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Basal body/centriole assembly and continuity

Janine Beisson* and Michel Wright!

The long-standing interest in centrioles and basal bodies stems
from the evolutionary conservation of their structural design and
from their dual mode of assembly (templated versus de novo),
revealed by electron microscopic studies nearly four decades
ago and unique for a subcellular organelle. Molecular dissection
of the assembly pathway during the past few years has recently
progressed, essentially through direct and reverse genetic
approaches. These studies revealed essential roles for centrins
and the y-, 5-, e- and n-tubulins in assembly or as specific signals
for centriole duplication. Identification of further components of
basal bodies and centrioles might help to unravel the two
assembly pathways and their regulation.
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Introduction

Centrioles and basal bodies display the same highly com-
plex archetypal design known as the ‘centriolar structure’.
This structure comprises a large proteinic assembly of nine
triplets of microtubules, arranged with a ninefold symme-
try into a cylinder of 100-250 nm in diameter and variable
length, depending on the organism (Figure 1). Since its first
appearance in eukaryotes, this geometry has been found to
be strikingly conserved (Figure 2). Rare deviant forms
occur in some phyla, however. For example, Caenorhabditis
elegans centrioles have nine singlets instead of nine triplets
of microtubules [1], and Mastigamoeba or Drosophila
embryos have nine doublets [2,3]. Furthermore, some
species display basal bodies with six or 10 triplets [4,5].

A basal body, anchored below the plasma membrane,
generates a cilium or a flagellum, whereas centrioles,
always found in pairs, organise the centrosome near the
nucleus. However, at precise stages of cellular or devel-

opmental cycles, one centriole of the pair becomes a basal
body to form a primary cilium in mammalian cells or in
the sperm flagellum. Conversely, basal bodies that anchor
the flagella in interphase turn into centrioles to drive
mitosis, as in Chlamydomonas.

"This aptitude to shuttle between cytoplasm and plasma
membrane may reflect an ancestral property. Under both
functional versions, the organelle exhibits the dual capa-
city to somehow ‘duplicate’ and it does this at a precise
time in the cell cycle. Nevertheless, in various organisms
the centriolar structure is not permanent. In the amoebae
of Naegleria, for example, or during the first divisions of
the mouse embryo, centrioles/basal bodies are not
detected, but they appear de novo at a precise phase of
the life cycle. Understanding these phenomena relies on
biochemical characterisation of the organelle and the
development of experimental approaches. As the orga-
nelle is often flanked by appendages [6,7] and tightly
coated by pericentriolar material or ‘peribasal body’ mate-
rial, which target many regulatory molecules [8], its
biochemical dissection remains delicate.

In this review, we will discuss how significant progress has
been made over the past two years, mainly through either
a direct genetic approach in models such as Chlamydomo-
nas or Paramecium, where mutations affecting basal bodies
could be screened, or via a reverse genetic approach,

using RNA interference (RNA1).

Proteinic constituents of centrioles/basal
bodies

In addition to the microtubular cylinder, various precisely
organised filaments, fibres and dense material of
unknown composition complete the centriolar design
(Figure 2). The major proteins of the microtubule scaffold
itself have been identified after purification from ciliary/
flagellar axonemes: the af-tubulin dimers, the tightly
associated tektins [9] and Sp77 and Sp83 [10]. A post-
translational modification of af-tubulins — polyglutamy-
lation — appears as an early marker of centriole/basal
body assembly [11,12] and could be important for the
stability of the centriolar structure [13]. Table 1 lists the
handful of presumed core proteins (i.e. proteins localised
on or tightly bound to the centriolar cylinder or within the
cylinder) or those specifically required for assembly and/
or function of the structure. In Chlamydomonas, F1LA10p, a
kinesin-II protein [14] present in nascent basal bodies
[14,15°], is only required for basal body function, since
null alleles of the gene block flagellar assembly but leave
the structure of basal bodies unaffected [16]. This is also
observed in Tetrahymena [17]. It is not known if the same
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Figure 1
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The centriolar structure. The archetypal design is illustrated by thin
sections through ciliary basal bodies of Paramecium. (a) Longitudinal
section through a basal body (Bb) and its cilium (Cil), showing the
continuity between basal body and ciliary microtubules. (b-d) Cross
sections at different levels along the basal body, from its the distal end
(b) to its proximal end (d), characterised by an organised array of
filaments, the ‘cartwheel’. Several piled up cartwheel discs can be
observed in the proximal part of the basal body (bracket in [a]). Other
fibrous material are consistently present: in the lumen of the
microtubule cylinder, as a dense material lining the inner surface of the
cylinder and as links between tubule C of a triplet and tubule A of the
adjacent triplet. Courtesy of N Garreau de Loubresse.

