984; Desai and Mitchison 1997). Similarly,
axonemal microtubules are highly dynamic at
their growing “plus” ends, enabling them to
form cilia of distinct lengths (Johnson and Ro-
senbaum 1992).

Typical Centriole Elongation Precedes
Axoneme Assembly

Although the capacity for length variability is an
inherent property of microtubule-based struc-

Figure 1. Models of transition zone migration in centriole formation and ciliogenesis. (A) In a typical cell, the
centriole forms in the cytoplasm. At its base, the centriole is comprised of triplet microtubules known as the A, B,
and C microtubules, with only the A and B microtubules extending to its tip. The centriole then either associates
with a vesicle that fuses with the plasma membrane (not shown) or migrates directly to the membrane for
docking. There, the microtubules at the distal end of the centriole elongate to form an axoneme, which is
surrounded by a specialized membrane known as the ciliary membrane. At the base of the cilium, this membrane
forms a pocket known as the ciliary pocket, and the axoneme is embedded in a network of proteins that serves as
a ciliary gate known as the transition zone. (B) During Drosophila spermatogenesis, ciliogenesis begins in the
premeiotic diploid spermatocytes and is completed in the postmeiotic haploid spermatids. In the spermatocyte,
the centriole docks to the plasma membrane and forms a short cilium. After the axoneme is initiated, both the
centriole and the cilium elongate. Presumably, the centriole grows as a result of transition zone migration along
the axoneme. In the spermatid, the cilium continues to grow and the transition zone continues to migrate along
the axoneme, exposing axonemal microtubules to the cytoplasm. (C) During mammalian spermatogenesis,
ciliogenesis starts and is completed in spermatids. In the spermatid, the centriole docks to the plasma membrane
and forms a full-length cilium. After the cilium is formed, the transition zone and annulus migrate along the
axoneme. Proteins involved in transition zone migration and annulus formation and migration are indicated in
B and C.
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tures, centriole length is strictly regulated, with
precise lengths consistently observed within
similar settings. Still, this characteristic length
can vary between contexts and is dependent on
the organism, cell type, and stage of the cell
cycle. Centriole elongation occurs via a regulat-
ed program that proceeds before axoneme as-
sembly. For example, mature mammalian cen-
trioles typically measure �500 nm in length,
whereas centrioles of Drosophila early embryos
are �200 nm long (Gonzalez et al. 1998). In
mammals, a centriole reaches its final length
in a stepwise process occurring across almost
two cell cycles. Initially, an �200-nm-long pro-
centriole is made from a centriolar scaffold
called the cartwheel during S phase. The centri-
ole continues to elongate throughout G2 and M
to reach �500 nm in length. Typically, the con-
clusion of centriole elongation is marked by the
incorporation of distal appendage proteins.
Once a cell with a mature centriole is committed
for ciliogenesis, the centriole’s distal “A” and “B”
microtubules elongate to form the axoneme.
In most cells, centriole length is thought to be-
come locked following the onset of axoneme
assembly, remaining stable not only throughout
subsequent phases of ciliogenesis but also
throughout the life of the mature functional
cilium. Therefore, to summarize, centriole
length is tightly controlled, displaying little var-
iability within its specific biological context,
and final centriole length is usually achieved
before the initiation of axoneme assembly.

The Typical Cilium Is Compartmentalized
by a Transition Zone

As described above, the axoneme can be regard-
ed as an uninterrupted extension of the micro-
tubule-based architecture of the centriole, upon
which is layered a unique and defining comple-
ment of axoneme-specific proteins. Thus, vari-
ous mechanisms must ensure that the centriole
and axoneme faithfully establish and maintain
their distinct compositions, and therefore func-
tions. One such mechanism is an inherent con-
sequence of the stepwise assembly process di-
recting centriole and axoneme growth. As the
centriole grows distally, centriolar proteins are

initially deposited on the microtubule scaffold.
This process is similarly mirrored during axo-
neme assembly, with the deposition of axone-
mal proteins occurring instead. This differential
deposition occurring at the level of the centriole
and axoneme is intimately tied to the activity of
both a ciliary trafficking mechanism known as
intraflagellar transport (IFT) (Cole et al. 1998;
Rosenbaum and Witman 2002) and a molecular
gatekeeping complex within a structure known
as the transition zone, which resides at the in-
terface of the cytoplasmic centriole and the
axonemal compartment (Craige et al. 2010;
Garcia-Gonzalo et al. 2011). Together, IFT and
the transition zone ciliary gate cooperate to
maintain the centriole and axoneme within dis-
tinct cellular compartments. The spatial separa-
tion of the centriole and axoneme encourages
the differential deposition of specific proteins
onto otherwise structurally similar substrates,
and axoneme compartmentalization is general-
ly thought to be an essential prerequisite for
normal ciliogenesis.

