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Centrioles are among the largest protein-based structures found in most cell

types, measuring approximately 250 nm in diameter and approximately

500 nm long in vertebrate cells. Here, we briefly review ultrastructural

observations about centrioles and associated structures. At the core of most

centrioles is a microtubule scaffold formed from a radial array of nine triplet

microtubules. Beyond the microtubule triplets of the centriole, we discuss the

critically important cartwheel structure and the more enigmatic luminal

density, both found on the inside of the centriole. Finally, we discuss the con-

nectors between centrioles, and the distal and subdistal appendages outside

of the microtubule scaffold that reflect centriole age and impart special func-

tions to the centriole. Most of the work we review has been done with

electron microscopy or electron tomography of resin-embedded samples, but

we also highlight recent work performed with cryoelectron microscopy, cryo-

tomography and subvolume averaging. Significant opportunities remain in

the description of centriolar structure, both in mapping of component proteins

within the structure and in determining the effect of mutations on components

that contribute to the structure and function of the centriole.
1. Introduction
The centriole is one of the most recognizable structures in all of biology. Nine tri-

plet microtubules are elegantly arranged into a cylinder with a diameter of

approximately 250 nm and a length ranging from 150 to 500 nm, depending on

the cell type. This makes the centriole one of the largest protein-based structures

in the cell. Two orthogonally arranged centrioles are found in centrosomes, the

principal microtubule organizing centre in most animal cells. The basal body is

closely related to the centriole, but serves the distinct cellular function of organiz-

ing a cilium or flagellum. Many cell types are able to convert a centriole in the

centrosome to a basal body. Despite their critical functions, centrioles and basal

bodies are not found throughout the entire eukaryotic world. The spindle poles

in yeasts, higher plants, and many oocytes lack centrioles, and these cells use a

variety of other structures to form and organize spindle microtubules. Basal

bodies, however, are absolutely required for cilia assembly. There are many intri-

guing questions about centrioles and basal bodies, including what proteins are

found in the structures, how such complex structures are built and how cells

use centrioles and basal bodies to organize even larger structures, namely the cen-

trosome and the cilium. Many of these questions arise from microscopic

observations of centriole and basal body morphology—the topic of this paper.

Before describing centriole structure in detail, a quick tour of its basic parts

is necessary to define terms. Most centrioles are made up of nine circularly

arranged triplet microtubules. A triplet microtubule has a complete microtubule

(the A-tubule) onto which two additional partial microtubules are assembled

(the B- and the C-tubules, respectively). Being composed of microtubules, the

centriole is an inherently polar structure with microtubule minus ends positio-

ned at the proximal end of the centriole. The proximal end is also the site from

which the new centriole is built, using the cartwheel, which consists of a hub at

the centre and nine spokes, each contacting the A-tubule of a triplet microtubule

to organize assembly. Within the centriole’s centre and distal end is a luminal

density. On the exterior of the microtubule scaffold are filaments that connect

the two centrioles within a centrosome as well as distal and subdistal appendages

found exclusively on the older of the two centrioles. We will explore these
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structural features in greater detail by illustrating what is

known about their ultrastructure as opposed to focusing on

their molecular composition.
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2. Historical perspective
Early cell biologists using light microscopes observed centrioles

and centrosomes, as described elsewhere in this volume [1,2].

Early illustrations by van Beneden [3] show two dots within

the centrosomes or spindle poles, which probably represent

the centrioles. Boveri’s contributions are discussed elsewhere

in this volume [1]. However, the complexity of centriole struc-

ture was not appreciated until it was viewed by electron

microscopy. The first report and published images of centrioles

are attributed to Harven & Bernhard [4]. Prior to this work, elec-

tron micrographs of basal bodies in multi-ciliated cells had been

published by Fawcett & Porter [5]. Ever since their detection

using electron microscopy, there has been a rich history of struc-

tural work on centrioles and basal bodies. Because centrioles

and basal bodies are closely related, being essentially the

same entity in many cell types, we will draw morphological

observations from both these structures.
3. The microtubule scaffold
The most recognizable features of centrioles and basal bodies

are the nine triplet microtubules that constitute its microtubule

scaffold, although structural variations exist. For example, the

small centrioles found in Drosophila and Caenorhabditis elegans
embryos contain doublet and singlet microtubules, respect-

ively (figure 1a). In humans and other organisms, the triplets

are deployed in a circle with a diameter of approximately

250 nm and length of approximately 500 nm (figure 1a,b).

At this size, the centriole is readily imaged in the electron

microscope allowing for detailed morphological analysis of

the structure. As an analogy, the ribosome—a complex and

large cellular machine—occupies only a small volume com-

pared with a centriole (at least 1000 ribosomes would fit in

the volume occupied by a centriole). At a scale that is easier

to recognize, if we set the size of ribosome to a tennis ball,

then the centriole would be approximately the size of a 55

gallon drum, which has approximately the same ratio of

height to diameter as a shorter (300 nm) centriole.

The triplet microtubules define the cylindrical barrel of cen-

trioles and basal bodies. The triplets are at a small angle off the

circumference giving the centrioles the look of a turbine. When

viewed from the proximal end, the triplet microtubule blades

have an anticlockwise twist (figure 1b). The triplets consist

of a complete microtubule of 13 a- and b-tubulin-containing

protofilaments, called the A-tubule, to which two successive

10 protofilament microtubules, called B- and C-tubules, are

assembled (figure 1b; [10,11]). The B- and C-tubules share

three protofilaments with the preceding tubule to make com-

plete, 13 protofilament microtubules. However, these tubules

are not like the elliptical A-tubule, or circular single microtu-

bules. The B- and C-tubules are slightly concave where they

are adjoined to the neighbouring tubule. This arrangement

suggests that there is a special junction between the tubulin

protofilaments at the interface between tubules. Discussed in

more detail below, recent electron cryotomography on isolated

basal bodies from Chlamydomonas and Trichonympha reveals
specific non-microtubular connections between the A- and

B-tubules, and the B- and C-tubules [10,11].

Like single microtubules, the triplet microtubules of

centrioles and basal bodies require g-tubulin for their formation

[12]. Although triplet microtubules are absent in yeasts, both

budding (Saccharomyces cerevisiae) and fission yeast (Schizosac-
charomyces pombe) have contributed significantly to our

understanding of centrosomes (figure 1c; see [13]), including

our knowledge of g-tubulin complex function in microtubule

nucleation [14]. Cryoelectron microscope analysis of reconsti-

tuted g-tubulin complexes using budding yeast components

reveals a lock washer structure that forms a cap on the minus

end of the microtubule (figure 1c, left). The structure consists

of seven so-called tubulin small complexes that include two mol-

ecules of g-tubulin, one molecule each of Spc97 (orthologue of

GCP2) and of Spc98 (orthologue of GCP3), and the N-terminal

domain of Spc110. Spc110 tethers the complex to the S. cerevisiae
centrosome and is orthologous to kendrin/pericentrin, a com-

ponent of the pericentriolar material (PCM) from which

centrosomal microtubules are nucleated. The seven small com-

plexes form a ring that exposes 13 of the 14 g-tubulin

molecules such that they can each template a protofilament of

the microtubule [14]. The resulting cap in this in vitro reconsti-

tuted structure is very similar to the capped minus ends of

microtubules that have been observed in yeast cells (figure 1c,

right) [15], and at the A-tubule of the centriole [9]. Interestingly,

elongation of centriolar microtubules has been observed when

g-tubulin is reduced in Drosophila and C. elegans [16,17].

