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Centrioles/basal bodies (CBBs) are microtubule-based
cylindrical organelles that nucleate the formation of centrosomes, cilia, and flagella. CBBs, cilia, and flagella are
ancestral structures; they are present in all major eukaryotic groups. Despite the conservation of their core structure, there is variability in their architecture, function, and
biogenesis. Recent genomic and functional studies have
provided insight into the evolution of the structure and
function of these organelles.

Structure and assembly of
CBBs and cilia/flagella

The microtubule (MT) cytoskeleton is the main component of
macromolecular machineries, such as the mitotic spindle and
centrioles/basal bodies (CBBs). CBBs nucleate formation of the
centrosome—the primary microtubule-organizing center (MTOC)
in animal cells that is involved in cell proliferation, migration,
and polarity—and of cilia/flagella, which are essential for motility and sensing/responding to environmental cues (Fig. 1;
Bettencourt-Dias and Glover, 2007; Nigg and Raff, 2009).
CBBs are cylinders generally constructed from nine micro
tubule triplets organized in a ninefold symmetrical configuration
reinforced by a cartwheel-like structure (Fig. 1, A and B). The
canonical animal centrosome is usually composed of a mature
mother and a daughter centriole (Fig. 1, A and B). Mature centrioles may acquire additional specialized structures, such as
subdistal and distal appendages, involved in cytoplasmic MT
anchoring and positioning the CBB within the cell (Fig. 1 A;
Bornens, 2002; Azimzadeh and Marshall, 2010). Centrioles,
then called basal bodies, anchor at the cell membrane to initiate
the growth of the axoneme, the MT core of cilia and flagella
(Fig. 1 C). Basal body differentiation may include the addition
of structures such as striated rootlets, basal feet, and transition
fibers, linking the basal body to the cytoskeleton and orienting
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it in relation to other organelles and other cells (Fig. 1, A and C).
The axoneme assembles through the extension of the two most
inner MTs of the basal body and is usually encased in a specialized membrane. Cilia may also contain a pair of central MTs,
inner and outer dynein arms, and radial spokes that drive and
regulate ciliary motility (Fig. 1 C; Satir and Christensen, 2007;
Gerdes et al., 2009).
CBBs can assemble adjacent to other centrioles or de novo
in the absence of preexisting structures (Fig. 1 B). In most eukaryotic cell types, cilia biogenesis, integrity, and function rely
on a bi-directional transport mechanism along axonemal MTs,
called intraflagellar transport (IFT; Fig. 1 C; Kozminski et al.,
1993; Marshall and Rosenbaum, 2001; Engel et al., 2009).
In most organisms, anterograde (base to tip) IFT is driven by
heterotrimeric kinesin-II, whereas the retrograde (tip to base)
movement is mediated by dynein heavy chain (Fig. 1 C; Davis
et al., 2006).
Methods to infer how CBBs and derived
structures evolved

Eukaryotes evolved more than two billion years ago, but we
lack a fossil record from which we can track the evolution of the
structure and function of subcellular organelles (Cavalier-Smith,
2010; El Albani et al., 2010). We can only infer details of early
eukaryotic history using features of extant organisms. We use
the general parsimony principle that the most likely evolutionary scenario is the one that requires the least amount of events
(see for example Ouzounis (2005) for a discussion of ancestral
genome reconstruction). So, if we observe that a given structure
or gene exists in several eukaryotic groups, we assume that it
emerged before their divergence, in the last eukaryotic common
ancestor (LECA), and reject a scenario of convergent evolution.
The recent sequencing and annotation of eukaryotic genomes, combined with advancements in RNAi and mass spectrom
etry, has enabled the characterization of the composition and
function of CBBs and associated structures in several eukaryotic groups (Figs. 2 and 3; Wigge et al., 1998; Ostrowski
et al., 2002; Andersen et al., 2003; Keller et al., 2005; Pazour
et al., 2005; Smith et al., 2005; Broadhead et al., 2006; Cao et al.,
© 2011 Carvalho-Santos et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after the publication date (see http://www.rupress.org/terms). After six months it is available under a
Creative Commons License (Attribution–Noncommercial–Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

JCB

165

Figure 1. Structure and biogenesis of centrosomes and cilia. (A) On the left, a schematic and EM micrograph (reproduced from Vorobjev and Chentsov,
1982) of an animal prometaphase centrosome composed of mother (MC) and daughter (DC) centriole arranged in an orthogonal fashion. The mother
centriole harbors subdistal and distal appendages. On the right, a schematic and EM longitudinal section (reproduced with permission from the Journal
of Cell Science; Sorokin, 1968) of a basal body from rat lung multiciliated cells bearing rootlets and lateral/distal appendages. (B) Key regulatory and
structural components in CBB biogenesis (canonical [top] and de novo [bottom]; Azimzadeh and Marshall, 2010). (C) Schematic of the basal body,
when docked at the cell membrane and growing the axoneme of cilia/flagella. EM cross section of tracheal motile cilia (top: reproduced from Satir and
Dirksen (1985) in Handbook of Physiology with permission from the American Physiology Association) and renal nonmotile primary cilia (bottom: image courtesy
of H. Zentgraf, German Cancer Research Center, Heidelberg, Germany). Cilia/flagella are assembled via the intraflagellar transport (IFT) system.
EM longitudinal section of the Chlamydomonas flagellum adapted from Pedersen et al. (2006) with permission from Elsevier.

2006; Reinders et al., 2006; Kilburn et al., 2007; Liu et al.,
2007; Baker et al., 2008a,b; Arnaiz et al., 2009; Boesger et al.,
2009; Mayer et al., 2009). These data have allowed the use of
comparative genomics in the study of CBBs and derived structures (Avidor-Reiss et al., 2004; Li et al., 2004; Branche et al.,
2006). A strong correlation between the presence of a given set
of genes and a structure in a wide number of species points to an
involvement of those genes in the biogenesis/function of those
structures (Figs. 2 and 3; Carvalho-Santos et al., 2010). This
also includes organisms for which no functional studies have
been performed. Moreover, these phylogenetic profiles can suggest paths for the evolution of CBBs and cilia.
Eukaryotic origin of CBB and cilia/flagella

Both the
CBB and axoneme are remarkably conserved structures found in
all major eukaryotic groups, which suggests their presence in the
LECA (Fig. 2; Table S1; Cavalier-Smith, 2002). Organisms in
most taxonomic groups show a ninefold symmetric CBB with
The structure and origin of the first CBB.
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cartwheel and MT triplets and an axoneme composed of nine
MT doublets bound to outer and inner dynein arms and radial
spokes, surrounding a central MT pair (Fig. 2). A similar structure is thus likely to have been present in the LECA (Fig. 4).
Other structures associated with the CBB, such as appendages (transition fibers/distal appendages, subdistal or other
lateral appendages, basal feet or connecting fibers, and nonMT–based rootlets), may have also been present in the LECA
(Figs. 2 and 4). It has been suggested that the association of
CBBs with other cytoplasmic cytoskeleton elements, mediated
by those appendages, is an ancestral feature ensuring cell polarization relative to its motile/sensory apparatus and the propagation of cell geometry through cell division (Azimzadeh and
Marshall, 2010). For instance, in Chlamydomonas, the basal
bodies anchor a set of stable MT bundles that are involved in division plane determination and thus impact the cell geometry of
daughter cells. Basal bodies from Paramecium, Trichomonas,
Chitrids, and choanoflagellates also show an association with
cytoplasmic microtubules either directly or through an MTOC.