In a typical cilium, the transition zone is
found just distal to the centriole and represents
the most proximal segment of the cilium. With-
in this region, the axoneme becomes anchored
to the membrane of the cilium, which takes on a
characteristic bend known as the ciliary pocket
(Fig. 1A). The transition zone is composed of a
complex arrangement of both cytoplasmic and
membrane-bound proteins that are thought
to both connect the axoneme to the base of
the ciliary membrane and to establish an active
sieve that gates ciliary entry and exit at both the
level of the cytoplasm and membrane (Garcia-
Gonzalo et al. 2011). As a result of its multiple
activities, the transition zone is composition-
ally diverse. For example, mass spectrometry
of the centrosome–cilium interface using prox-
imity-dependent biotinylation and capture has
recently shown that at least 22 distinct proteins
may comprise the mammalian transition zone
(Gupta et al. 2015). In addition to cilium-spe-
cific proteins, the transition zone also contains
multiple proteins of the Septin family (Chih
et al. 2012), members of the nuclear import
machinery such as Ran-GTP, importins and nu-
cleoporins (Kee et al. 2012), and ESCRT pro-
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teins (Diener et al. 2015). To add to this com-
plexity, the transition zone functions as an in-
tricate network, with extensive protein–protein
interactions occurring both within the transi-
tion zone and with outside partners (Sang
et al. 2011; Williams et al. 2011). Nevertheless,
although the various roles of individual transi-
tion zone proteins remain poorly understood,
proteomic and genetic studies have shown that
transition zone proteins segregate into distinct
functional modules defined by core interacting
partners and related mutant phenotypes. Ac-
cordingly, these modules have been named
by the clinical manifestations associated with
mutations of their respective components—
namely, nephronopthisis (NPHP module) and
Meckel–Gruber syndrome (MKS module)
(Sang et al. 2011; Williams et al. 2011). Still, it
remains unclear which components of the tran-
sition zone are either directly or indirectly in-
volved in axoneme compartmentalization.

Besides its interactions with the axoneme
and ciliary membrane, the transition zone is
also intimately associated with the distal end
of the centriole. For example, just proximal to
the transition zone, centriolar structures known
as the distal appendages are involved in attach-
ing the centriole to the cell membrane and
docking various complexes for ciliary transport
(Deane et al. 2001). Furthermore, transition
zone proteins also directly interact with com-
ponents of the main centriole body (Gupta
et al. 2015). Thus, the transition zone is gener-
ally regarded as both spatially anchored to and
functionally dependent on the distal end of
the centriole (Wang et al. 2013). Accordingly,
like centriole elongation, transition zone forma-
tion generally occurs before axoneme forma-
tion, thereby ensuring that axoneme assembly
occurs entirely within a separate cellular com-
partment.

Sperm Cells Have Specialized Centrioles
and Cilia

Until now, we have discussed generalized fea-
tures of ciliogenesis that occur in most species
and cell types. To briefly reiterate, we described
that centriole elongation occurs before the ini-

tiation of axoneme assembly and that final cen-
triole length is usually �500 mm. Next, we dis-
cussed that axoneme assembly occurs entirely
within a separate cellular compartment pro-
tected by a gatekeeping mechanism within the
transition zone. Intriguingly, however, sperm
cells—which are motile by means of a modified
cilium (often referred to as the flagellum)—of-
ten infringe on these general rules of cilium
biology, showing two important distinctions:
(1) the centriole is longer and (2) a portion of
the axoneme is exposed to the cytoplasm (Fig.
2). These unique centrioles, which occur in
some insect species and in non-passerine birds,
can reach 2–5 mm in length (up to 10 times
typical centriole length) and are referred to as
giant centrioles. Also, unlike typical fully com-
partmentalized cilia, the proximal segment of
the axoneme in such species is exposed to the
cytoplasm (Fig. 1). Nevertheless, electron mi-
croscopy studies have shown that in these spe-
cies, the distal end of the cilium still forms what
appears to be a typical membrane-bound axo-
neme (Fig. 2B).