The presence of triplet microtubules correlates with the

organism’s genome encoding the additional minor tubulin

isoforms d and 1 [18], i.e. organisms lacking triplet microtu-

bules in their centrioles, as discussed below, also lack the

genes for d- and 1-tubulins. These would include C. elegans
and Drosophila with singlet and doublet microtubules, respect-

ively, in their centrioles (figure 1a; a few other examples of

centrioles lacking triplet microtubules exist, see [18]). Indeed,

functional analyses of d- and 1-tubulin encoding genes reveal

their importance in the formation or maintenance of triplet

microtubules. d-tubulin was discovered first as the product of

the UNI3 gene of Chlamydomonas [19] that when mutated

leads to loss of most of the C-tubules from the basal body

[20]. In mammals, d-tubulin is highly enriched in the testes,

whereas in somatic cells, it displays both cytoplasmic and

nuclear localization as well at the spindle poles during mitosis

[21]. Gene silencing of d-tubulin in Paramecium also resulted

in loss of the C-tubule without affecting cilia or basal body

formation [22]. This requirement for d-tubulin in C-tubule

formation and genetic interactions between d-tubulin and

a-tubulin [23], lead Li et al. [10] to speculate that d-tubulin

may be a component of a unique linker they observed between

the B- and C-tubules.

The 1-tubulin gene was initially found in the human

genome. The encoded protein was localized to centrosomes

and shown to be essential for centriole duplication [24,25].

Analysis in Chlamydomonas [26], Paramecium [27] and Tetrahy-
mena [28] reveal that 1-tubulin is required for basal body

assembly and/or maintenance. The ultrastructural defects

include the absence of the B- and C-tubules. A depletion

time course in Tetrahymena shows progressive loss of microtu-

bule triplets, leading to the loss of entire basal bodies [28].

These requirements for d- and 1-tubulins in forming or main-

taining triplet microtubules cannot be absolute, because

Drosophila form triplet microtubules in the giant centrioles
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Figure 1. The microtubule scaffold and associated structures of the centriole. (a) Variations in centriole microtubule number. The top panels are Drosophila centrioles
in longitudinal (left) and cross (right) section, showing doublet microtubules [6]. The lower panels are a cross section of a C. elegans centriole (left) showing singlet
microtubules, and a human centriole (right) showing triplet microtubules. Bars, 100 nm. (b) Centrioles in mammalian cells. The top panel is a pair of orthogonally
arranged centrioles in a centrosome. The bottom panels display cross sections of a centriole proximal region; the structural features are indicated on the right panel.
Bars, 100 nm. (c) The left panel is a model of the yeast g-tubulin complex (indicated in yellow and blues) anchoring a microtubule (grey) to a spindle pole body via
a tether (brown, such as Spc110). See Kollman et al. [7] for details. The right panel is a tomographic slice of a budding yeast spindle pole body and attached spindle
microtubules (as in O’Toole et al. [8]); arrows indicate the capped microtubule minus ends. Bar, 25 nm. (d ). Capped minus ends are present on the A-tubule of
assembling centrioles (left panel, asterisk; purple), B- and C-tubules have open ends (red, green). The A-tubule minus end cap is absent in mature centrioles (right
panels). This figure is from Guichard et al. [9] with permission. Bars, 25 nm. (e). Models showing non-tubulin structures ( purple) associated with the microtubule
triplets (light blue) identified in cryoelectron tomograms of basal bodies in Chlamydomonas (as in Li et al. [10], left and centre panels). Left: the Y-shaped linker
facing the basal body centre. Microtubule luminal structures such as the A- and B-tubule linker (arrowhead) and the A-tubule cone shaped structure (asterisk). The
middle panels show microtubule luminal structures (arrows) present in the C-tubule in the distal region of the basal body. The right panel shows the location of the
A-tubule to C-tubule linker (green) between microtubule triplets ( purple) in Trychonympha ([11] with permission). Bar, 25 nm.
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(approx. 2.5 mm long) found in their spermatids [29,30], despite

an apparent absence of these minor tubulin isoforms in their

genome. In addition, the small amount of these tubulin isoforms

observed at centrioles and basal bodies is at odds with a struc-

tural or assembly cofactor role. Further, there is a lack of
convincing immuno-electron microscopy data placing the

proteins at the seams between the tubules of the triplet micro-

tubules; in fact, the 1-tubulin in vertebrate cells is localized to

the subdistal appendages (discussed below), and not found in

the microtubule scaffold [24].
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Microtubules typically have a hollow lumen that appears

clear in electron micrographs. A newly identified feature of the

triplet microtubules of basal bodies is the presence of densities

within the lumen of the microtubules, referred to as microtubule

inner proteins (MIPs) [10,11]. Cryoelectron tomographic studies

of the doublet microtubules of the ciliary or flagellar axoneme

also reveal MIPs [31,32]. Additionally, such densities have

been reported in microtubules of the Giardia ventral disc [33].

Li et al. [10] used cryoelectron tomography and subvolume

averaging to detect densities on the internal lumen of the

A- and B-tubules in the mid-distal region of the Chlamydomonas
basal body (figure 1e). Likewise, Guichard et al. [11] reported a

density on the luminal wall of the A-tubule of the Trichonympha
basal body. The densities are positioned at specific protofila-

ments within the triplet tubules of the basal body. In addition,

Li et al. [10] identified a structure that bridges protofilaments

of the C-tubule in the distal half of the basal body, which they

propose acts as a brace (figure 1d, middle). Although this

study was of the highly specialized Chlamydomonas basal

body, it clearly raises the possibility that there may be microtub-

ular luminal structures in all centrioles. This will probably be

revealed in future studies using cryoelectron tomography and

subvolume averaging of these structures.