Figure 2. Structure and distribution of CBB, cilia/flagella, and associated structures in eukaryotes. Simplified taxonomic tree representing major eukaryotic groups in different colors (these groups contain a common ancestor and all its descendants; adapted from Hedges (2002) and Baldauf (2003)).
Unikonts include eukaryotic cells that, for the most part, have a single emergent flagellum and are divided into Opisthokonts (propel themselves with a
single posterior flagellum; Metazoans, Fungi, and Choanoflagellates) and Amoebozoa (Cavalier-Smith, 2002). Bikonts include eukaryotic organisms with
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Unfortunately, the little information available about the morphology and composition of these associated structures does
not allow us, at the time, to discriminate between scenarios of
common ancestry or convergent evolution.
Finally, it is likely that early flagella performed both motile and sensory functions, as these features are observed in
multiple branches of the eukaryotic tree of life (Fig. 2; Satir
et al., 2008; Bloodgood, 2010).
Three different hypotheses have been proposed for the
presence of the CBBs and cilia/flagella in the LECA: endo
symbiotic, viral, and autogenous origin. The first proposes that
the cilium originated from a permanent symbiosis between an
ancient Spirochete bacterium and an Archaebacterium (Sagan,
1967). Satir et al. (2007) proposed that the CBB evolved from
an infection with a virus bearing a ninefold symmetry, whose
capsid gave rise to a cartwheel with the ability to elongate MTs.
To date, these hypotheses have had little morphological and molecular support (Satir et al., 2008).
The third hypothesis, first described by Pickett-Heaps
(1974), proposes an autogenous origin of the CBB/cilium from
an MTOC that organized cytoplasmic and mitotic MTs. The
ninefold symmetry of these structures would have been the
result of an evolutionary optimization of cilium motility
(Cavalier-Smith, 1978; Mitchell, 2004; Satir et al., 2008). Although remote homologues of tubulin exist in Prokaryotes
(Löwe and Amos, 2009), recent data suggest that most CBB
components originated in eukaryotes: (a) no bacterial, archaeal,
or viral counterparts of CBB components were found using defined conserved regions from proteins of the CBB assembly
pathway (Carvalho-Santos et al., 2010; unpublished data); and
(b) many CBB/cilium components such as tubulins, microtubule
motors, and the IFT machinery are eukaryotic duplicates of
cytoplasmic proteins (Fig. 3; Dutcher, 2003; Azimzadeh and
Bornens, 2004; Jékely and Arendt, 2006; Wickstead and Gull,
2007). These results support the scenario of a eukaryotic/autogenous origin of the CBB, which we discuss in the next section.
Minimal requirements for the assembly and

Recent
studies on the molecular mechanisms involved in the assembly
and function of cilia and flagella reveal that the ninefold symmetrical CBB and axoneme is universally dependent on molecules such as SAS6, SAS4/CPAP, and BLD10/CEP135 (Fig. 1 B;
Carvalho-Santos et al., 2010; Hodges et al., 2010). On the other
hand, although it is not clear whether there is an ancestral mechanism for association of CBBs with the cytoplasmic cytoskeleton
function of CBBs and derived structures.

as discussed above, at least one component required for CBB
migration and attachment to the actin cytoskeleton, MKS1, is
ancestral (Fig. 3; Keller et al., 2005; Dawe et al., 2007, 2009).
The assembly of the axoneme and localization of receptors to the ciliary membrane was shown to be dependent on polarized vesicular trafficking and on the IFT machinery (Fig. 1 C
and Fig. 4, B, B, C, C, and E; Nachury et al., 2010). Cargo
destined for the cilium is assembled and sorted at the Golgi and
delivered at the flagellar base. This process involves essential
regulators of polarized transport, such as Rab8 and the exocyst
and sorting complexes such as the BBSome (Figs. 3 and 4;
Peränen et al., 1996; Moritz et al., 2001; Koumandou et al.,
2007; Nachury et al., 2007; Yoshimura et al., 2007; Pereira-Leal,
2008; Jin et al., 2010). Cilia compartmentalization may be dependent on different mechanisms, as large proteins do not freely
enter the ciliary lumen (Nachury et al., 2010). Recently, septins,
GTP-binding proteins involved in compartmentalization, were
implicated in the definition of a ciliary-specialized membrane
compartment at the base of the cilium (Fig. 3; Fig. 4, B and E;
Hu et al., 2010; Kim et al., 2010). Also, a Ran-GTP gradient
may selectively control which molecules enter the cilium, similar to the mechanism that regulates transport through the nuclear
pore (Dishinger et al., 2010). Although still poorly understood,
this system may be crucial for transport into the cilium and for
shuttling components between the cilium and the nucleus, hence
regulating transcription in cilia-mediated signaling events.
Finally, the motility of the axoneme is dependent on a variety of protein complexes, such as dynein arms (Fig. 1 C and
Fig. 3; Satir and Christensen, 2007).
Evolutionary scenarios for the origin of CBB/
cilium apparatus in eukaryotes. A tubulin-like cytoskel-

eton, membrane compartmentalization with coat-like molecules, and an internal genome-containing compartment are all
found in bacteria, and in particular in a recently characterized
superphylum of bacteria suggested to be ancestors of eukaryotes, which includes the Planctomycetes, Verrucomicrobia, and
Chlamydiae (Devos and Reynaud, 2010). Ran GTPase, which
controls nucleo-cytoplasmic shuttling, appears to have emerged
before the radiation of the Rab family (Colicelli, 2004). Thus, many
of the essential components required to assemble a cilium, either
sensory or motile, can be traced back to the proto-eukaryote.
The origin of the motile cilium Several unicellular
organisms use their flagellum to attach to surfaces and pull the
cell body in a process called gliding, which allows cells to move
in an almost amoeboid fashion. A simple form of motility such

two emergent flagella (Cavalier-Smith, 2002). Branch color code: purple, Opisthokonts; blue, Amoebozoa; green, Plants; yellow, Alveolates; orange, Stramenopiles; rose, Rhizaria; brown, Excavates and Discicristates. We represent the symmetry and number of CBB MTs, either when nucleating an axoneme
(basal body) or not (centriole), and of axonemes as well as the presence/absence of central MT pair (, not present). In organisms for which data were
available, we also included the structure of the cartwheel and of several associated structures (transition fibers/distal appendages involved in CBB anchoring at the cell membrane; lateral appendages including subdistal appendages, basal foot or connecting fibers linking CBBs to each other or to cytoskeleton
components; and non-MT based rootlets that link the proximal part of the CBB to other organelles). We also included information on the presence/absence
of axonemal-associated structures (dynein arms and radial spokes) as well as their beating patterns. Finally, we represent the pathways used for CBB
assembly, canonical, de novo, or both. In Drosophila melanogaster, the gray centriolar MTs represent the fact that certain tissues present centrioles with
doublets whereas others show triplets. The asterisk in D. melanogaster 9+0 sensory axoneme reflects the possibility that this structure is motile (Göpfert and
Robert, 2003). In Acerentomon microrhinus, the CBBs formed during spermatogenesis have a different symmetry and the cartwheel is also represented
in these structures. In the remaining cases, gray structures are used when evidence pointing to their presence is not robust (poor EM data or data from a
related species). For references please check Table S1.
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Figure 3. Phylogenetic profile of CBB/axoneme structure and components. Simplified taxonomic tree representing major eukaryotic groups in
different colors using the same color code as in Fig. 2 (adapted from
Hedges (2002) and Baldauf (2003)). Phylogenetic profile of proteins involved in CBB and cilia/flagella assembly and function. Data adapted
from Jékely and Arendt (2006), Wickstead and Gull (2007), Carvalho-Santos
et al. (2010), Hodges et al. (2010), Wickstead et al. (2010) and our
unpublished data.

as this could have been the first proto-cilium–based motility
(Satir et al., 2008). This is supported by the fact that this type
of movement is found in at least three different eukaryotic
groups (Plants, Discicristates, and Cercozoa; Bloodgood, 1981;
Kozminski et al., 1993; Saito et al., 2003; Chantangsi et al.,
2008; Satir et al., 2008; Cavalier-Smith et al., 2009).
Several proteins had to emerge in early eukaryotes to
allow the evolution of a motile structure with ninefold symmetry, formed by triplets and doublets of closed and opened MTs.
These probably include - and -tubulins, allowing for the construction of the unique opened MTs of the CBB and cilium, and
other proteins such as SAS6, SAS4/CPAP, BLD10/CEP135,