Together, these observations have led to the
distinction between two broad types of cilia,
which are classified as either “cytoplasmic” or
“compartmentalized” (Avidor-Reiss et al. 2004;
Avidor-Reiss and Leroux 2015). Although this
unique ciliary phenomena occurring in sperma-
tids has been observed for many decades, little
is known about how or why spermatid ciliogen-
esis forms giant centrioles and cytoplasmic axo-
nemes. However, one adaptation that appears to
be central to these processes is the disengagement
of the transition zone from the centriole and its
successive distal migration throughout axoneme
elongation (Basiri et al. 2014).

CENTRIOLE ELONGATION AND
TRANSITION ZONE MIGRATION

Giant Centrioles Are Found In Sperm Cells
of Some Insects

Giant centrioles were originally described in in-
sects using electron microscopy, first by Fried-
länder and Wahrman (1966) in neuropteran
meiosis and shortly after by Phillips (1967) in

Transition Zone Migration

Cite this article as Cold Spring Harb Perspect Biol 2017;9:a028142 5



sperm cells of Sciara. Later, atypically long cen-
trioles were found in other insects including
Drosophila melanogaster (Tates 1971), in which
they were studied in the most detail. In Dro-
sophila, during early spermatogenesis (from
stem cells until early spermatocytes), mitotic
centrioles display the typical short length rep-
resentative of other tissue types (Tates 1971).
Shortly afterward, these short centrioles dock
to the plasma membrane and form a cilium.
However, unlike most cell types in which cen-
triole elongation terminates on attaching to

the membrane, the centrioles of Drosophila
spermatocytes and early spermatids unexpect-
edly continue to elongate extensively after
membrane attachment and axoneme nucle-
ation. During this stage of elongation, the cen-
triole grows fourfold, ultimately reaching a
length of �1.8 mm while attached to the plasma
membrane (Tates 1971; Basiri et al. 2013). Si-
multaneously, the ciliary axoneme slowly begins
to grow from the distal end of the centriole to
provide a platform for transition zone assembly.
This modest axoneme growth occurs through-

A  Spermatocyte

C  Early spermatid

D  Intermediate spermatid

Ana1, Cep290, Acetyl-tubulin

Centriole

Nucleus

Acetyl-tubulin Transition zone
(Cep290)

Cytoplasmic
axoneme

Comp.
ax.

B  Spermatid

Centriole Transition zone Cytoplasmic ax. Comp ax.

Cytoplasmic ax.

GC

Cilium

GC
Ciliary pocket

Compartmentalized ax.

Figure 2. Transition zone migration in Drosophila melanogaster. (A) Electron micrograph showing two giant
centrioles, one of which forms a short cilium. Scale bar, 500 nm. (B) Electron micrograph showing a spermatid
cytoplasmic and compartmentalized axoneme segment. The ciliary pocket is observed at the base of the
compartmentalized axoneme. Scale bar, 500 nm. (C) Light microscopy demonstrating transition zone migra-
tion in early spermatids. The centriole is labeled by Ana1-tdTomato (red), transition zone is labeled by Cep290-
GFP (green), and axoneme (ax) is labeled with antiacetylated-tubulin (cyan). (D) A full-length intermediate
spermatid with centriole, cytoplasmic axoneme, transition zone, and compartmentalized axoneme. (D, From
Basiri et al. 2014; reprinted, with permission, from Elsevier # 2014.)
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out most of the spermatocyte differentiation
program and does not extend beyond the region
defined by transition zone markers at the level
of light microscopy (Tates 1971; Riparbelli et al.
2013; Basiri et al. 2014).