How centriolar length is controlled remains an open

question. Centrioles in animal cells are on the order of approxi-

mately 500 nm in length. However, centrioles are sometimes

shorter, such as 150 nm in the worm C. elegans [34] or very

long such as the Drosophila 2.5 mm sperm basal body. Cells

must also have a mechanism to control the distal elongation

of procentrioles prior to mitosis and then limit elongation

once the appropriate length is reached. While molecules that

are required for assembly of a full-length centriole or that func-

tion in length control have been identified, none has been

associated with any particular recognized structure that may

set or control centriole length. Poc5 has been implicated in cen-

triole growth by an unknown mechanism [35]. Poc5 is found in

the distal lumen of the centriole where its binding partner cen-

trin (a small calcium binding protein) has also been localized

[35,36]. While the majority of studies in vertebrate cells have

not revealed a role for centrin in centriole duplication or struc-

ture (see Dantas et al. [37]), the protein is important in basal

body assembly or stability in Tetrahymena [38]. Elongation

also requires a complex of CPAP (SAS4)/SPICE/CEP120

[39,40]. The centriolar protein, CP110, has a capping function

limiting the length of centrioles in cooperation with CEP97

and KIF24 along with other proteins [41]. Part of this function

involves the conversion of one of the centrioles to a basal body

to organize a cilium. Finally, centrobin has been implicated

in centriolar elongation [42]. The complexity of the triplet

microtubule scaffold as shown by Li et al. [10] and by Guichard

et al. [11], taken together with the number of structural and

regulatory proteins involved suggests that revealing the mol-

ecular mechanism of centriole elongation, termination and

stabilization will be a daunting task.

Once assembled, the triplet microtubules of the centriole scaf-

fold are very stable. This feature allowed Kochanski & Borisy

[43] to differentially label centrioles and track their behaviour

during the cell cycle. It is also well known that cold treatment

of vertebrate cells leads to the loss of microtubules, but that

the centrioles persist. Finally, Pearson et al. [44] used fluorescence

recovery after photobleaching to show very little turnover of

green fluorescent protein-tagged a-tubulin in Tetrahymena basal

bodies. The triplet microtubules themselves, as discussed with
respect to d- and 1-tubulin function, contribute to the stability

of the centriole. Further stability arises from chemical modifi-

cations of a- and b-tubulin within the microtubule triplets as

well as by additional associated components. Microtubules in

the centrioles are highly modified; they are detyrosinated, acetyl-

ated, polyglutamylated and containD2-tubulin. It is possible that

centrioles contain the most highly modified tubulin of any micro-

tubule structure within the cell (nicely reviewed in Janke &

Bulinski [45]). Tubulin glutamylation in centrioles is known to

be important for their stability [46]. The precise function of

other tubulin modifications at centrioles is probably important

as well but has yet to be elucidated.

Beyond tubulin modification, the nine microtubule triplets

of the centriole must be held together by structures that contrib-

ute to their stability. Although the cartwheel at the proximal

end of the centriole imparts ninefold symmetry, it is not

thought to stabilize the centriole once assembly is complete,

as the cartwheel is disassembled in mature centrioles. Cross-

sectional images of centrioles and basal bodies show a linker

between the A- and C-tubules in many different organisms

(figure 1). Recent cryoelectron tomography and subvolume

averaging studies have revealed high-resolution detail of this

structure [10,11]. In Chlamydomonas [10], the linker is approxi-

mately 130 Å in length, anchored at a specific A-tubule

protofilament (A6), and linked to various sites on the neigh-

bouring C-tubule depending on the position along the long

axis of the basal body. This variable attachment is thought to

contribute to the slight left-hand twist of the triplet microtu-

bules of the basal body arising from changes in triplet angle.

The A–C linker in the proximal end of the Trichonympha
basal body connects the A8 and C9 protofilaments and is com-

posed of two clear densities [11]. Surprisingly, candidate

molecules serving as constituents of these linkers have not

yet been identified. Presumably connectors would be impor-

tant not only during assembly, but also for centriole stability.

Compromised basal body structure leads to cytoplasmic infil-

tration (ribosomes in the lumen of the basal body) and triplet

loss [47]. These phenotypes reveal that the microtubule scaffold

separates different cellular compartments—inside and outside

the centriole—and that the intertriplet linkers may contribute

to this partitioning.

Finally, cryoelectron tomography of Chlamydomonas basal

bodies has revealed additional features of the centriole interior

[10]. These authors describe a Y-shaped linker between the

A- and B-tubules of the triplet microtubules (figure 1e). This

linker has a central stem (bottom of the Y) that contacts both

the A- and B-tubules at the protofilaments where the tubules

contact each other facing the basal body lumen. The structure

then has two long arms (top of the Y) that point into the

lumen of the basal body. The Y-shaped linker is found at

each triplet around the entire circumference of the basal body

lumen and along 250 nm of the basal body length in the

region distal to the cartwheel [10]. Likewise, similar structures

were observed in the basal bodies of Trichonympha [11]. It

remains to be seen whether there are similarly elaborate struc-

tures, or any such structures, on the luminal face of the triplet

microtubules in centrioles.
4. The centriole lumen
In the centriole lumen within the microtubule scaffold, one

finds the very well-defined cartwheel structure, the poorly
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defined luminal density and other features. While the cart-

wheel is clearly implicated in the assembly of new centrioles

and basal bodies, the function—if any—of the luminal density

is not known. We describe both these structural categories in

detail below.

The cartwheel, as the name suggests, is a structure resem-

bling the hub and spokes of a wheel (the wheel being the

microtubule scaffold when viewed end-on (cross section of

the centriole; figure 2)). The cartwheel defines the proximal

end of the centriole, being close to the other centriole in the

centriole pair, and is near the site of new centriole assembly.

The basal body cartwheel is found at the base of the structure

distal from the axoneme of cilia or flagella. The hub is an

approximately 22 nm diameter tube that can be tens of nano-

metres long in a centriole. Spokes are found along the entire

length of the hub. In ciliated cells, the hubs and associated

spokes in basal bodies can be quite long, for instance the

nearly 4 um long cartwheel in Trichonympha [48]. A density,

referred to as the cartwheel inner density, has been observed

in the lumen of the hub. Importantly, the major component of
the hub and spokes is the Sas6 protein. The X-ray crystal

structure of Sas6 shows that dimers of this protein have a

globular head and an extended coiled-coil tail. The globular

heads are capable of forming a ring with ninefold symmetry

(reviewed in [50]). Furthermore, the hub structure has been

revealed in exquisite detail in a cryoelectron tomography

study of the gigantic cartwheel found in Trichonympha, which

reveals an apparent stack of Sas6 rings [11,48]. This bit of

evolutionary protein engineering elegantly organizes the nine

triplet microtubules of the scaffold. The assembly of the

cartwheel is the focus of another section in this text [51].

The coiled-coil domain of Sas6 points away from the hub to

begin the spoke, but is not long enough to reach the microtubule

scaffold implicating other proteins in the structure. Bld10/

Cep135 appears to be a component of the spokes. Importantly,

spokes connect the cartwheel’s hub to the A-tubule of the triplet

microtubules. The connection occurs at a density (called the

pinhead, or sometimes the ‘foot’) that appears to be very impor-

tant in centriole formation and stability. Structural work on a

complex of the centriolar components CPAP (Sas4) and STIL
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(Sas5) found in this region of the centriole has led to an initial

model for this domain [49] (figure 2). Furthermore, the cryo-

electron tomographic analysis of both Trichonympha and

Chlamydomonas pinheads reveals conserved structural features

in this interesting complex [11].