remark applies to p210, which localises in the transition
region between basal body and flagellum in the green
algae Spermatozopsis similis. Like FLLA10p, however, it is
present on nascent basal bodies [18]. Cenexin [19] is a
maturation marker of centrioles that is not detected by
anticenexin antibodies on basal bodies, and might not be
a structural component of the centriolar structure.

v-Tubulin and centrin(s) seem to be essential proteins.
v-Tubulin is present in the lumen and is tightly bound to
the microtubules of the centriolar cylinder [20,21] as well
as to the pericentriolar material. Centrins, with different
isotypes expressed both in mammals [22] and Paramecium
[23], are homologues of the spindle pole body component
CDC31p. They localise to the centriole/basal body lumen
and to the links between paired centrioles/basal bodies
[23-25,26°].

The recently identified tubulin subfamilies (for reviews,
see [27,28]) are all involved in the biogenesis of basal
bodies/centrioles. While 8- and e-tubulins are found in
protozoans and vertebrates, {- and m-tubulins seem
restricted to a single species or phylum. The sole ¢
subfamily appears monophyletic. - Tubulins have iden-
tical functions across organisms — genetically ascertained
in Chlamydomonas [29] and Paramecium [30°]. Despite
this, their evolutionary status is not clear, and they may
have evolved from different ancestral tubulins. It is there-
fore conceivable that, even though homologues of n- or
C-tubulins seem absent from the sequenced vertebrate
genomes, their function may be fulfilled by one of the
divergent tubulins present in the human genome and not
yet studied. VFL1p [31] and Bld10p [32], products of two
Chlamydomonas genes identified by mutations, present
interesting localisations: in a rotationally asymmetric pat-
tern at the distal ends of the basal bodies, and at the
cartwheel, respectively.

Two assembly pathways?

Ultrastructural studies have led to the belief that assembly
of a new centriolar structure can proceed via two partially
distinct mechanisms (Figure 3) — commonly referred to
as the ‘templated’ and ‘@e novo’ pathways [15°] (i.e. in the
presence or absence of a pre-existing one). Where the
ultrastructure of @e novo assembly steps has been analysed,
cartwheel-like structures (see Figure 1d) have been
observed [33,34]. A similar scaffold imparting the ninefold
symmetry might then be a common step along both
templated and ¢ novo pathways. Despite their phenom-
enological significance, the terms ‘templated’ versus ‘de
novo’ are somewhat misleading. They imply the estab-
lished existence of a template, provided by the mother
organelle, which would be required in one case and
dispensable in the other. Furthermore, they imply that,
regardless of the pathway, the end products are identical
and this may not always be true, since basal bodies formed
de novo in many cases (plant gametes or ciliated epithelia)
have no progeny. This functional difference is striking in
certain annelids that form basal bodies in parallel in two
types of spermatozoa, eusperm (for fertilisation) by the
templated mode and parasperm (for enhanced motility of
the eusperm) by the ¢ #ovo mode [35].