Transition Zone Migration in Drosophila
Spermatocytes May Enable Postaxonemal
Centriole Elongation

Typically, the transition zone is regarded as a
static structure whose position does not change
after its assembly. However, a static model of
the transition zone poses problems for postax-
onemal centriole elongation. So, how can a
centriole elongate after forming a cilium? The-
oretically, there are three possibilities: by elon-
gating at its microtubule “plus” end, its “mi-
nus” end, or at some point within. Based on
our current understanding of the rules govern-
ing microtubule assembly, it is unlikely that
centrioles elongate via the latter two options.
Considering the synonymous microtubule-
based scaffolding of both the centriole and
the axoneme as well as the capacity of the tran-
sition zone to migrate, it is tempting to spec-
ulate that distal displacement of the transition
zone would expose bare, immature axoneme
to the cytoplasm where it would be trans-
formed into a centriole. Such a transformation
could be accomplished by incorporating cen-
triolar proteins to the freshly exposed “A” and
“B” microtubules of the axoneme and concur-
rent extension of centriolar “C” microtubules
(Fig. 1C).

Giant Centrioles Are Also Present in Some
Vertebrate Taxa

Similar to Drosophila and other insect species,
the centrioles of some non-passerine birds are
also considerably longer than in most species
and cell types. In fact, in ostrich, the sperm dis-
tal centriole elongates to become giant in the
spermatid stage, outgrowing Drosophila giant
centrioles to ultimately reach 3 mm in length
(Soley 1994). However, there are important dis-
tinctions between Drosophila and ostrich giant
centrioles. For example, unlike Drosophila in

which spermatid giant centrioles are present
in the background of cytoplasmic ciliogenesis,
ostrich giant centrioles occur during an other-
wise typical compartmentalized ciliogenesis.
Furthermore, the distal centriole in ostrich
grows to its final “giant” length before docking
to the plasma membrane, and no centriole elon-
gation occurs after the initiation of axoneme
formation (Soley 1994). Thus, giant centrioles
can also form outside of cytoplasmic ciliogen-
esis and transition zone migration, although in
such cases final giant centriole length must be
achieved before membrane docking.

CYTOPLASMIC CILIOGENESIS AND
TRANSITION ZONE MIGRATION

The Axoneme Is Exposed to the Cytoplasm
in Some Cells

Although a general theme of cilium biology is
that the axoneme resides within a distinct com-
partment isolated from the cytoplasm via the
transition zone, the exclusion of the axoneme
from the cytoplasm is not an absolute require-
ment for ciliogenesis and examples of cytoplas-
mic axonemes are not uncommon (Avidor-
Reiss and Leroux 2015). These “cytoplasmic
cilia” can occur via three different mechanisms.
Primary cytoplasmic ciliogenesis is found in
mammalian sperm cells and is characterized
by the exposure of the mature axoneme to the
cytoplasm only after it is first fully formed with-
in a compartmentalized cilium. In secondary
cytoplasmic ciliogenesis, which is found in in-
sect sperm cells, immature axoneme is exposed
to the cytoplasm after its initial polymerization
within a small compartment referred to as the
ciliary cap. Tertiary cytoplasmic ciliogenesis is
found in the microgametes of some protists
such as plasmodium and is characterized by
both the assembly and maturation of the axo-
neme in the cytoplasm. In all three types of cy-
toplasmic ciliogenesis, the axoneme eventually
becomes associated with the cell membrane to
form a tight and slender structure according to
cell-type-specific processes.

In primary and secondary cytoplasmic cil-
iogenesis, the exposure of the axoneme to the
cytoplasm requires the displacement of the at-
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tachment point between the axoneme and the
ciliary membrane. This membrane attachment
occurs at an electron-dense structure, known
as the annulus in mammals (Fawcett et al.
1970) or the ring centriole in insects (Phillips
1970). For clarification, please note that the
ring centriole is not a true microtubule-based
centriole, but instead only resembles a centri-
ole by its location at the base of a compart-
mentalized cilium. Similar to the transition
zone of typical compartmentalized cilia, the
annulus is essential for compartmentalizing
the ciliary membrane by preventing exchange
with the cell membrane (Caudron and Barral
2009). Recently, the annulus and ring centriole
have been shown to contain typical transi-
tion zone components such as Septins and
MKS module proteins (Ihara et al. 2005; Basiri
et al. 2014).