The cartwheel has attracted significant attention, because

it is among the earliest recognizable features of assembling

centrioles and basal bodies. Based on Dippell’s classic model

of basal body assembly [52], hub and spokes come together

prior to triplet microtubule formation. The assembly of the

triplets starts with the A-tubule, followed by the B- and

C-tubules, respectively. The sequential addition of tubules is

also seen in human cells [9]. A different mechanism is seen in

Chlamydomonas, as microtubules are formed more distally

[53]. Of course, there may be variation between organisms in

the order of assembly events. However, it is clear from numer-

ous genetic studies that cartwheel formation is a critical early

event in centriole and basal body assembly.

Despite its critical role in establishing centriole structure

during assembly, the cartwheel may be neither universal

nor permanent in these structures. Sas6 was discovered in

the worm C. elegans, and the protein is required for centriole

assembly. The centrioles within the single-cell C. elegans
embryos lack a prominent hub and spoke configuration as

described above, but they do contain a larger diameter tube

(approx. 60 nm) that is seen early in assembly before the

appearance of the singlet microtubules [34]. This tube may

be formed from an interaction between Sas6 and Sas5 [54]

and may assemble in a spiral [55]. Other variations on hub

and spoke organization have been observed [18]. Another

interesting feature of cartwheels is that they appear dynamic

and are not necessarily permanent in the centriole. While

critical to assembly, the structure is lost from centrioles as

they proceed through the cell cycle in vertebrate cells.

This can be observed in the electron microscope or by tracking

the presence of Sas6 at centrioles (reviewed by [50]). Basal

bodies, on the other hand, appear to maintain their cartwheels

after assembly. In Chlamydomonas, the length of cartwheels in

forming basal bodies is longer than that of the mother basal

bodies, suggesting a supportive role during new basal body

assembly and shortening as the basal body matures [53]. This

maintenance of the cartwheel may reflect their importance in

providing structural support to basal bodies that are stressed

by the beating of the cilia they anchor [56]. In centrioles, this

kind of mechanical stress may be less of an issue. Centriole

age is important in cells, and the lack of a cartwheel may be

a mark of centriole maturity. Alternatively, the loss of cart-

wheels could be a side effect of the tight cell cycle control

under which cartwheel components are kept. In mitotic cells,

cartwheel component levels are low, which help prevent

inappropriate duplication.

Unlike the cartwheel, the lumen of the centriole distal to

the cartwheel is poorly understood. It is a separate compart-

ment that is known to contain centrin, Poc5 and several other

molecules [50]. Correspondingly, imaging demonstrates that

centriole lumens are free of ribosomes, but can contain an amor-

phous mass of protein. Cryoelectron tomography revealed

that the distal region of the centriole lumen contains a 45 nm,

periodic stack of rings forming a scaffold within the centriole

lumen [57]. These are probably analogous to the luminal discs

and A-tubule feet observed previously in centrioles and basal

bodies, respectively [58,59]. This distal scaffold may serve to

organize the distal, luminal proteins. In addition, defective
basal bodies in several Tetrahymena mutants affecting the

stability of the structure show ribosome infiltration [47]. The

fact that the lumen is cleared of ribosomes and some pro-

teins are deposited in the lumen suggests a function for this

compartment that is yet to be discovered.
5. Outside the microtubule scaffold
Centrioles have an important function in organizing the PCM

on the outside of the microtubule scaffold as well as connec-

tors between the two centrioles, and the distal and subdistal

appendages, marks of maturation. Both the appendages and

the PCM are critical to the function of centrioles and centro-

somes as microtubule organizing centres and as signalling

platforms. The topics of PCM assembly and function [60]

and the centrosome as a signalling platform [61] are treated

elsewhere in this volume.

The two centrioles in the centrosome are tethered to each

other at their proximal ends. The older centriole organizes

the site of new centriole assembly, and this is where the cen-

trioles are adhered to each other. However, both the site of

centriole assembly and the connection are rather amorphous,

and little structural information is available. Isolated centriole

pairs from human lymphoblastoma cells contain a filamentous

structure between the two centrioles [62]. Upon duplication,

the resulting two pairs of centrioles are also tethered to each

other via a link between the mother (pre-existing) centrioles.

The potentially filamentous protein C-Nap1 was localized to

this structure. C-Nap1 was found to be a substrate of the

Nek2 kinase [63], and Nek2 phosphorylation is thought to dis-

sociate C-Nap1 from the centrioles [64]. C-Nap1 interacts with

rootelin and LRRC45 [65], potentially forming the fibrous

bundle linking the centrioles. The regulation of centriole cohe-

sion is an important issue in licensing centriole duplication and

in spindle formation (see [66,67]).

Another centrosomal cell cycle event is maturation—the

addition of PCM that increases microtubule nucleation

capacity as the cell prepares to assemble a mitotic spindle

(see Hyman et al. [60]). Microtubule nucleation occurs at the

PCM, as does the accumulation of important cell cycle regula-

tors. From a structural point of view the PCM is a rather poorly

defined material around the centrioles. Many components of

the PCM have been identified, and there is growing infor-

mation about molecular interactions. The introduction of

super-resolution microscopy has allowed for greatly improved

imaging of the PCM and provided evidence for a higher degree

of ordered structure than previously understood [68].

Finally, older centrioles are recognizable by additional

structures, the distal and the subdistal appendages (figure 3a).

These structures are added to existing centrioles that have

already completed a cell cycle and as such are markers of matu-

ration [58,71]. The addition of the appendages makes it possible

for the centriole to be converted to a basal body (well reviewed

in Jana et al. [72]). The distal appendages are fibrous extensions

radiating out from the distal end of the centriole [58,71]. Several

centriole components, CEP164, CCDC123/CEP89/CEP123,

CCDC41, SCLT1 and FBF1 are found in the distal appendages

[72]. Functional analysis of these genes has determined that

they function in primary cilia formation. Proximal to the

distal appendages are the subdistal appendages that often

appear as distinct triangular structures attached laterally to

the sides of the microtubule scaffold (figure 3a). In some cell



distal appendages sub-distal appendages

mother centriole

matrix
daughter centriole

0.2 mm

proximal section of
centrioles

(a) (b)

Figure 3. Structures outside the microtubule triplets of the centriole. (a) Electron micrographs of centrioles in isolated centrosomes shown in longitudinal section
and informative cross sections highlighting the distal and subdistal appendages. Reprinted from [69] based on original images in [58]. (b) Deuterosomes (arrows)
organizing the formation of basal bodies in mouse tracheal epithelium cells as in [70]. Bar, 200 nm.
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types, such as KE37, there is a transitional zone of triplet to

doublet microtubules to which appendages assemble [58].

Appendages have also been reported on triplet microtubules

in other cultured mammalian cells [71] and basal bodies [59].