POC1, and CEP164 involved in cartwheel, centriolar MTs, and
appendage assembly (Figs. 1–4; Carvalho-Santos et al., 2010;
Hodges et al., 2010; Azimzadeh and Marshall, 2010). In addition, multiple rounds of dynein duplication with subfunctionalization originated the outer and inner dynein arms, which
produce the flagellar beating force (Wickstead and Gull, 2007).
The emergence of a variety of molecules needed for biogenesis
and orientation of the central MT pair would have allowed the
evolution of more complex beat waveforms (Fig. 4, D and E).
The ninefold symmetry of the axoneme appears to be the most
efficient conformation to enclose the central pair (Mitchell,
2004, 2007; Satir et al., 2008). Whether the CBB appeared first,
at the same time, or after the axoneme is not clear, but morphological distinctions between the two structures (doublet vs. triplet MTs, central MT pair, etc.) were likely present in the LECA
(Figs. 2 and 4).
Evolving a sensory organelle. The evolution of a
sensory cilium required the targeted trafficking of receptors and
signaling molecules to a specialized membrane domain. Jékely
and Arendt (2006) recently proposed an evolutionary scenario
in which the initial structure to appear during CBB/cilia evolution was an individualized sensory patch resulting from polarized vesicle transport from the Golgi to the plasma membrane
using specific coats (Fig. 4, B, B, and E). This polarized transport relied on a system of motors and adaptors that would later
evolve into the IFT system (Fig. 4, C and C). The combination
between the sensory and motility functions on the proto-cilium
would culminate in the evolution of an organelle similar to those
found in extant organisms (Mitchell, 2007; Satir et al., 2008).
Ample evidence supports the idea that sensory functions
of the cilium evolved from polarized trafficking. The IFT system is likely to be a specialization of a more general transport
system already present in the LECA: (a) coat proteins and small
GTPases, typically found on the cytosolic face of organelles,
have counterparts in the IFT machinery; (b) kinesins and dyneins involved in IFT have cytoplasmic counterparts involved in
polarized transport (Wickstead and Gull, 2006, 2007; Wickstead
et al., 2010); (c) some IFT components have nonciliary functions such as polarized secretion in nonciliated lymphoid cells
and in exocytosis at the synapse of nonciliated secondary neurons in the retina (Finetti et al., 2009; Sedmak and Wolfrum,
2010); (d) the kinesin-II family of IFT motors also functions
in polarized cells including intracellular melanosome transport
and mRNA and MT stabilization (Wickstead and Gull, 2006;
Jaulin and Kreitzer, 2010; Wickstead et al., 2010); and (e) several
IFT proteins localize to spindle poles in mitosis, suggesting
cytoplasmic roles in microtubule organization and spindle positioning (Fig. 3; Fig. 4, B, B, C, C, and E; Wickstead and Gull,
2006; Jaulin and Kreitzer, 2010; Wickstead et al., 2010; Delaval
et al., 2011). Finally, cilia are specialized compartments, with
different protein and lipid composition from those of cytoplasm
and nonciliary membrane (Nachury et al., 2010). Diffusion barriers are known to play important roles in the definition of cellular compartments. It is plausible that the early creation of a
diffusion barrier, perhaps organized by septins, which our unpublished data suggest are ancestral molecules, led to the individualization of a ciliary membrane (Fig. 4, B, C, C, and E).
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Figure 4. Autogenous theory for the origin of the sensory/motile flagellum. (A) The eukaryotic cell where the proto-cilium evolved likely had a cytoskeleton
composed of actin and MTs that converged in the MTOC, a nucleus, and an endomembrane system. (B and B) Targeted traffic of cell membrane components to a cell membrane patch that started protruding through the directed force produced by the MTs anchored at the MTOC. This protrusion would
evolve to become a specialized structure with specific membrane composition maintained by diffusion barriers. (C) The evolving proto-cilium was likely
capable of environmental sensing and gliding, which might have driven the implementation of this organelle. (C) An IFT system was recruited to assemble
these structures. (D) Further on, the bundle of MTs would evolve in order to create a specialized arrangement of closed and open MTs forming a ninefold
symmetric structure capable of bending due to the presence of molecular motors. The basal body gave support to the motile axoneme at the cell membrane.
(E) In conclusion: the ancestral CBB/cilium apparatus would have been characterized by the following characteristics: (a) a ninefold symmetric CBB composed
of MT triplets, with a cartwheel, lateral and distal appendages, and rootlets being defined by a set of proteins, the UNIMOD (UNIversal MODule); (b) an
axoneme with both motile and sensorial functions presenting ninefold symmetry composed of nine doublets, central pair, outer and inner dynein arms, and
maintained by the IFT system; (c) a specialized membrane created by a diffusion barrier both at the level of the membrane and of diffusion of components at
the transition zone; and (d) targeted transport of membrane and other components from the Golgi to the ciliary base. Adapted from Satir et al. (2008).

Less clear is whether the sensory patch predates the
polarization of microtubules into a proto-cilium, whether the
targeting of sensory and signaling molecules was a later
adaptation, or even if they formed concomitantly. As the
sensory and motility functions of the cilium appear to be wide
spread, it is not possible at this point to order their emergence
in evolution.
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Diversification of CBB/cilium structure and
their molecular components

Variations on the
ancestral 9+2 axoneme configuration are observed among eukaryotes. Interestingly, these alterations correlate with changes
in beat waveforms or loss of motility (Fig. 2). For instance, certain
plants, diatoms, insects, and gregarines possess motile axonemes
The CBB/cilium as a functional unit.

that lack a central pair, outer or inner dynein arms, or show deviations from the ninefold symmetry (Fig. 2; Manton et al.,
1970; Heath and Darley, 1972; Baccetti et al., 1973; Schrevel
and Besse, 1975; Prensier et al., 1980; Woolley, 1997; Okada
et al., 2005; Riparbelli et al., 2009; Dallai et al., 2010). Although
9+2 axonemes use planar or three-dimensional beat waveforms,
axonemes lacking the central pair typically have a simpler helical beat (Fig. 2; Holwill, 1966; Leadbeater and Dodge, 1967;
Prensier et al., 1980; Goldstein and Schrével, 1982; Gibbons
et al., 1983; Werner and Simmons, 2008). Nonmotile sensory cilia
can show a variety of axoneme structures, as it is in the extreme
case of nonmotile Caenorhabditis elegans cilia (Inglis et al.,
2007). This observation suggests that the main constraint limiting the variation in axoneme architecture is their motility
(Mitchell, 2007; Satir et al., 2008).
Evolutionary constraints applied to the axoneme structure
are likely to be extended to the CBBs. For example, C. elegans,
which does not have motile cilia, contains a small MT doublet
“basal body” at the base of sensory cilia, whereas its embryonic
centrioles, which are not associated with cilia, only have singlet
MTs (Fig. 2). Similarly, Drosophila embryonic centrioles,
which are not associated with cilia, are composed of MT doublets, whereas during motile flagella formation in spermato
genesis, CBBs that nucleate motile cilia are composed of MT
triplets (Fig. 2; Callaini et al., 1997). In the extreme case, many
species have completely lost their CBBs and cilia, such as Angio
sperms, some fungi, and certain amoebas (Fig. 2).
CBB and cilia assembly in different contexts.

The pathway of CBB biogenesis varies among eukaryotes being
performed either in proximity to an already existing “parental”
structure or de novo (Fig. 1 B). Canonical and de novo CBB
assembly can also coexist in the same organism, such as in parthenogenic insects (Riparbelli and Callaini, 2003; Ferree et al.,
2006). Because in animals and Chlamydomonas experimentally
induced de novo biogenesis lacks control on the place, time,
and number of CBBs assembled, it has been suggested that the
presence of a parental structure provides a scaffold for the regulation of new centriole assembly (Marshall et al., 2001;
Rodrigues-Martins et al., 2007b). It is thus striking how organisms
such as the amoeboflagellate Naegleria and sperm cells of Plasmodium, ferns, or diatoms that form CBBs de novo show impressive number, spatial, and time control (Fig. 2; Dingle and
Fulton, 1966; Mizukami and Gall, 1966; Manton et al., 1970;
Heath and Darley, 1972; Fritz-Laylin et al., 2010a). Perhaps in
all organisms regulation of the location and numbers is achieved
by controlled availability and localization of assembly components, which is often but not always specified by a parental CBB.
Several unicellular organisms assemble new cilia/flagella
apparatuses during cell division without disassembling the old
cilia/flagella and with no disruption of the ability to move. This
is the case for ciliates, Trypanosoma, and Giardia, among others
(Allen, 1969; Dute and Kung, 1978; Iftode and Fleury-Aubusson,
2003; Nohynková et al., 2006; Elias et al., 2007; Lacomble
et al., 2010). Disassembly of cilia/flagella in mitosis, followed
by reassembly in the next cycle is seen in unicellular and multicellular organisms, such as Chlamydomonas and human cells
(Johnson and Porter, 1968; Cavalier-Smith, 1974; Rieder et al.,