The ability of cells that normally use the templated mode
to re-form basal bodies/centrioles de novo has been
assayed in different systems, with contrasting results.
T'wo new approaches have recently been devised, how-
ever. In Chlamydomonas, where the vfl2 mutation yields
aflagellate cells thought to be devoid of pro-basal bodies,
return to the flagellate phenotype was observed [15°]. In
CHO cells, after centrosome ablation by laser microsur-
gery, de novo formation of pericentriolar material, fol-
lowed by reappearance of centrioles, was observed
[36°°]. Interestingly, in the latter case random numbers
of centrioles were produced. It is therefore possible, as
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A phylogenetic tree of the centriolar structure. Basal bodies (Bb) and centrioles (Ct) are exclusively eukaryotic organelles. It is believed that the
ancestral unicellular eukaryotes possessed two basal bodies with a unique function — that is, they nucleate the flagella and duplicate at each division,
a situation perpetuated in organisms such as Trypanosoma. Later on in the course of evolution, basal bodies also participate in the organisation
of the mitotic spindle, a dual function illustrated by Chlamydomonas in which the two basal bodies lose their flagella at the onset of mitosis and
become the centrioles of two centrosomes. In organisms that retain basal bodies or centrioles as permanent organelles, duplicating at each division,
two major situations are found. First, cells possess many basal bodies that are not involved in mitosis, as in ciliates. Alternatively, the typical
alternance basal body/centriole is conserved, but the centriole predominates. This occurs in mammals (i.e. one centriole becomes a basal body in
order to generate the so-called primary cilium and the spermatozoon flagellum) and in Physarum (i.e. centrioles turn into basal bodies only after
induction of the transient and facultative flagellate form). In plants, however, centrioles and basal bodies were either totally lost (L) or are lost as
permanent organelles (NP) that are only retained to generate male gamete flagella(e.g. as in ferns, Cycas and Gingko). Finally, sporadic, ‘late’ total
loss of the organelle occurs in fungi and some protists, such as Dictyostelium. Interestingly, across these different evolutionary routes (except in
branches characterised by complete loss), neogenesis (N) of centrioles/basal bodies is observed either as the sole mode of assembly or as an
alternative to templated assembly (T). Neogenesis is restricted to particular physiological or developmental conditions (see text for full details). White
circles and dumbells represent interphase and dividing cells, respectively; blue circles correspond to nuclei, red small circles to basal bodies/
centrioles. Green bars represent mitotic spindles, and cilia/flagella are shown as straight lines emanating from the centrioles/basal bodies.

proposed in the Chlamydomonas study [15°], that the
templated pathway is simply the kinetically dominant
pathway, repressing the default d¢ novo pathway. How-
ever, owing to a present inability to detect the earliest
stages of assembly, it remains difficult to definitely rule
out the possibility that the absence of a young pro-basal
body/pro-centriole is not merely a lack of the ability to
detect them with the available immunofluorescent
probes.

Beyond speculation on the initial trigger for these two
pathways, their regulation remains a major difference. In
the templated pathway, the timing and steps of duplica-
tion are tightly controlled by the cell cycle, with specific
adjustments according to cell type [37], while completely
different physiological conditions trigger the naturally
occurring de novo pathway. Regardless of the differences
between the two modes, two objectives have to be
reached: dissect the steps of the assembly line(s), and
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Table 1

Proteins specifically involved in assembly/duplication of centrioles and/or the basal body.

Protein Centriole Basal body Experimental evidence Organism References

a/B-Tubulin 4 + Cytological/biochemical/genetic All eukaryotes

Tektins aF + Cytological/biochemical All eukaryotes?