The subdistal appendage contains ninein, centriolin, 1-tubulin

and CEP170 [72]. The subdistal appendages are involved in

microtubule anchoring and require microtubule-associated pro-

teins for their organization [73]. Odf2/cenexin, first identified as

a sperm tail component has been found at both structures and is

required for their assembly [74]. Structures homologous to the

distal and subdistal appendages can also be found on basal

bodies, and are referred to as basal feet and transitional fibres,

respectively [74].
6. Deuterosomes
Deuterosomes promote de novo formation of centrioles destined

to become basal bodies as part of the developmental pro-

gramme to produce multi-ciliated cells [75]. Vertebrate cells

that execute this programme have been used to identify centrio-

lar components based on their transcriptional induction [76].

The deuterosome appears as a non-descript cytoplasmic density

that can have a fibrous nature (figure 3b) although recently com-

ponents of the deuterosome have been identified [70,77].

Notably, the core components of centriole assembly, such as

Sas6, have been implicated in deutersome-dependent centriole

assembly, indicating that a shared assembly mechanism is

used by this pathway.
7. Future prospects
It is a pleasure to study a cellular structure that can be directly

observed with the appropriate microscope and imaging tools.
The morphological work reviewed here is rapidly advancing

owing to improved imaging, and structural biology approaches

coupled with an increasing knowledge of centriolar com-

ponents. The field is generating significant interest and has

been expertly reviewed by Gonczy [50] and Jana et al. [72].

However, observing the centriole or basal body structural com-

plexity does remind one of the work left to accomplish. In the

future, we must continue to define the proteins present at cen-

trioles and basal bodies and apply ever improving labelling

and imaging technologies to these structures. Beyond complet-

ing the list of conserved components, the function or structural

contributions of these proteins will need to be determined,

some of which will be challenging such as the role of the

minor tubulin isoforms.

Cryoelectron tomography and subvolume averaging

studies have provided important insights into the structural

details of centrioles, and it will be necessary to continue

and refine their use in the field. Beyond better imaging to

reveal ultrastructural detail, we also need to map proteins

into those structures. We have surprisingly little information

on the exact locations of components within the centrioles

and basal bodies. This task will benefit from super-resolution

microscopy that allows for an initial pass at the localization

maps [68]. Finally, live cell microscopic techniques will

allow for the analysis of dynamic behaviour of centriolar

components during assembly and maintenance. This will be

needed to fully understand how centrioles are assembled,

maintained and serve to organize the PCM or cilia.

Acknowledgement. We thank Michele Jones and Alex Stemm-Wolf for
critically reading the manuscript. We greatly appreciate the gift of
images from David Agard, Justin Kollman, Sam Li, Kent McDonald,
Mary Morphew and Eszter Vladar.

Funding statement. NIH grants have supported E.O.T. (P41GM103431)
and M.W. (RO1 GM51213 and RO1 GM074746).
References
1. Scheer U. 2014 Historical roots of centrosome
research: discovery of Boveri’s microscope slides in
Würzburg. Phil. Trans. R. Soc. B 369, 20130469.
(doi:10.1098/rstb.2013.0469)
2. Sluder G. 2014 One to only two: a short history of
the centrosome and its duplication. Phil.
Trans. R. Soc. B 369, 20130455. (doi:10.1098/rstb.
2013.0455)
3. Gall JG. 2004 Early studies on centrioles and
centrosomes. In Centrosomes in development
and disease (ed. EA Nigg), pp. 1 – 16. Weinheim,
Germany: Wiley Blackwell.

http://dx.doi.org/10.1098/rstb.2013.0469
http://dx.doi.org/10.1098/rstb.2013.0455
http://dx.doi.org/10.1098/rstb.2013.0455


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

369:20130457

8
4. De Harven E, Bernhard W. 1956 Etude au
microscope electronique de l’ultrastructure
du centriole chez les vertebres. Z. Zellforschung. 45,
378 – 398. (doi:10.1007/BF01106086)

5. Fawcett DW, Porter KR. 1954 A study of the
fine structure of ciliated epithelia. J. Morphol. 94,
221 – 381. (doi:10.1002/jmor.1050940202)

6. Sharp DJ, McDonald KL, Brown HM, Matthies HJ,
Walczak C, Vale RD, Mitchison TJ, Scholey JM. 1999
The bipolar kinesin, KLP61F, cross-links
microtubules within interpolar microtubule
bundles of Drosophila embryonic mitotic
spindles. J. Cell Biol. 144, 125 – 138. (doi:10.1083/
jcb.144.1.125)

7. Kollman JM, Merdes A, Mourey L, Agard DA. 2011
Microtubule nucleation by gamma-tubulin
complexes. Nat. Rev. Mol. Cell Biol. 12, 709 – 721.
(doi:10.1038/nrm3209)

8. O’Toole ET, Winey M, McIntosh JR. 1999 High-
voltage electron tomography of spindle pole bodies
and early mitotic spindles in the yeast
Saccharomyces cerevisiae. Mol. Biol. Cell 10,
2017 – 2031. (doi:10.1091/mbc.10.6.2017)

9. Guichard P, Chretien D, Marco S, Tassin AM. 2010
Procentriole assembly revealed by cryo-electron
tomography. EMBO J. 29, 1565 – 1572. (doi:10.
1038/emboj.2010.45)

10. Li S, Fernandez JJ, Marshall WF, Agard DA. 2012
Three-dimensional structure of basal body triplet
revealed by electron cryo-tomography. EMBO J. 31,
552 – 562. (doi:10.1038/emboj.2011.460)

11. Guichard P et al. 2013 Native architecture of the
centriole proximal region reveals features underlying
its 9-fold radial symmetry. Curr. Biol. 23,
1620 – 1628. (doi:10.1016/j.cub.2013.06.061)

12. Shang Y, Li B, Gorovsky MA. 2002 Tetrahymena
thermophila contains a conventional gamma-tubulin
that is differentially required for the maintenance of
different microtubule-organizing centers. J. Cell Biol.
158, 1195 – 1206. (doi:10.1083/jcb.200205101)

13. Kilmartin JV. 2014 Lessons from yeast: the
spindle pole body and the centrosome. Phil.
Trans. R. Soc. B 369, 20130456. (doi:10.1098/rstb.
2013.0456)

14. Kollman JM, Polka JK, Zelter A, Davis TN, Agard DA.
2010 Microtubule nucleating gamma-TuSC
assembles structures with 13-fold microtubule-like
symmetry. Nature 466, 879 – 882. (doi:10.1038/
nature09207)

15. Byers B, Shriver K, Goetsch L. 1978 The role of
spindle pole bodies and modified microtubule ends
in the initiation of microtubule assembly in
Saccharomyces cerevisiae. J. Cell Sci. 30, 331 – 352.