Transition Zone Migration in D. melanogaster
Spermatids Forms the Cytoplasmic Cilium

Earlier, we described the modest axoneme elon-
gation that occurs in the context of giant cen-
triole growth and transition zone assembly
in Drosophila spermatocytes. However, in Dro-
sophila, axoneme growth is not initiated in
earnest until the conclusion of meiosis. Here,
axoneme assembly involves a dramatic elonga-
tion program in which axoneme growth occurs
in parallel to spermatid morphological differ-
entiation, ultimately yielding an axoneme that
is �2 mm in length. This exaggerated sperma-
tid length seems to be the manifestation of evo-
lutionarily pressures favoring increased sper-
matid length (Joly et al. 2004). Interestingly,
although this extreme axoneme growth is re-
quired for the formation of motile spermatids,
spermatid elongation occurs independently of
axoneme assembly and appears to be driven by
a mitochondrial mechanism (Noguchi et al.
2011). Transmission electron microscopy of
Drosophila spermatids performed in the 1970s
were the first to show that in this context of
dramatic axoneme growth, the point of associ-
ation of the ciliary membrane with the axoneme
becomes displaced distally, ultimately exposing
the majority of the axoneme to the cytoplasm

(Tates 1971; Tokuyasu 1975). Although this re-
gion of axoneme membrane association con-
tains morphological features reminiscent of a
typical compartmentalized cilium, the axo-
neme it encloses is structurally and composi-
tionally immature (Fig. 2B) and only represents
the final 2 mm of what will eventually become
an �2-mm-long cytoplasmic axoneme.

In Drosophila spermatids, axoneme elonga-
tion is accompanied by transition zone disen-
gagement from the distal end of the centriole.
As the axoneme is assembled, the transition
zone continuously migrates in close associa-
tion with the axoneme’s growing end. Through-
out this process, the migrating transition zone
remains consistently localized �2 mm proxi-
mal to the very tip of the axoneme and re-
mains coupled to the base of the ciliary pocket,
which is pulled distally in concert with sper-
matid elongation. Thus, the migrating tran-
sition zone of Drosophila spermatids is
perfectly situated to compartmentalize a cili-
um-like structure housing the growing axoneme
tip. This unique centriole-detached structure,
which is referred to as the ciliary cap, seems
to contain the minimum elements required
for axoneme compartmentalization. For exam-
ple, immunostaining Drosophila spermatids
with anti-acetyl-tubulin under a protocol that
selectively permeabilizes the cell membrane
without disrupting membrane of the ciliary
cap allows for labeling of the entire cytoplas-
mic segment of the axoneme while excluding
any labeling inside of the ciliary cap. Consis-
tently, mutations of transition zone proteins
such as Cep290 compromise the integrity of
the ciliary cap compartment, allowing for
staining of both the cytoplasmic and ciliary
cap axoneme segments following selective per-
meabilization of the cell membrane without
disrupting the ciliary cap membrane. Interest-
ingly, mutation of Drosophila Cep290 also dis-
rupts spermatid axoneme assembly, suggesting
that compartmentalization of the site of axo-
neme assembly within the ciliary cap is essen-
tial for proper ciliogenesis in this system (Basiri
et al. 2014).

In this context, two simultaneous and dis-
crete processes characterize axoneme assembly

T. Avidor-Reiss et al.

8 Cite this article as Cold Spring Harb Perspect Biol 2017;9:a028142



in Drosophila spermatids. Within the ciliary cap
compartment distal to the transition zone, ax-
onemal microtubules are extended via pat-
terned tubulin polymerization, the template
for which was originally established in the cen-
triole (Riparbelli et al. 2013). As the transition
zone migrates, it leaves behind bare axonemal
microtubules assembled in the appropriate ar-
chitecture. Simultaneously, as this “naked” ax-
oneme becomes exposed to the cytoplasm, ax-
oneme-specific proteins become incorporated
into its structure, representing the second phase
of axoneme assembly (Tates 1971; Tokuyasu
1974). These proteins, which include dyneins
and other axonemal proteins, are essential for
sperm tail function in motility. Thus, axoneme
assembly during spermatid cytoplasmic cilio-
genesis occurs via compartmentalized poly-
merization and subsequent cytoplasmic matu-
ration, with the migrating transition zone
separating the two processes.