Sp77, Sp83 4 4F Cytological/biochemical All eukaryotes?

y-Tubulin aF + Cytological/genetic Paramecium [20,21,51,52°]
Tetrahymena

8-Tubulin 4 4F Genetic Chlamydomonas [29,307]
Paramecium

e-Tubulin + + Genetic Chlamydomonas [44°°,45°°]
Paramecium
Trypanosoma

n-Tubulin aF Genetic Paramecium [56]

Centrin (s) + + Cytological/genetic Mammalian cells [22-25,26°,43°°]
Chlamydomonas
Paramecium

Cenexin + Cytological Chicken, human [19]

VFL1p + Cytological Chlamydomonas [31]

p210 + Cytological Spermatozopsis [18]

CNapip + Cytological KE37 cells [65]

FLA10p + + Cytological/genetic Chlamydomonas [14]

Bld10p 4F Genetic/cytological Chlamydomonas [32]

Only the following proteins are listed: true core proteins, such as af-tubulins; proteins shown, using electron microscopy immunolocalisation, to be
localised on or tightly bound to the centriolar cylinder or within the cylinder; and proteins shown, in particular by genetic evidence, to be
specifically required for assembly or structural integrity of the structure, to the exclusion of more general regulatory factors and signals involved in

the cell and centrosome cycle.

identify what is provided by the mother organelle in the
templated mode.

The assembly line(s)

A role of centrin in the assembly of centriolar structures,
suggested by the function of ¢4c37 in budding yeast and
the effects of the vflZ mutations in Chlamydomonas, has
been sought in a range of organisms. In the early steps of
de novo assembly in Naegleria [38] and Marsilea [39°%], a
spot of centrin, as well as y-tubulin and pericentrin [40],
was detected by immunofluorescence, before appearance
of af-tubulin, which accompanies the development of the
basal bodies. However, centrin RNAi experiments in
Marsilea remained inconclusive, as centrin depletion
blocked the divisions that subtend appearance and devel-
opment of the blepharoplast [41], the massive precursor
of the neoformed basal bodies (see Figure 3). Expression
of the human centrin HsCen3p blocked spindle pole
body duplication in yeast and centrosome duplication
in Xenopus embryos [22]. Direct evidence from RNAi
experiments showing that centrin-2, whose phosphoryla-
tion is crucial for the centriole duplication cycle [42], is
indeed required for centriole duplication has recently
been obtained in Hel.a cells [43°°]. This does not pre-
clude a role for other centrin isoforms, however: centrin
RNAIi experiments in Chlamydomonas indicate a role in
duplication and distribution of basal bodies (B Koblenz
et al., personal communication). The recent ability to
express human centrins in Paramecium (F Ruiz, personal
communication) opens further experimental possibilities
for a refined analysis of centrin function.

New data published recently concerns the development
of the pro-basal body/pro-centriole and in particular of the
microtubule scaffold. In this scaffold (Figure 1b—d), each
triplet comprises a complete microtubule (the innermost,
called the A tubule) fused to two incomplete microtu-
bules (tubules B and C, the outermost). The genetic
study of 8- and e-tubulins [29,30°,44°°,45°°] have con-
firmed convergent ultrastructural data [46,47]: A tubules
assemble first, then B tubules and finally C tubules
(Figure 4). It is not clear yet whether &- and §-tubulins
are directly instrumental in shaping/priming the B and C
tubules, respectively; or if they are involved in the stabi-
lisation of the nascent organelle, as suggested in Chlamy-
domonas by revertants of the bald-2 mutant [48]. This
ontogeny is consistent with the existence, in certain
invertebrate species (devoid of 8- and e-tubulins), of
centrioles ‘arrested’ at a nine-singlet or nine-doublet
stage. Genetic and cytological data on Chlamydomonas
[44°°] and Paramecium [45°°] demonstrate that e-tubulin,
which localises at basal bodies and centrioles [49], is
necessary to the cohesion of the centriolar structure. Little
is known of the upstream events, except that centrin
and y-tubulin concentrate at the assembly site and that a
pre-pattern for the ninefold symmetry is set before micro-
tubule assembly. This is supported by electron micro-
graphic studies and by the observation that, in different
mutational contexts, absence of one or more triplets does
not alter the underlying ninefold symmetry [30°,48,50].