16. Raynaud-Messina B, Mazzolini L, Moisand A, Cirinesi
AM, Wright M. 2004 Elongation of centriolar
microtubule triplets contributes to the formation
of the mitotic spindle in gamma-tubulin-depleted
cells. J. Cell Sci. 117, 5497 – 5507. (doi:10.1242/
jcs.01401)

17. O’Toole E, Greenan G, Lange KI, Srayko M, Muller-
Reichert T. 2012 The role of gamma-tubulin in
centrosomal microtubule organization. PLoS ONE 7,
e29795. (doi:10.1371/journal.pone.0029795)
18. Carvalho-Santos Z, Azimzadeh J, Pereira-Leal JB,
Bettencourt-Dias M. 2011 Evolution: tracing the
origins of centrioles, cilia, and flagella. J. Cell Biol.
194, 165 – 175. (doi:10.1083/jcb.201011152)

19. Dutcher SK, Trabuco EC. 1998 The UNI3 gene is
required for assembly of basal bodies of
Chlamydomonas and encodes delta-tubulin, a new
member of the tubulin superfamily. Mol. Biol. Cell
9, 1293 – 1308. (doi:10.1091/mbc.9.6.1293)

20. O’Toole ET, Giddings TH, McIntosh JR, Dutcher SK.
2003 Three-dimensional organization of basal
bodies from wild-type and delta-tubulin deletion
strains of Chlamydomonas reinhardtii. Mol. Biol. Cell
14, 2999 – 3012. (doi:10.1091/mbc.E02-11-0755)

21. Smrzka OW, Delgehyr N, Bornens M. 2000 Tissue-
specific expression and subcellular localisation of
mammalian delta-tubulin. Curr. Biol. 10, 413 – 416.
(doi:10.1016/S0960-9822(00)00418-8)

22. Garreau de Loubresse N, Ruiz F, Beisson J, Klotz C.
2001 Role of delta-tubulin and the C-tubule in
assembly of Paramecium basal bodies. BMC Cell Biol.
2, 4. (doi:10.1186/1471-2121-2-4)

23. Fromherz S, Giddings Jr TH, Gomez-Ospina N,
Dutcher SK. 2004 Mutations in alpha-tubulin
promote basal body maturation and flagellar
assembly in the absence of delta-tubulin. J. Cell Sci.
117, 303 – 314. (doi:10.1242/jcs.00859)

24. Chang P, Giddings Jr TH, Winey M, Stearns T. 2003
Epsilon-tubulin is required for centriole duplication
and microtubule organization. Nat. Cell Biol. 5,
71 – 76. (doi:10.1038/ncb900)

25. Chang P, Stearns T. 2000 Delta-tubulin and epsilon-
tubulin: two new human centrosomal tubulins
reveal new aspects of centrosome structure and
function. Nat. Cell Biol. 2, 30 – 35. (doi:10.1038/
71350)

26. Dutcher SK, Morrissette NS, Preble AM, Rackley C,
Stanga J. 2002 Epsilon-tubulin is an essential
component of the centriole. Mol. Biol. Cell 13,
3859 – 3869. (doi:10.1091/mbc.E02-04-0205)

27. Dupuis-Williams P, Fleury-Aubusson A, de Loubresse
NG, Geoffroy H, Vayssie L, Galvani A, Espigat A,
Rossier J. 2002 Functional role of epsilon-tubulin in
the assembly of the centriolar microtubule scaffold.
J. Cell Biol. 158, 1183 – 1193. (doi:10.1083/jcb.
200205028)

28. Ross I, Clarissa C, Giddings Jr TH, Winey M. 2013
Epsilon-tubulin is essential in Tetrahymena
thermophila for the assembly and stability of basal
bodies. J. Cell Sci. 126, 3441 – 3451. (doi:10.1242/
jcs.128694)

29. Carvalho-Santos Z 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)

30. Mottier-Pavie V, Megraw TL. 2009 Drosophila bld10
is a centriolar protein that regulates centriole, basal
body, and motile cilium assembly. Mol. Biol. Cell
20, 2605 – 2614. (doi:10.1091/mbc.E08-11-1115)

31. Nicastro D, Schwartz C, Pierson J, Gaudette R, Porter
ME, McIntosh JR. 2006 The molecular architecture of
axonemes revealed by cryoelectron tomography.
Science 313, 944 – 948. (doi:10.1126/science.
1128618)

32. Sui H, Downing KH. 2006 Molecular architecture of
axonemal microtubule doublets revealed by cryo-
electron tomography. Nature 442, 475 – 478.
(doi:10.1038/nature04816)

33. Schwartz CL, Heumann JM, Dawson SC, Hoenger A.
2012 A detailed, hierarchical study of Giardia
lamblia‘s ventral disc reveals novel microtubule-
associated protein complexes. PLoS ONE 7, e43783.
(doi:10.1371/journal.pone.0043783)

34. Pelletier L, O’Toole E, Schwager A, Hyman AA,
Muller-Reichert T. 2006 Centriole assembly in
Caenorhabditis elegans. Nature 444, 619 – 623.
(doi:10.1038/nature05318)

35. Azimzadeh J, Hergert P, Delouvee A, Euteneuer U,
Formstecher E, Khodjakov A, Bornens M. 2009
hPOC5 is a centrin-binding protein required for
assembly of full-length centrioles. J. Cell Biol. 185,
101 – 114. (doi:10.1083/jcb.200808082)

36. Paoletti A, Moudjou M, Paintrand M, Salisbury JL,
Bornens M. 1996 Most of centrin in animal cells is
not centrosome-associated and centrosomal centrin
is confined to the distal lumen of centrioles. J. Cell
Sci. 109, 3089 – 3102.

37. Dantas TJ, Wang Y, Lalor P, Dockery P, Morrison CG.
2011 Defective nucleotide excision repair with
normal centrosome structures and functions in the
absence of all vertebrate centrins. J. Cell Biol. 193,
307 – 318. (doi:10.1083/jcb.201012093)

38. Vonderfecht T, Cookson MW, Giddings Jr TH,
Clarissa C, Winey M. 2012 The two human centrin
homologues have similar but distinct functions
at Tetrahymena basal bodies. Mol. Biol. Cell 23,
4766 – 4777. (doi:10.1091/mbc.E12-06-0454)

39. Comartin D et al. 2013 CEP120 and SPICE1
cooperate with CPAP in centriole elongation.
Curr. Biol. 23, 1360 – 1366. (doi:10.1016/j.cub.
2013.06.002)

40. Lin YN, Wu CT, Lin YC, Hsu WB, Tang CJ, Chang CW,
Tang TK. 2013 CEP120 interacts with CPAP and
positively regulates centriole elongation. J. Cell Biol.
202, 211 – 219. (doi:10.1083/jcb.201212060)

41. Tsang WY, Dynlacht BD. 2013 CP110 and its
network of partners coordinately regulate
cilia assembly. Cilia 2, 9. (doi:10.1186/2046-
2530-2-9)

42. Gudi R, Zou C, Li J, Gao Q. 2011 Centrobin-tubulin
interaction is required for centriole elongation and
stability. J. Cell Biol. 193, 711 – 725. (doi:10.1083/
jcb.201006135)

43. Kochanski RS, Borisy GG. 1990 Mode of centriole
duplication and distribution. J. Cell Biol. 110,
1599 – 1605. (doi:10.1083/jcb.110.5.1599)