The Annulus Is a Septin-Based Ring Structure
Found in Mammalian Spermatozoa

The mammalian sperm tail is structurally divid-
ed into four parts from proximal to distal: the
connecting piece, midpiece, principal piece,
and end piece. The connecting piece contains
the centriole as well as other specialized struc-
tures such as a modified PCM assembly known
as the striated columns. In some instances, the
midpiece contains a cytoplasmic axoneme seg-
ment and mitochondria (Phillips 1974); we
refer to this arrangement as an “axonemal mid-
piece” (Fig. 3A). However, in many fish and
non-passerine bird species, the connecting
piece and the midpiece are combined and
contain the centriole, striated columns, and mi-
tochondria without a cytoplasmic axoneme
segment (Mattei 1988; Soley 1994), an arrange-
ment that we refer to as a “centriolar midpiece”
(Fig. 3A). Apart from this distinction, however,
the junction of the midpiece and principal piece
in most vertebrate species is morphologically
similar, and is marked by a distinct ciliary pock-
et with a ring-like annulus (Fig. 3B,C). Thus,
the base of the midpiece resembles the base of a
typical compartmentalized cilium.

The annulus was originally characterized ul-
trastructurally as comprised of closely packed
filaments attached to the membrane of the cil-
iary pocket (Fig. 3C) (Fawcett 1970). More re-
cently, molecular studies have shown that the
annulus contains several members of the Septin
family of polymerizing GTP-binding proteins
including Septin 1, 4, 6, 7, and 12 (Ihara et al.
2005; Steels et al. 2007). Although septin family
proteins play diverse roles in many cell types,
they have been shown to be particularly essen-
tial for spermatid development and motility.
For example, loss-of-function mutations in
Septin 12 and Septin 4 abolish the annulus
and result in a marked kink at the midpiece–
principal piece junction in spermatozoa, result-
ing in male infertility in both mice and humans
(Kuo et al. 2012). Despite these morphological
defects, however, these mutants displayed a fully
formed midpiece (Ihara et al. 2005; Kissel et al.
2005; Kwitny et al. 2010), suggesting that the
annulus is dispensable for structurally delineat-
ing the midpiece–principal piece boundary.
Still, Septin 4 knockout mice show defects in
the compartmentalization of membrane pro-
teins in the midpiece, suggesting that the annu-
lus functions as a membrane diffusion barrier
to prevent the exchange of membrane compo-
nents between the midpiece and principal piece
(Kwitny et al. 2010). Thus, the annulus displays
a similar structural and functional role to the
transition zone in compartmentalizing the dis-
tal ciliary membrane.

Annulus Migration Happens during
Spermiogenesis in Mammals and Some
Birds during Flagellum Formation

In many vertebrates, the annulus is formed dur-
ing the early stages of spermiogenesis after the
centrioles dock to the plasma membrane, but
before the axoneme initiates its assembly (Hol-
stein and Roosen-Runge 1981). Initially, the an-
nulus is located at the distal end of the centriole,
later departing from this position and migrating
in concert with axoneme growth. Annulus mi-
gration then stops at a precise location that is
species-specific and remains in this position in
the mature sperm. As a result of this migration,
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Figure 3. Annulus migration occurs in mammalian spermatids. (A) Sperm can be classified into three types
based on the location and presence of the annulus: sperm with an annulus separating cytoplasmic and com-
partmentalized axoneme segments (axonemal midpiece, left), sperm with an annulus separating the centriole
from a fully compartmentalized axoneme (centriolar midpiece with annulus), and sperm lacking an annulus
but containing a centriolar midpiece and a fully compartmentalized axoneme within the principal piece
(centriolar midpiece without annulus). (B) Illustration of annulus migration in mammalian spermatids. (C)
Longitudinal sections of Macaca mulatta spermatids demonstrating annulus migration during spermiogenesis.
The annulus is indicated by a red dotted circle. (C, Reprinted from data in Fawcett et al. 1970.) (D) Septin 4
localization during mouse spermiogenesis (white arrow). The annulus indicated by Septin 4 antibody (green) is
found near the nucleus (blue) in early stage elongating spermatids (1). The annulus then begins to migrate
toward the growing end of the axoneme to form the midpiece (red) (2). Finally, the annulus reaches the distal
end of the midpiece to define the midpiece-principal piece junction in mature sperm (3). (D, From Guan et al.
2009; reprinted under the terms of the Creative Commons Attribution License.) Scale bar, 10 mm. (E) Distri-
bution of spermatids containing either a centriolar midpiece or an axonemal midpiece across animal phylogeny.
(Data based on Afzelius 1955; Silveira and Porter 1964; Sato et al. 1967; Reger and Cooper 1968; Mattei 1988;
Hess et al. 1991; Mita and Nakamura 1992; Medina 1994; Dallai et al. 1995; Iomini and Justine 1997; Reunov and
Klepal 2003; Scheltinga et al. 2003; Smita et al. 2004; Al-Dokhi et al. 2007, 2010; Vignoli et al. 2008; Lipke et al.
2009.)
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the midpiece contains both the centriole and a
cytoplasmic segment of axoneme of defined
length (Fig. 3C) (Nagano 1962; Fawcett et al.
1970; Phillips 1974; Gunawardana and Scott
1977). In mice, this process of annulus migra-
tion is nicely shown by the marker Septin 4 (Fig.
3D) (Guan et al. 2009). Aside from Septins, the
annulus has also been shown to be marked by
the co-chaperone DNAJB13 (Guan et al. 2009)
in a manner independent of Septin 4 during
early spermiogenesis, as well as the SLC26 fam-
ily protein testis anion transporter 1 (Tat1) in
mature sperm (Toure et al. 2007).