1979). It has been suggested that Chlamydomonas reabsorb
their flagella due to the presence of a cell wall, which inhibits
the migration of the basal bodies into opposite poles (Parker
et al., 2010). In human cycling ciliated cells, where cilia dis
assembly is also observed, it seems plausible that this mech
anism requires regulatory coordination with the cell cycle,
though currently little is known about the mechanisms regulating this process.
Ancestral and acquired functions of the CBB.
The animal CBB has a dual function as an axonemal nucleator
and as part of the cytoplasmic MTOC. In animals, the centriole,
as part of the centrosome, has important functions in embry
onic development, asymmetric divisions, and male meiosis
(Rodrigues-Martins et al., 2008; Debec et al., 2010). A centrosome composed of centrioles and PCM is primarily found in
animals and Fungi (Opisthokonts); however, other examples are
found outside of this taxon, such as in brown algae and Plasmodiophorids (plant parasites belonging to the Cercozoa group;
Fig. 2 and Table S1). Although all species that present CBBs
also present cilia, a weaker correlation is seen between the presence of the CBB and CBB-containing centrosomes. This observation suggests that the ancestral CBB function would be mainly
to template/support the axoneme.
During cell division, the spindle ensures equal separation
of the sister chromatids into the two daughter cells. The MTOCs
that contribute to spindle MT nucleation and organization are
highly variable among eukaryotes. The localization of CBBs at
or close to the poles of the spindle is often achieved through the
interaction of MTs nucleated by the CBB and the spindle itself.
It has been suggested that this localization is a strategy to ensure
equal inheritance of these structures so that both daughter cells
can form cilia (Pickett-Heaps, 1971, 1974). However, even if
this was originally the case, the CBB has important functions in
cell division, suggesting possible cooption of the structure to
actively participate in the process and coordinate it with other
cell functions.
Molecular mechanisms in CBB evolution. There
is a core mechanism of CBB assembly conserved among
eukaryotes determined by an evolutionarily cohesive and ancestral gene module (UNIMOD; Fig. 1 B and Fig. 3). The use
of that module extends to different tissues within the same
organism, as we and others have shown that canonical, de novo
and assembly in multiciliated cells use the same molecular
pathway to assemble the centriole structure (Rodrigues-Martins
et al., 2007a; Vladar and Stearns, 2007; Kuriyama, 2009).
Perhaps one of the most striking features of the evolution
of CBBs is the almost perfect correlation between the absence of the structure and absence of that ancestral gene
module that is strictly required to assemble the structure
(Figs. 2 and 3). Exceptions to this rule may provide interest
ing examples of eukaryotes that are in the process of losing
the structure. That is the case of the smallest eukaryotic
cell, the algae Ostreococcus, which does not seem to have a
CBB but encodes some of its components in the genome
(Figs. 2 and 3; Henderson et al., 2007; Merchant et al., 2007;
Wickstead and Gull, 2007; Keller et al., 2009; Carvalho-Santos
et al., 2010; Hodges et al., 2010).
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Despite the conservation of structural components, proteins
that contribute additional regulatory steps, upstream or downstream of CBB assembly, appear to have been added in a stepwise,
taxon-specific manner throughout evolution (Carvalho-Santos
et al., 2010; Hodges et al., 2010). For example, SPD2/CEP192
is a centrosomal protein involved in PCM recruitment, which is
only present in Amoebozoa and Animals (Kemp et al., 2004;
Pelletier et al., 2004; Dix and Raff, 2007; Giansanti et al., 2008;
Zhu et al., 2008; Carvalho-Santos et al., 2010; Hodges et al.,
2010). SPD2/CEP192 is required for the duplication of the
naked PCM-less sperm centriole in animals, suggesting a specific role at this developmental stage (Kemp et al., 2004; Pelletier
et al., 2004; Dix and Raff, 2007). CP110 and CEP97, two cen
triolar proteins that have been proposed to coordinate cilio
genesis with the cell cycle, are confined to the Metazoans (Fig. 3;
Carvalho-Santos et al., 2010; Hodges et al., 2010). Thus, these
proteins might have been added to the pathway of CBB/cilium
biogenesis as additional mechanisms to regulate this process
through the cell cycle.
Additionally, gene duplication plays an important role in
the evolution of CBB components and, in the case of BLD10/
CEP135, this is a source of tissue specificity in CBB and flagella biogenesis (Carvalho-Santos et al., 2010). Protein divergence among orthologues may also contribute to species-specific
adaptations in CBB assembly (Carvalho-Santos et al., 2010).
Conclusions and perspectives

Comparative genomics, powered by the rapid increase in the
availability of complete genome sequences from all branches
of the eukaryotic tree, is revealing the nature of our eukaryotic
ancestor and its evolution. As we sequence the genomes of more
diverse eukaryotes, we also predict an increasingly complex
LECA (Figs. 3 and 4; Fritz-Laylin et al., 2010b; Koonin, 2010).
Because we have not yet found intermediate structures, we can
only speculate how CBBs and cilia could have emerged from
simpler, preexisting components. We hypothesize that the creation of diffusion barriers coupled with gene duplication and divergence may have provided a mechanistic driving force for the
emergence of eukaryotic subcellular structures. Diversification
of these structures and their function in different eukaryotes and
different tissues likely proceeded through stepwise addition,
duplication, and divergence of molecular components.
CBBs and derived structures are unequivocally identified
by electron microscopy, in particular their characteristic ninefold symmetry, which has permitted their identification in different branches of the eukaryotic tree. These structures were
lost in some Fungi, Amoebozoa, Alveolates, and Angiosperms,
concomitant with loss of genes that are exclusively needed for
CBB architecture such as SAS6, SAS4/CPAP, and BLD10/
CEP135 (Figs. 2 and 3). This coarse correlation has been
widely used for predicting new components of these structures
(Avidor-Reiss et al., 2004; Li et al., 2004). As phylogenetic patterns for structural parts of CBBs and derived structures emerge,
it will be important to investigate whether they correlate with
certain molecular and morphological signatures (Fig. 2). For
example, it is of key importance to piece together the evolution of
the transition zone, the axonemal region where the transformation
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from basal body to axoneme occurs, because its components are
often involved in many human diseases. This type of analysis
should help us to identify new molecular components of this
structure as well as having a better understanding of their mechanism of action.
The identification of pairs of closely related species where
these structures were maintained in one organism and lost from
the other (e.g., Thalassiosira vs. Phaeodactylum [flagellated
vs. nonflagellated diatoms], Chlamydomonas vs. Ostreococcus
[flagellated vs. nonflagellated green algae], and Plasmodium
vs. Theileria [flagellated vs. nonflagellated apicomplexa]) may
provide additional insights into how cellular structures and genes
are lost during evolution. Finally, in the future it will also be impor
tant to understand how different cellular mechanisms have coevolved, in particular complexes determining cell polarity,
protein trafficking, and the MT cytoskeleton. The centriole and
its derived structures are thus an ideal paradigm to study the
mechanisms involved in the evolution of the eukaryotic cell.
We would like to thank two anonymous reviewers, Lillian Fritz-Laylin, Benjamin
Engel, Damien Devos, Max Nachury, and Yves Barral for discussions and critical
reading of the manuscript. We would also like to acknowledge the authors of
the EM images we used in this review, Ivan Vorobjev, Jennifer Sturgess, and
Lotte B. Pedersen, as well as Bernhard Schermer and Thomas Benzing. We
would like to thank Michel Bornens, Wallace Marshall, Bill Wickstead, and
Keith Gull for discussions on this topic.
We are grateful to grants from Fundação Calouste Gulbenkian,
Fundação para a Ciência e Tecnologia (FCT, POCI2010, PTDC/BIABCM/73195/2006, PTDC/BIA-BCM/105602/2008), and an EMBO
Installation grant to M. Bettencourt-Dias. Z. Carvalho-Santos is recipient of a fellowship from FCT.
The authors declare no competing financial interests.