44. Pearson CG, Giddings Jr TH, Winey M. 2009 Basal
body components exhibit differential protein
dynamics during nascent basal body assembly.
Mol. Biol. Cell 20, 904 – 914. (doi:10.1091/mbc.E08-
08-0835)

45. Janke C, Bulinski JC. 2011 Post-translational
regulation of the microtubule cytoskeleton:
mechanisms and functions. Nat. Rev. Mol. Cell Biol.
12, 773 – 786. (doi:10.1038/nrm3227)

http://dx.doi.org/10.1007/BF01106086
http://dx.doi.org/10.1002/jmor.1050940202
http://dx.doi.org/10.1083/jcb.144.1.125
http://dx.doi.org/10.1083/jcb.144.1.125
http://dx.doi.org/10.1038/nrm3209
http://dx.doi.org/10.1091/mbc.10.6.2017
http://dx.doi.org/10.1038/emboj.2010.45
http://dx.doi.org/10.1038/emboj.2010.45
http://dx.doi.org/10.1038/emboj.2011.460
http://dx.doi.org/10.1016/j.cub.2013.06.061
http://dx.doi.org/10.1083/jcb.200205101
http://dx.doi.org/10.1098/rstb.2013.0456
http://dx.doi.org/10.1098/rstb.2013.0456
http://dx.doi.org/10.1038/nature09207
http://dx.doi.org/10.1038/nature09207
http://dx.doi.org/10.1242/jcs.01401
http://dx.doi.org/10.1242/jcs.01401
http://dx.doi.org/10.1371/journal.pone.0029795
http://dx.doi.org/10.1083/jcb.201011152
http://dx.doi.org/10.1091/mbc.9.6.1293
http://dx.doi.org/10.1091/mbc.E02-11-0755
http://dx.doi.org/10.1016/S0960-9822(00)00418-8
http://dx.doi.org/10.1186/1471-2121-2-4
http://dx.doi.org/10.1242/jcs.00859
http://dx.doi.org/10.1038/ncb900
http://dx.doi.org/10.1038/71350
http://dx.doi.org/10.1038/71350
http://dx.doi.org/10.1091/mbc.E02-04-0205
http://dx.doi.org/10.1083/jcb.200205028
http://dx.doi.org/10.1083/jcb.200205028
http://dx.doi.org/10.1242/jcs.128694
http://dx.doi.org/10.1242/jcs.128694
http://dx.doi.org/10.1016/j.devcel.2012.06.001
http://dx.doi.org/10.1016/j.devcel.2012.06.001
http://dx.doi.org/10.1091/mbc.E08-11-1115
http://dx.doi.org/10.1126/science.1128618
http://dx.doi.org/10.1126/science.1128618
http://dx.doi.org/10.1038/nature04816
http://dx.doi.org/10.1371/journal.pone.0043783
http://dx.doi.org/10.1038/nature05318
http://dx.doi.org/10.1083/jcb.200808082
http://dx.doi.org/10.1083/jcb.201012093
http://dx.doi.org/10.1091/mbc.E12-06-0454
http://dx.doi.org/10.1016/j.cub.2013.06.002
http://dx.doi.org/10.1016/j.cub.2013.06.002
http://dx.doi.org/10.1083/jcb.201212060
http://dx.doi.org/10.1186/2046-2530-2-9
http://dx.doi.org/10.1186/2046-2530-2-9
http://dx.doi.org/10.1083/jcb.201006135
http://dx.doi.org/10.1083/jcb.201006135
http://dx.doi.org/10.1083/jcb.110.5.1599
http://dx.doi.org/10.1091/mbc.E08-08-0835
http://dx.doi.org/10.1091/mbc.E08-08-0835
http://dx.doi.org/10.1038/nrm3227


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

369:20130457

9
46. Bobinnec Y, Khodjakov A, Mir LM, Rieder CL, Edde B,
Bornens M. 1998 Centriole disassembly in vivo and its
effect on centrosome structure and function in
vertebrate cells. J. Cell Biol. 143, 1575 – 1589. (doi:10.
1083/jcb.143.6.1575)

47. Pearson CG, Osborn DP, Giddings Jr TH, Beales PL,
Winey M. 2009 Basal body stability and ciliogenesis
requires the conserved component Poc1. J. Cell Biol.
187, 905 – 920. (doi:10.1083/jcb.200908019)

48. Guichard P, Desfosses A, Maheshwari A, Hachet V,
Dietrich C, Brune A, Ishikawa T, Sachse C, Gonczy P.
2012 Cartwheel architecture of Trichonympha basal
body. Science 337, 553. (doi:10.1126/science.
1222789)

49. Cottee MA et al. 2013 Crystal structures of the
CPAP/STIL complex reveal its role in centriole
assembly and human microcephaly. eLife 2, e01071.
(doi:10.7554/eLife.01071)

50. Gonczy P. 2012 Towards a molecular architecture of
centriole assembly. Nat. Rev. Mol. Cell Biol. 13,
425 – 435. (doi:10.1038/nrm3373)

51. Hirono M. 2014 Cartwheel assembly. Phil.
Trans. R. Soc. B 369, 20130458. (doi:10.1098/rstb.
2013.0458)

52. Dippell RV. 1968 The development of basal
bodies in Paramecium. Proc. Natl Acad. Sci. USA 61,
461 – 468. (doi:10.1073/pnas.61.2.461)

53. O’Toole ET, Dutcher SK. 2013 Site-specific basal
body duplication in Chlamydomonas. Cytoskeleton
71, 108 – 118. (doi:10.1002/cm.21155)

54. Qiao R, Cabral G, Lettman MM, Dammermann A,
Dong G. 2012 SAS-6 coiled-coil structure and
interaction with SAS-5 suggest a regulatory
mechanism in C. elegans centriole assembly. EMBO J.
31, 4334 – 4347. (doi:10.1038/emboj.2012.280)

55. Hilbert M et al. 2013 Caenorhabditis elegans
centriolar protein SAS-6 forms a spiral that is
consistent with imparting a ninefold symmetry.
Proc. Natl Acad. Sci. USA 110, 11 373 – 11 378.
(doi:10.1073/pnas.1302721110)

56. Bayless BA, Giddings Jr TH, Winey M, Pearson CG.
2012 Bld10/Cep135 stabilizes basal bodies to resist
cilia-generated forces. Mol. Biol. Cell 23,
4820 – 4832. (doi:10.1091/mbc.E12-08-0577)
57. Ibrahim R, Messaoudi C, Chichon FJ, Celati C, Marco
S. 2009 Electron tomography study of isolated
human centrioles. Microsc. Res. Tech. 72, 42 – 48.
(doi:10.1002/jemt.20637)

58. Paintrand M, Moudjou M, Delacroix H, Bornens M.
1992 Centrosome organization and centriole
architecture: their sensitivity to divalent cations.
J. Struct. Biol. 108, 107 – 128. (doi:10.1016/1047-
8477(92)90011-X)

59. Cavalier-Smith T. 1974 Basal body and flagellar
development during the vegetative cell cycle and
the sexual cycle of Chlamydomonas reinhardii. J. Cell
Sci. 16, 529 – 556.