In some animals, such as the primitive non-
passerine birds, ostrich and rhea, the annulus
does not migrate but instead maintains a fixed
position throughout spermiogenesis (Soley
1994). In such cases, the annulus is formed
when the centriole pair docks to the plasma
membrane, ultimately creating a midpiece that
is only composed of a centriole without a cyto-
plasmic axoneme segment (centriolar mid-
piece) (Fig. 3A) (Soley 1994). Considering
this, the annulus is likely to have a role that is
independent of transition zone migration.

Surprisingly, there are also animals in which
electron microscopy does not identify an annu-
lus. In these cases, the midpiece is only com-
posed of a centriole, similar to spermatozoa in
which the annulus maintains a fixed position
(Jamieson et al. 1995; Lovas et al. 2012). Al-
though untested, it is possible that these sper-
matids do in fact contain an annulus-like septin-
based structure that is not apparent via electron
microscopy.

Considering their similarities, it is likely that
the migrating transition zone (the ring centri-
oles of insects) and the annulus are distinct
names for the same ciliary structure. Both struc-
tures migrate away from the centriole during
axoneme growth (Guan et al. 2009; Basiri
et al. 2014). Furthermore, both contain transi-
tion zone proteins and are essential for com-
partmentalizing the two homologous segments
of the sperm, namely, the Drosophila ciliary cap
and the vertebrate sperm principle piece (Kissel
et al. 2005; Basiri et al. 2014). One important
distinction, however, is the timing of migration;
annulus migration occurs after cilium forma-

tion, whereas transition zone migration in
Drosophila occurs during axoneme growth. It
remains untested whether the Drosophila mi-
grating transition zone also contains a septin-
based component that may contribute to ciliary
cap compartmentalization.

Transition Zone Migration May Be
Motor-Driven or Exchange-Driven

The mechanism of transition zone migration
has not yet been characterized. Because migra-
tion occurs along the axoneme, one can imagine
that microtubule-based motors are involved.
Alternatively, migration may occur via a tread-
milling mechanism in which the transition zone
is disassembled at the “minus” end and reas-
sembled at the “plus” end.

Studies on the ciliary microtubule-binding
protein Cep162 may provide insight into the
mechanisms of migration. In RPE1 cells, siRNA
depletion of Cep162 (QN1/KIAA1009), which
normally localizes at the centriole just beyond
the distal appendages, was shown to prevent the
recruitment of various transition zone proteins,
thereby blocking the initiation of ciliogenesis
(Wang et al. 2013). Interestingly, expression of
mutant forms of Cep162 that are unable to bind
the distal centriole but with intact axoneme
binding capacity was shown to result in the
distal accumulation of transition zone proteins
including Cep290, TMEM67, TCTN1, and
RPGRIP1L at the ciliary tip. Cep162 interacts
with Cep290 via its axoneme recognition do-
main, and although Cep290 can independently
associate with the distal centriole, its microtu-
bule binding capacity in mitotic centrosomal
complexes is dependent on Cep162. Thus, the
Cep290–Cep162 interaction appears to be re-
quired for its transition zone association with
axoneme microtubules, and untethering the
transition zone from the distal centriole may
permit an inherent constitutive transition zone
migratory capacity to exert itself.