Submitted: 30 November 2010
Accepted: 29 June 2011

References
Allen, R.D. 1969. The morphogenesis of basal bodies and accessory structures of
the cortex of the ciliated protozoan Tetrahymena pyriformis. J. Cell Biol.
40:716–733. doi:10.1083/jcb.40.3.716
Andersen, J.S., C.J. Wilkinson, T. Mayor, P. Mortensen, E.A. Nigg, and
M. Mann. 2003. Proteomic characterization of the human centrosome by protein correlation profiling. Nature. 426:570–574. doi:10
.1038/nature02166
Arnaiz, O., A. Malinowska, C. Klotz, L. Sperling, M. Dadlez, F. Koll, and
J. Cohen. 2009. Cildb: a knowledgebase for centrosomes and cilia.
Database (Oxford). 2009:bap022.
Avidor-Reiss, T., A.M. Maer, E. Koundakjian, A. Polyanovsky, T. Keil, S.
Subramaniam, and C.S. Zuker. 2004. Decoding cilia function: defining
specialized genes required for compartmentalized cilia biogenesis. Cell.
117:527–539. doi:10.1016/S0092-8674(04)00412-X
Azimzadeh, J., and M. Bornens. 2004. The centrosome in evolution. In Centrosomes
in Development and Disease. E.A. Nigg, editor. Wiley-VCH, Weinheim.
93-122.
Azimzadeh, J., and W.F. Marshall. 2010. Building the centriole. Curr. Biol.
20:R816–R825. doi:10.1016/j.cub.2010.08.010
Baccetti, B., R. Dallai, and B. Fratello. 1973. The spermatozoon of arthropoda. XXII.
The 12+0, 14+0 or aflagellate sperm of protura. J. Cell Sci. 13:321–335.
Baker, M.A., L. Hetherington, G. Reeves, J. Müller, and R.J. Aitken. 2008a.
The rat sperm proteome characterized via IPG strip prefractionation
and LC-MS/MS identification. Proteomics. 8:2312–2321. doi:10.1002/
pmic.200700876
Baker, M.A., L. Hetherington, G.M. Reeves, and R.J. Aitken. 2008b. The
mouse sperm proteome characterized via IPG strip prefractionation
and LC-MS/MS identification. Proteomics. 8:1720–1730. doi:10.1002/
pmic.200701020
Baldauf, S.L. 2003. The deep roots of eukaryotes. Science. 300:1703–1706.
doi:10.1126/science.1085544

Bettencourt-Dias, M., and D.M. Glover. 2007. Centrosome biogenesis and function: centrosomics brings new understanding. Nat. Rev. Mol. Cell Biol.
8:451–463. doi:10.1038/nrm2180
Bloodgood, R.A. 1981. Flagella-dependent gliding motility in Chlamydomonas.
Protoplasma. 106:183–192. doi:10.1007/BF01275550
Bloodgood, R.A. 2010. Sensory reception is an attribute of both primary cilia
and motile cilia. J. Cell Sci. 123:505–509. doi:10.1242/jcs.066308
Boesger, J., V. Wagner, W. Weisheit, and M. Mittag. 2009. Analysis of flagellar phosphoproteins from Chlamydomonas reinhardtii. Eukaryot. Cell.
8:922–932. doi:10.1128/EC.00067-09
Bornens, M. 2002. Centrosome composition and microtubule anchoring
mechanisms. Curr. Opin. Cell Biol. 14:25–34. doi:10.1016/S09550674(01)00290-3
Branche, C., L. Kohl, G. Toutirais, J. Buisson, J. Cosson, and P. Bastin. 2006.
Conserved and specific functions of axoneme components in trypanosome motility. J. Cell Sci. 119:3443–3455. doi:10.1242/jcs.03078
Broadhead, R., H.R. Dawe, H. Farr, S. Griffiths, S.R. Hart, N. Portman, M.K.
Shaw, M.L. Ginger, S.J. Gaskell, P.G. McKean, and K. Gull. 2006.
Flagellar motility is required for the viability of the bloodstream trypanosome. Nature. 440:224–227. doi:10.1038/nature04541
Callaini, G., W.G. Whitfield, and M.G. Riparbelli. 1997. Centriole and centrosome dynamics during the embryonic cell cycles that follow the formation
of the cellular blastoderm in Drosophila. Exp. Cell Res. 234:183–190.
doi:10.1006/excr.1997.3618
Cao, W., G.L. Gerton, and S.B. Moss. 2006. Proteomic profiling of accessory
structures from the mouse sperm flagellum. Mol. Cell. Proteomics. 5:801–
810. doi:10.1074/mcp.M500322-MCP200
Carvalho-Santos, Z., P. Machado, P. Branco, F. Tavares-Cadete, A. RodriguesMartins, J.B. Pereira-Leal, and M. Bettencourt-Dias. 2010. Stepwise
evolution of the centriole-assembly pathway. J. Cell Sci. 123:1414–1426.
doi:10.1242/jcs.064931
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.
Cavalier-Smith, T. 1978. The evolutionary origin and phylogeny of microtubules,
mitotic spindles and eukaryote flagella. Biosystems. 10:93–114. doi:
10.1016/0303-2647(78)90033-3
Cavalier-Smith, T. 2002. The phagotrophic origin of eukaryotes and phylogenetic classification of Protozoa. Int. J. Syst. Evol. Microbiol. 52:
297–354.
Cavalier-Smith, T. 2010. Deep phylogeny, ancestral groups and the four ages of
life. Philos. Trans. R. Soc. Lond. B Biol. Sci. 365:111–132. doi:10.1098/
rstb.2009.0161
Cavalier-Smith, T., R. Lewis, E.E. Chao, B. Oates, and D. Bass. 2009.
Helkesimastix marina n. sp. (Cercozoa: Sainouroidea superfam. n.) a
gliding zooflagellate of novel ultrastructure and unusual ciliary behaviour. Protist. 160:452–479. doi:10.1016/j.protis.2009.03.003
Chantangsi, C., H.J. Esson, and B.S. Leander. 2008. Morphology and molecular phylogeny of a marine interstitial tetraflagellate with putative endosymbionts: Auranticordis quadriverberis n. gen. et sp. (Cercozoa). BMC
Microbiol. 8:123. doi:10.1186/1471-2180-8-123
Colicelli, J. 2004. Human RAS superfamily proteins and related GTPases. Sci.
STKE. 2004:RE13. doi:10.1126/stke.2502004re13
Dallai, R., D. Mercati, Y. Bu, Y.W. Yin, G. Callaini, and M.G. Riparbelli.
2010. The spermatogenesis and sperm structure of Acerentomon
microrhinus (Protura, Hexapoda) with considerations on the phylogenetic position of the taxon. Zoomorphology. 129:61–80. doi:10
.1007/s00435-009-0100-1
Davis, E.E., M. Brueckner, and N. Katsanis. 2006. The emerging complexity of
the vertebrate cilium: new functional roles for an ancient organelle. Dev.
Cell. 11:9–19. doi:10.1016/j.devcel.2006.06.009
Dawe, H.R., U.M. Smith, A.R. Cullinane, D. Gerrelli, P. Cox, J.L. Badano,
S. Blair-Reid, N. Sriram, N. Katsanis, T. Attie-Bitach, et al. 2007. The
Meckel-Gruber Syndrome proteins MKS1 and meckelin interact and are
required for primary cilium formation. Hum. Mol. Genet. 16:173–186.
doi:10.1093/hmg/ddl459
Dawe, H.R., M. Adams, G. Wheway, K. Szymanska, C.V. Logan, A.A. Noegel,
K. Gull, and C.A. Johnson. 2009. Nesprin-2 interacts with meckelin and
mediates ciliogenesis via remodelling of the actin cytoskeleton. J. Cell
Sci. 122:2716–2726. doi:10.1242/jcs.043794
Debec, A., W. Sullivan, and M. Bettencourt-Dias. 2010. Centrioles: active players or passengers during mitosis? Cell. Mol. Life Sci. 67:2173–2194.
doi:10.1007/s00018-010-0323-9
Delaval, B., A. Bright, N.D. Lawson, and S. Doxsey. 2011. The cilia protein
IFT88 is required for spindle orientation in mitosis. Nat. Cell Biol.
13:461–468. doi:10.1038/ncb2202