60. Woodruff JB, Wueseke O, Hyman AA. 2014
Pericentriolar material structure and dynamics. Phil.
Trans. R. Soc. B 369, 20130459. (doi:10.1098/rstb.
2013.0459)

61. Arquint C, Gabryjonczyk A-M, Nigg EA. 2014
Centrosomes as signalling centres. Phil. Trans. R. Soc. B
369, 20130464. (doi:10.1098/rstb.2013.0464)

62. Bornens M, Paintrand M, Berges J, Marty MC, Karsenti
E. 1987 Structural and chemical characterization of
isolated centrosomes. Cell Motil. Cytoskeleton 8,
238 – 249. (doi:10.1002/cm.970080305)

63. Fry AM, Mayor T, Meraldi P, Stierhof YD, Tanaka K,
Nigg EA. 1998 C-Nap1, a novel centrosomal coiled-
coil protein and candidate substrate of the cell
cycle-regulated protein kinase Nek2. J. Cell Biol.
141, 1563 – 1574. (doi:10.1083/jcb.141.7.1563)

64. Mayor T, Hacker U, Stierhof YD, Nigg EA. 2002 The
mechanism regulating the dissociation of the
centrosomal protein C-Nap1 from mitotic spindle
poles. J. Cell Sci. 115, 3275 – 3284.

65. He R, Huang N, Bao Y, Zhou H, Teng J, Chen J. 2013
LRRC45 is a centrosome linker component required
for centrosome cohesion. Cell Rep. 4, 1100 – 1107.
(doi:10.1016/j.celrep.2013.08.005)

66. Agircan FG, Schiebel E, Mardin BR. 2014 Separate to
operate: control of centrosome positioning and
separation. Phil. Trans. R. Soc. B 369, 20130461.
(doi:10.1098/rstb.2013.0461)

67. Fırat-Karalar EN, Stearns T. 2014 The Centriole
duplication cycle. Phil. Trans. R. Soc. B 369,
20130460. (doi:10.1098/rstb.2013.0460)
68. Mennella V, Agard DA, Huang B, Pelletier L.
2014 Amorphous no more: subdiffraction view
of the pericentriolar material architecture. Trends
Cell Biol. 24, 188 – 197. (doi:10.1016/j.tcb.2013.
10.001)

69. Azimzadeh J, Bornens M. 2007 Structure and
duplication of the centrosome. J. Cell Sci. 120,
2139 – 2142. (doi:10.1242/jcs.005231)

70. Klos Dehring DA, Vladar EK, Werner ME, Mitchell
JW, Hwang P, Mitchell BJ. 2013 Deuterosome-
mediated centriole biogenesis. Dev. Cell 27,
103 – 112. (doi:10.1016/j.devcel.2013.08.021)

71. Vorobjev IA, Chentsov Yu S. 1982 Centrioles in the
cell cycle. I. Epithelial cells. J. Cell Biol. 93,
938 – 949. (doi:10.1083/jcb.93.3.938)

72. Jana SC, Marteil G, 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)

73. Kodani A, Salome Sirerol-Piquer M, Seol A, Garcia-
Verdugo JM, Reiter JF. 2013 Kif3a interacts with
dynactin subunit p150 glued to organize centriole
subdistal appendages. EMBO J. 32, 597 – 607.
(doi:10.1038/emboj.2013.3)

74. Tateishi K, Yamazaki Y, Nishida T, Watanabe S,
Kunimoto K, Ishikawa H, Tsukita S. 2013 Two
appendages homologous between basal bodies and
centrioles are formed using distinct Odf2 domains.
J. Cell Biol. 203, 417 – 425. (doi:10.1083/jcb.
201303071)

75. Anderson RG, Brenner RM. 1971 The formation of
basal bodies (centrioles) in the Rhesus monkey
oviduct. J. Cell Biol. 50, 10 – 34. (doi:10.1083/jcb.
50.1.10)

76. Hoh RA, Stowe TR, Turk E, Stearns T. 2012
Transcriptional program of ciliated epithelial cells
reveals new cilium and centrosome components
and links to human disease. PLoS ONE 7, e52166.
(doi:10.1371/journal.pone.0052166)

77. Zhao H et al. 2013 The Cep63 paralogue Deup1
enables massive de novo centriole biogenesis for
vertebrate multiciliogenesis. Nat. Cell Biol. 15,
1434 – 1444. (doi:10.1038/ncb2880)

http://dx.doi.org/10.1083/jcb.143.6.1575
http://dx.doi.org/10.1083/jcb.143.6.1575
http://dx.doi.org/10.1083/jcb.200908019
http://dx.doi.org/10.1126/science.1222789
http://dx.doi.org/10.1126/science.1222789
http://dx.doi.org/10.7554/eLife.01071
http://dx.doi.org/10.1038/nrm3373
http://dx.doi.org/10.1098/rstb.2013.0458
http://dx.doi.org/10.1098/rstb.2013.0458
http://dx.doi.org/10.1073/pnas.61.2.461
http://dx.doi.org/10.1002/cm.21155
http://dx.doi.org/10.1038/emboj.2012.280
http://dx.doi.org/10.1073/pnas.1302721110
http://dx.doi.org/10.1091/mbc.E12-08-0577
http://dx.doi.org/10.1002/jemt.20637
http://dx.doi.org/10.1016/1047-8477(92)90011-X
http://dx.doi.org/10.1016/1047-8477(92)90011-X
http://dx.doi.org/10.1098/rstb.2013.0459
http://dx.doi.org/10.1098/rstb.2013.0459
http://dx.doi.org/10.1098/rstb.2013.0464
http://dx.doi.org/10.1002/cm.970080305
http://dx.doi.org/10.1083/jcb.141.7.1563
http://dx.doi.org/10.1016/j.celrep.2013.08.005
http://dx.doi.org/10.1098/rstb.2013.0461
http://dx.doi.org/10.1098/rstb.2013.0460
http://dx.doi.org/10.1016/j.tcb.2013.10.001
http://dx.doi.org/10.1016/j.tcb.2013.10.001
http://dx.doi.org/10.1242/jcs.005231
http://dx.doi.org/10.1016/j.devcel.2013.08.021
http://dx.doi.org/10.1083/jcb.93.3.938
http://dx.doi.org/10.1016/j.ceb.2013.12.001
http://dx.doi.org/10.1038/emboj.2013.3
http://dx.doi.org/10.1083/jcb.201303071
http://dx.doi.org/10.1083/jcb.201303071
http://dx.doi.org/10.1083/jcb.50.1.10
http://dx.doi.org/10.1083/jcb.50.1.10
http://dx.doi.org/10.1371/journal.pone.0052166
http://dx.doi.org/10.1038/ncb2880

	Centriole structure
	Introduction
	Historical perspective
	The microtubule scaffold
	The centriole lumen
	Outside the microtubule scaffold
	Deuterosomes
	Future prospects
	Acknowledgement
	Funding statement
	References