Cep162 is an ATPase that contains structural
similarity with the kinesin microtubule plus-
end motor family (Leon et al. 2006). Because
this domain was not disrupted in the centriole-
binding mutant (Wang et al. 2013), it is tempt-

Transition Zone Migration

Cite this article as Cold Spring Harb Perspect Biol 2017;9:a028142 11



ing to speculate that untethering Cep162 and,
therefore indirectly, the transition zone, may
allow for active transition zone migration via a
Cep162 kinesin-type activity. Interestingly, the
Drosophila ortholog of Cep162 (CG42699, via
BLAST reciprocal best-hit) (data not shown) is
enriched in the Drosophila testis (Chintapalli
et al. 2007), and multiple sequence alignment
of mammalian Cep162 and CG42699 (using
Clustal Omega) (data not shown) shows that
Drosophila does not seem to contain the ami-
no-terminal region Cep162 that is essential for
centriole binding in mammals (Wang et al.
2013). Nevertheless, aberrant displacement of
the transition zone to the distal axoneme tip
has not been reported in mutations of any other
ciliary protein in compartmentalized cilia.

On the other hand, one can also speculate
that transition zone migration occurs not via a
motorized active mechanism but instead by
successive rounds of displacement and replace-
ment on the growing axonemal microtubules
in a “treadmilling” manner. Consistent with
this, previous studies have shown that transition
zone proteins are in a dynamic equilibrium with
a cytoplasmic reserve, rapidly cycling in be-
tween transition zone and cytoplasmic fractions
(Craige et al. 2010). In this way, diffusion of
fixed transition zone complexes back into the
cytoplasm could allow for the reintegration of
new transition zone proteins at more distal lo-
cations on the growing axoneme.

Transition Zone Migration May Reflect an
Inherent Elasticity in the Ciliary Gate

Investigation of animals from distinct phylo-
genic groups that possess flagellated sperm re-
veals that spermiogenesis always begins with a
centriole and an immature compartmentalized
cilium. However, sperm development ultimate-
ly forms either an axonemal midpiece or a cen-
triolar midpiece. Of these, spermatozoa with a
centriolar midpiece are considered to represent
the ancestral (primitive) form in animal evolu-
tion (Baccetti 1982). Interestingly, however, a
review of the literature reveals that phylogenetic
clades often contain species of both types, with
some bearing a centriolar midpiece and others

an axonemal midpiece (Fig. 3E). Stated differ-
ently, the appearance and divergence of the ax-
onemal midpiece from the primitive centriolar
type does not occur at a single clear bifurcation
in metazoan evolutionary history, but instead
occurs seemingly indiscriminately and in man-
ifold throughout deuterostome and protostome
phylogeny. This observation suggests that tran-
sition zone migration can be acquired quickly
via minor evolutionary changes, and that the
capacity for migration is an intrinsic feature of
spermatid cilia.

In light of this capacity, we speculate that
transition zone migration may reflect an inher-
ent elasticity in the ciliary gate that may be nec-
essary to maintain cilium compartmentaliza-
tion under external forces, even in traditional
fully compartmentalized cilia. In Drosophila
spermatids, mitochondria grow dramatically
in the cytoplasm and provide the mechanical
force required for spermatid elongation (Nogu-
chi et al. 2011). As the mitochondria elongate,
they advance the cell membrane in the direction
of axoneme growth. Because the transition zone
is anchored to the advancing cell membrane,
the ciliary gate may adapt to these forces by
migrating relative to the axoneme. However,
forces impacting the transition zone are not ex-
clusive to insect spermatids. Because cilia pro-
ject from cell surfaces and are often motile, they
are inherently exposed to significant internal
and external forces. For example, in mammalian
primary cilia exposed to fluid flow, force is pre-
dicted to be highest at the ciliary base where the
transition zone is localized (Rydholm et al.
2010; Young et al. 2012). Therefore, even in
compartmentalized cilia, the ciliary gate is ex-
pected to be elastic and show a dynamic associ-
ation with the surrounding ciliary architecture
to adapt to stresses that would otherwise com-
promise the ciliary compartment.
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