Devos, D.P., and E.G. Reynaud. 2010. Evolution. Intermediate steps. Science.
330:1187–1188. doi:10.1126/science.1196720
Dingle, A.D., and C. Fulton. 1966. Development of the flagellar apparatus of
Naegleria. J. Cell Biol. 31:43–54. doi:10.1083/jcb.31.1.43
Dishinger, J.F., H.L. Kee, P.M. Jenkins, S. Fan, T.W. Hurd, J.W. Hammond,
Y.N. Truong, B. Margolis, J.R. Martens, and K.J. Verhey. 2010. Ciliary
entry of the kinesin-2 motor KIF17 is regulated by importin-beta2 and
RanGTP. Nat. Cell Biol. 12:703–710. doi:10.1038/ncb2073
Dix, C.I., and J.W. Raff. 2007. Drosophila Spd-2 recruits PCM to the sperm centriole, but is dispensable for centriole duplication. Curr. Biol. 17:1759–
1764. doi:10.1016/j.cub.2007.08.065
Dutcher, S.K. 2003. Long-lost relatives reappear: identification of new members of the tubulin superfamily. Curr. Opin. Microbiol. 6:634–640.
doi:10.1016/j.mib.2003.10.016
Dute, R., and C. Kung. 1978. Ultrastructure of the proximal region of somatic cilia in Paramecium tetraurelia. J. Cell Biol. 78:451–464. doi:
10.1083/jcb.78.2.451
El Albani, A., S. Bengtson, D.E. Canfield, A. Bekker, R. Macchiarelli, A. Mazurier,
E.U. Hammarlund, P. Boulvais, J.J. Dupuy, C. Fontaine, et al. 2010. Large
colonial organisms with coordinated growth in oxygenated environments
2.1 Gyr ago. Nature. 466:100–104. doi:10.1038/nature09166
Elias, M.C., J.P. da Cunha, F.P. de Faria, R.A. Mortara, E. Freymüller, and S.
Schenkman. 2007. Morphological events during the Trypanosoma cruzi
cell cycle. Protist. 158:147–157. doi:10.1016/j.protis.2006.10.002
Engel, B.D., W.B. Ludington, and W.F. Marshall. 2009. Intraflagellar transport
particle size scales inversely with flagellar length: revisiting the balancepoint length control model. J. Cell Biol. 187:81–89. doi:10.1083/jcb
.200812084
Ferree, P.M., K. McDonald, B. Fasulo, and W. Sullivan. 2006. The origin of centrosomes in parthenogenetic hymenopteran insects. Curr. Biol. 16:801–
807. doi:10.1016/j.cub.2006.03.066
Finetti, F., S.R. Paccani, M.G. Riparbelli, E. Giacomello, G. Perinetti, G.J.
Pazour, J.L. Rosenbaum, and C.T. Baldari. 2009. Intraflagellar transport
is required for polarized recycling of the TCR/CD3 complex to the immune synapse. Nat. Cell Biol. 11:1332–1339. doi:10.1038/ncb1977
Fritz-Laylin, L.K., Z.J. Assaf, S. Chen, and W.Z. Cande. 2010a. Naegleria
gruberi de novo basal body assembly occurs via stepwise incorporation of conserved proteins. Eukaryot. Cell. 9:860–865. doi:10.1128/
EC.00381-09
Fritz-Laylin, L.K., S.E. Prochnik, M.L. Ginger, J.B. Dacks, M.L. Carpenter,
M.C. Field, A. Kuo, A. Paredez, J. Chapman, J. Pham, et al. 2010b. The
genome of Naegleria gruberi illuminates early eukaryotic versatility.
Cell. 140:631–642. doi:10.1016/j.cell.2010.01.032
Gerdes, J.M., E.E. Davis, and N. Katsanis. 2009. The vertebrate primary cilium
in development, homeostasis, and disease. Cell. 137:32–45. doi:10.1016/
j.cell.2009.03.023
Giansanti, M.G., E. Bucciarelli, S. Bonaccorsi, and M. Gatti. 2008. Drosophila
SPD-2 is an essential centriole component required for PCM recruitment
and astral-microtubule nucleation. Curr. Biol. 18:303–309. doi:10.1016/
j.cub.2008.01.058
Gibbons, B.H., I.R. Gibbons, and B. Baccetti. 1983. Structure and motility of the
9 + 0 flagellum of eel spermatozoa. J. Submicrosc. Cytol. 15:15–20.
Goldstein, S.F., and J. Schrével. 1982. Motility of the 6 + 0 flagellum of lecudina
tuzetae. Cell Motil. Cytoskeleton. 2:369–383. doi:10.1002/cm.970020406
Göpfert, M.C., and D. Robert. 2003. Motion generation by Drosophila mechanosensory neurons. Proc. Natl. Acad. Sci. USA. 100:5514–5519. doi:
10.1073/pnas.0737564100
Heath, I.B., and W.M. Darley. 1972. Observations on the ultrastructure of the
male gametes of Biddulphia levis Ehr. J. Phycol. 8:51–59.
Hedges, S.B. 2002. The origin and evolution of model organisms. Nat. Rev.
Genet. 3:838–849. doi:10.1038/nrg929
Henderson, G.P., L. Gan, and G.J. Jensen. 2007. 3-D ultrastructure of O. tauri:
electron cryotomography of an entire eukaryotic cell. PLoS ONE. 2:e749.
doi:10.1371/journal.pone.0000749
Hodges, M.E., N. Scheumann, B. Wickstead, J.A. Langdale, and K. Gull. 2010.
Reconstructing the evolutionary history of the centriole from protein
components. J. Cell Sci. 123:1407–1413. doi:10.1242/jcs.064873
Holwill, M.E. 1966. The motion of Euglena viridis: the role of flagella. J. Exp.
Biol. 44:579–588.
Hu, Q., L. Milenkovic, H. Jin, M.P. Scott, M.V. Nachury, E.T. Spiliotis, and W.J.
Nelson. 2010. A septin diffusion barrier at the base of the primary cilium
maintains ciliary membrane protein distribution. Science. 329:436–439.
doi:10.1126/science.1191054
Iftode, F., and A. Fleury-Aubusson. 2003. Structural inheritance in Paramecium:
ultrastructural evidence for basal body and associated rootlets polarity

Tracing the origins of centrioles, cilia, and flagella • Carvalho-Santos et al.

173

transmission through binary fission. Biol. Cell. 95:39–51. doi:10.1016/
S0248-4900(03)00005-4
Inglis, P., G. Ou, M. Leroux, and J. Scholey. 2007. The sensory cilia of Caenorhabditis
elegans. In WormBook. J. Kramer and D. Moerman, editors.
Jaulin, F., and G. Kreitzer. 2010. KIF17 stabilizes microtubules and contributes
to epithelial morphogenesis by acting at MT plus ends with EB1 and
APC. J. Cell Biol. 190:443–460. doi:10.1083/jcb.201006044
Jékely, G., and D. Arendt. 2006. Evolution of intraflagellar transport from coated
vesicles and autogenous origin of the eukaryotic cilium. Bioessays.
28:191–198. doi:10.1002/bies.20369
Jin, H., S.R. White, T. Shida, S. Schulz, M. Aguiar, S.P. Gygi, J.F. Bazan, and
M.V. Nachury. 2010. The conserved Bardet-Biedl syndrome proteins assemble a coat that traffics membrane proteins to cilia. Cell. 141:1208–
1219. doi:10.1016/j.cell.2010.05.015
Johnson, U.G., and K.R. Porter. 1968. Fine structure of cell division in
Chlamydomonas reinhardi. Basal bodies and microtubules. J. Cell Biol.
38:403–425. doi:10.1083/jcb.38.2.403
Keller, L.C., S. Geimer, E. Romijn, J. Yates III, I. Zamora, and W.F. Marshall. 2009.
Molecular architecture of the centriole proteome: the conserved WD40 domain protein POC1 is required for centriole duplication and length control.
Mol. Biol. Cell. 20:1150–1166. doi:10.1091/mbc.E08-06-0619
Keller, L.C., E.P. Romijn, I. Zamora, J.R. Yates III, and W.F. Marshall. 2005.
Proteomic analysis of isolated Chlamydomonas centrioles reveals orthologs of ciliary-disease genes. Curr. Biol. 15:1090–1098. doi:10.1016/
j.cub.2005.05.024
Kemp, C.A., K.R. Kopish, P. Zipperlen, J. Ahringer, and K.F. O’Connell.
2004. Centrosome maturation and duplication in C. elegans require the
coiled-coil protein SPD-2. Dev. Cell. 6:511–523. doi:10.1016/S15345807(04)00066-8
Kilburn, C.L., C.G. Pearson, E.P. Romijn, J.B. Meehl, T.H. Giddings Jr., B.P.
Culver, J.R. Yates III, and M. Winey. 2007. New Tetrahymena basal body
protein components identify basal body domain structure. J. Cell Biol.
178:905–912. doi:10.1083/jcb.200703109
Kim, S.K., A. Shindo, T.J. Park, E.C. Oh, S. Ghosh, R.S. Gray, R.A. Lewis, C.A.
Johnson, T. Attie-Bittach, N. Katsanis, and J.B. Wallingford. 2010. Planar
cell polarity acts through septins to control collective cell movement and
ciliogenesis. Science. 329:1337–1340. doi:10.1126/science.1191184
Koonin, E.V. 2010. Preview. The incredible expanding ancestor of eukaryotes.
Cell. 140:606–608. doi:10.1016/j.cell.2010.02.022
Koumandou, V.L., J.B. Dacks, R.M. Coulson, and M.C. Field. 2007. Control
systems for membrane fusion in the ancestral eukaryote; evolution of
tethering complexes and SM proteins. BMC Evol. Biol. 7:29. doi:10
.1186/1471-2148-7-29
Kozminski, K.G., K.A. Johnson, P. Forscher, and J.L. Rosenbaum. 1993. A motility in the eukaryotic flagellum unrelated to flagellar beating. Proc. Natl.
Acad. Sci. USA. 90:5519–5523. doi:10.1073/pnas.90.12.5519
Kuriyama, R. 2009. Centriole assembly in CHO cells expressing Plk4/SAS6/
SAS4 is similar to centriogenesis in ciliated epithelial cells. Cell Motil.
Cytoskeleton. 66:588–596. doi:10.1002/cm.20368
Lacomble, S., S. Vaughan, C. Gadelha, M.K. Morphew, M.K. Shaw, J.R.
McIntosh, and K. Gull. 2010. Basal body movements orchestrate membrane organelle division and cell morphogenesis in Trypanosoma brucei.
J. Cell Sci. 123:2884–2891. doi:10.1242/jcs.074161
Leadbeater, B., and J.D. Dodge. 1967. An electron microscope study of dinoflagellate flagella. J. Gen. Microbiol. 46:305–314.
Li, J.B., J.M. Gerdes, C.J. Haycraft, Y. Fan, T.M. Teslovich, H. MaySimera, H. Li, O.E. Blacque, L. Li, C.C. Leitch, et al. 2004.
Comparative genomics identifies a flagellar and basal body proteome
that includes the BBS5 human disease gene. Cell. 117:541–552.
doi:10.1016/S0092-8674(04)00450-7
Liu, Q., G. Tan, N. Levenkova, T. Li, E.N. Pugh Jr., J.J. Rux, D.W. Speicher,
and E.A. Pierce. 2007. The proteome of the mouse photoreceptor sensory
cilium complex. Mol. Cell. Proteomics. 6:1299–1317. doi:10.1074/mcp
.M700054-MCP200
Löwe, J., and L.A. Amos. 2009. Evolution of cytomotive filaments: the cyto
skeleton from prokaryotes to eukaryotes. Int. J. Biochem. Cell Biol. 41:
323–329. doi:10.1016/j.biocel.2008.08.010
Manton, I., K. Kowallik, and H.A. von Stosch. 1970. Observations on the fine
structure and development of the spindle at mitosis and meiosis in a marine centric diatom (Lithodesmium undulatum). IV. The second meiotic
division and conclusion. J. Cell Sci. 7:407–443.
Marshall, W.F., and J.L. Rosenbaum. 2001. Intraflagellar transport balances continuous turnover of outer doublet microtubules: implications for flagellar
length control. J. Cell Biol. 155:405–414. doi:10.1083/jcb.200106141
Marshall, W.F., Y. Vucica, and J.L. Rosenbaum. 2001. Kinetics and regulation of
de novo centriole assembly. Implications for the mechanism of centriole
duplication. Curr. Biol. 11:308–317. doi:10.1016/S0960-9822(01)00094-X



174

JCB • VOLUME 194 • NUMBER 2 • 2011

Mayer, U., A. Küller, P.C. Daiber, I. Neudorf, U. Warnken, M. Schnölzer, S.
Frings, and F. Möhrlen. 2009. The proteome of rat olfactory sensory cilia.
Proteomics. 9:322–334. doi:10.1002/pmic.200800149
Merchant, S.S., S.E. Prochnik, O. Vallon, E.H. Harris, S.J. Karpowicz, G.B.
Witman, A. Terry, A. Salamov, L.K. Fritz-Laylin, L. MaréchalDrouard, et al. 2007. The Chlamydomonas genome reveals the evolution of key animal and plant functions. Science. 318:245–250. doi:10
.1126/science.1143609
Mitchell, D.R. 2004. Speculations on the evolution of 9+2 organelles and
the role of central pair microtubules. Biol. Cell. 96:691–696. doi:10
.1016/j.biolcel.2004.07.004
Mitchell, D. 2007. The evolution of eukaryotic cilia and flagella as motile and sensory organelles. In Origins and Evolution of Eukaryotic Endomembrames
and Cytoskeleton. G. Jekely, editor. Eurekah.com.
Mizukami, I., and J. Gall. 1966. Centriole replication. II. Sperm formation in
the fern, Marsilea, and the cycad, Zamia. J. Cell Biol. 29:97–111. doi:10
.1083/jcb.29.1.97
Moritz, O.L., B.M. Tam, L.L. Hurd, J. Peränen, D. Deretic, and D.S. Papermaster.
2001. Mutant rab8 Impairs docking and fusion of rhodopsin-bearing postGolgi membranes and causes cell death of transgenic Xenopus rods. Mol.
Biol. Cell. 12:2341–2351.
Nachury, M.V., A.V. Loktev, Q. Zhang, C.J. Westlake, J. Peränen, A. Merdes,
D.C. Slusarski, R.H. Scheller, J.F. Bazan, V.C. Sheffield, and P.K.
Jackson. 2007. A core complex of BBS proteins cooperates with the
GTPase Rab8 to promote ciliary membrane biogenesis. Cell. 129:1201–
1213. doi:10.1016/j.cell.2007.03.053
Nachury, M.V., E.S. Seeley, and H. Jin. 2010. Trafficking to the ciliary membrane: how to get across the periciliary diffusion barrier? Annu. Rev. Cell
Dev. Biol. 26:59–87. doi:10.1146/annurev.cellbio.042308.113337
Nigg, E.A., and J.W. Raff. 2009. Centrioles, centrosomes, and cilia in health and
disease. Cell. 139:663–678. doi:10.1016/j.cell.2009.10.036
Nohynková, E., P. Tumová, and J. Kulda. 2006. Cell division of Giardia intestinalis: flagellar developmental cycle involves transformation and exchange of flagella between mastigonts of a diplomonad cell. Eukaryot.
Cell. 5:753–761. doi:10.1128/EC.5.4.753-761.2006
Okada, Y., S. Takeda, Y. Tanaka, J.C. Belmonte, and N. Hirokawa. 2005. Mechanism
of nodal flow: a conserved symmetry breaking event in left-right axis
determination. Cell. 121:633–644. doi:10.1016/j.cell.2005.04.008
Ostrowski, L.E., K. Blackburn, K.M. Radde, M.B. Moyer, D.M. Schlatzer, A.
Moseley, and R.C. Boucher. 2002. A proteomic analysis of human cilia:
identification of novel components. Mol. Cell. Proteomics. 1:451–465.
doi:10.1074/mcp.M200037-MCP200
Ouzounis, C.A. 2005. Ancestral state reconstructions for genomes. Curr. Opin.
Genet. Dev. 15:595–600. doi:10.1016/j.gde.2005.09.011
Parker, J.D., L.K. Hilton, D.R. Diener, M.Q. Rasi, M.R. Mahjoub, J.L.
Rosenbaum, and L.M. Quarmby. 2010. Centrioles are freed from cilia by
severing prior to mitosis. Cytoskeleton (Hoboken). 67:425–430.
Pazour, G.J., N. Agrin, J. Leszyk, and G.B. Witman. 2005. Proteomic analysis of a
eukaryotic cilium. J. Cell Biol. 170:103–113. doi:10.1083/jcb.200504008
Pedersen, L.B., S. Geimer, and J.L. Rosenbaum. 2006. Dissecting the molecular
mechanisms of intraflagellar transport in Chlamydomonas. Curr. Biol.
16:450–459. doi:10.1016/j.cub.2006.02.020
Pelletier, L., N. Ozlü, E. Hannak, C. Cowan, B. Habermann, M. Ruer, T.
Müller-Reichert, and A.A. Hyman. 2004. The Caenorhabditis elegans
centrosomal protein SPD-2 is required for both pericentriolar material recruitment and centriole duplication. Curr. Biol. 14:863–873. doi:
10.1016/j.cub.2004.04.012
Peränen, J., P. Auvinen, H. Virta, R. Wepf, and K. Simons. 1996. Rab8 promotes polarized membrane transport through reorganization of actin
and microtubules in fibroblasts. J. Cell Biol. 135:153–167. doi:10.1083/
jcb.135.1.153
Pereira-Leal, J.B. 2008. The Ypt/Rab family and the evolution of trafficking in
fungi. Traffic. 9:27–38. doi:10.1111/j.1600-0854.2007.00667.x
Pickett-Heaps, J.D. 1971. The autonomy of the centriole: fact or fallacy?
Cytobios. 3:205–214.
Pickett-Heaps, J. 1974. The evolution of mitosis and the eukaryotic condition.
Biosystems. 6:37–48. doi:10.1016/0303-2647(74)90009-4
Prensier, G., E. Vivier, S. Goldstein, and J. Schrével. 1980. Motile flagellum
with a “3 + 0” ultrastructure. Science. 207:1493–1494. doi:10.1126/
science.7189065
Reinders, Y., I. Schulz, R. Gräf, and A. Sickmann. 2006. Identification of novel
centrosomal proteins in Dictyostelium discoideum by comparative proteomic approaches. J. Proteome Res. 5:589–598. doi:10.1021/pr050350q
Rieder, C.L., C.G. Jensen, and L.C. Jensen. 1979. The resorption of primary
cilia during mitosis in a vertebrate (PtK1) cell line. J. Ultrastruct. Res.
68:173–185. doi:10.1016/S0022-5320(79)90152-7

Riparbelli, M.G., and G. Callaini. 2003. Drosophila parthenogenesis: a model
for de novo centrosome assembly. Dev. Biol. 260:298–313. doi:10.1016/
S0012-1606(03)00243-4
Riparbelli, M.G., G. Callaini, D. Mercati, H. Hertel, and R. Dallai. 2009.
Centrioles to basal bodies in the spermiogenesis of Mastotermes darwiniensis (Insecta, Isoptera). Cell Motil. Cytoskeleton. 66:248–259.
doi:10.1002/cm.20352
Rodrigues-Martins, A., M. Bettencourt-Dias, M. Riparbelli, C. Ferreira, I.
Ferreira, G. Callaini, and D.M. Glover. 2007a. DSAS-6 organizes a tubelike centriole precursor, and its absence suggests modularity in centriole
assembly. Curr. Biol. 17:1465–1472. doi:10.1016/j.cub.2007.07.034
Rodrigues-Martins, A., M. Riparbelli, G. Callaini, D.M. Glover, and M.
Bettencourt-Dias. 2007b. Revisiting the role of the mother centriole in centriole biogenesis. Science. 316:1046–1050. doi:10.1126/science.1142950
Rodrigues-Martins, A., M. Riparbelli, G. Callaini, D.M. Glover, and M.
Bettencourt-Dias. 2008. From centriole biogenesis to cellular function:
centrioles are essential for cell division at critical developmental stages.
Cell Cycle. 7:11–16. doi:10.4161/cc.7.1.5226
Sagan, L. 1967. On the origin of mitosing cells. J. Theor. Biol. 14:255–274.
doi:10.1016/0022-5193(67)90079-3
Saito, A., Y. Suetomo, M. Arikawa, G. Omura, S.M. Khan, S. Kakuta, E. Suzaki,
K. Kataoka, and T. Suzaki. 2003. Gliding movement in Peranema
trichophorum is powered by flagellar surface motility. Cell Motil.
Cytoskeleton. 55:244–253. doi:10.1002/cm.10127
Satir, P., and S.T. Christensen. 2007. Overview of structure and function of
mammalian cilia. Annu. Rev. Physiol. 69:377–400. doi:10.1146/annurev
.physiol.69.040705.141236
Satir, P., and E.R. Dirksen. 1985. Function-structure correlations in cilia from
mammalian respiratory tract. In Handbook of Physiology - Respiratory
System. A.P. Fishman and A.B. Fisher, editors. Am. Physiol. Soc,
Bethesda. 473-494.
Satir, P., C. Guerra, and A.J. Bell. 2007. Evolution and persistence of the cilium.
Cell Motil. Cytoskeleton. 64:906–913. doi:10.1002/cm.20238
Satir, P., D.R. Mitchell, and G. Jékely. 2008. How did the cilium evolve? In Ciliary
Function in Mammalian Development. B.K. Yoder, editor. Academic Press.
Schrevel, J., and C. Besse. 1975. Un type flagellaire fonctionnel de base 6 + 0.
J. Cell Biol. 66:492–507. doi:10.1083/jcb.66.3.492
Sedmak, T., and U. Wolfrum. 2010. Intraflagellar transport molecules in
ciliary and nonciliary cells of the retina. J. Cell Biol. 189:171–186.
doi:10.1083/jcb.200911095
Smith, J.C., J.G. Northey, J. Garg, R.E. Pearlman, and K.W. Siu. 2005. Robust
method for proteome analysis by MS/MS using an entire translated
genome: demonstration on the ciliome of Tetrahymena thermophila.
J. Proteome Res. 4:909–919. doi:10.1021/pr050013h
Sorokin, S.P. 1968. Reconstructions of centriole formation and ciliogenesis in
mammalian lungs. J. Cell Sci. 3:207–230.
Vladar, E.K., and T. Stearns. 2007. Molecular characterization of centriole assembly in ciliated epithelial cells. J. Cell Biol. 178:31–42. doi:10.1083/
jcb.200703064
Vorobjev, I.A., and Chentsov, YuS. 1982. Centrioles in the cell cycle. I. Epithelial
cells. J. Cell Biol. 93:938–949. doi:10.1083/jcb.93.3.938
Werner, M., and L.W. Simmons. 2008. Insect sperm motility. Biol. Rev. Camb.
Philos. Soc. 83:191–208. doi:10.1111/j.1469-185X.2008.00039.x
Wickstead, B., and K. Gull. 2006. A “holistic” kinesin phylogeny reveals new
kinesin families and predicts protein functions. Mol. Biol. Cell. 17:1734–
1743. doi:10.1091/mbc.E05-11-1090
Wickstead, B., and K. Gull. 2007. Dyneins across eukaryotes: a comparative
genomic analysis. Traffic. 8:1708–1721. doi:10.1111/j.1600-0854.2007
.00646.x
Wickstead, B., K. Gull, and T.A. Richards. 2010. Patterns of kinesin evolution
reveal a complex ancestral eukaryote with a multifunctional cytoskeleton.
BMC Evol. Biol. 10:110. doi:10.1186/1471-2148-10-110
Wigge, P.A., O.N. Jensen, S. Holmes, S. Souès, M. Mann, and J.V. Kilmartin.
1998. Analysis of the Saccharomyces spindle pole by matrix-assisted
laser desorption/ionization (MALDI) mass spectrometry. J. Cell Biol.
141:967–977. doi:10.1083/jcb.141.4.967
Woolley, D.M. 1997. Studies on the eel sperm flagellum. I. The structure of the
inner dynein arm complex. J. Cell Sci. 110:85–94.
Yoshimura, S., J. Egerer, E. Fuchs, A.K. Haas, and F.A. Barr. 2007. Functional
dissection of Rab GTPases involved in primary cilium formation. J. Cell
Biol. 178:363–369. doi:10.1083/jcb.200703047
Zhu, F., S. Lawo, A. Bird, D. Pinchev, A. Ralph, C. Richter, T. Müller-Reichert,
R. Kittler, A.A. Hyman, and L. Pelletier. 2008. The mammalian SPD-2
ortholog Cep192 regulates centrosome biogenesis. Curr. Biol. 18:136–
141. doi:10.1016/j.cub.2007.12.055

Tracing the origins of centrioles, cilia, and flagella • Carvalho-Santos et al.

175