v-Tubulin might have multiple functions. For example,
in Paramecium [51] and Tetrakymena [52°] it is required for
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Figure 3
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De novo (neogenesis) versus templated basal body/centriole assembly. The templated assembly process results in centriole/basal-body doubling.
The question marks symbolise unknown information that indicates the place of assembly of the new centriole or basal body. Whether in pairs
(centrioles in centrosomes, basal bodies in Chlamydomonas) or arranged in large ensembles (in the ciliate cortex), each centriole/basal body
(dark pink) promotes the ‘budding’ of a new centriole/basal body (light pink), close to and at right angles with the pre-existing one. The
pro-centriole/pro-basal body (short, light pink cylinders) is the first morphological sign of assembly. De novo assembly. Two types of situations are
recorded here. Few, generally two, centrioles or basal bodies (green) are assembled in the absence of a pre-existing centriole (Physarum, mouse
egg) or basal body (Naegleria). It is not known whether in these cases the de novo assembly leads to two centrioles/basal bodies or to a single
centriole/basal body which subsequently duplicates by the templated mechanism. By contrast, when many basal bodies are to be assembled, a
structure (called blepharoplast in Ferns, Gingko, Cycas, and deuterosome in ciliated animal epithelial cells) develops (blue) from which basal bodies
are assembled and then migrate to the cell membrane. The similarities, if any, between the sites of de novo and templated basal body/centriole
assembly remain unknown. Again, the question marks illustrate unknown initial information.
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The assembly line(s). This oversimplified scheme is not a metabolic pathway. It artificially separates steps that most probably overlap. The recorded
steps correspond to the present state of knowledge. A black box (question mark) still shields the very initial steps; the nine-branched star
symbolises the required prepattern; the sequential addition of tubules A, B and C is now attested by the effects of genetic blocks at nine-singlet and
nine-doublet stages. The vertical arrows for af-, y-tubulins and centrin only mark their first point of entry into the assembly line. The significant
mutational blocks are indicated in red. ce, Caenorhabditis elegans; cr, Chlamydomonas reinhardltii; pt, Paramecium tetraurelia.
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basal body duplication, and in Tetrahymena [52°] and
Drosophila it might be necessary for stabilisation of cen-
triolar microtubules (Raynaud-Massina er a/., personal
communication). y-fubulin gene silencing in other cellular
models essentially blocks cell division, and hence any
further centriole duplication. The fact that in Paramecium
or Tetrahymena the block of basal body duplication
appears prominent probably reflects specific dynamic
properties of these microtubule arrays, just as y-tubulin
RNAIi experiments in C. elegans have revealed different
properties of aster microtubules at different developmen-
tal stages [53,54].

Further upstream, other factors, distinct from the general
cell cycle signals, seem specifically to control an on/off
switch, for example the kinase Zyg-1p [55°°] in C. elegans,
or N-tubulin [56], which is thought to be a target for a
mitotic signal in Paramecium (Ruiz et al., personal com-
munication).

Role of the pre-existing organelle

Does the mother organelle actually provide a template?
The idea was first suggested from studies on ciliates
before the electron microscopy era, and was later sus-
tained by the lurking possibility, now ruled out [57], that
basal bodies contained nucleic acids. The only way to
demonstrate that the mother organelle acts as a template
or that there is any structural continuity would be to
create mutants that affect symmetry and follow their
hereditary transmission.

The hypothesis that there is template cannot be rejected,
because in various experimental or natural situations,
absence/ablation of centrioles leaves the egg or cell
unable to assemble the missing organelle. However,
because the daughter organelle develops at a distance,
the template cannot be the mother itself and must be a
mobile structure. A logical hypothesis [58] proposed that
cartwheel discs (see Figure 1), assembled within the
centriolar structure, could be released to either initiate
assembly (templated mode) or to store the structural
information in a form that could well escape detection,
as long as its molecular components are unknown (appar-
ent de novo mode). Interestingly, the first protein localised
at the cartwheel has just been characterised in Chlamy-
domonas [32].

But even the existence of a structural template does not
account for the fact that the mother organelle provides a
positional signal, which is critical, since the precise posi-
tioning of the daughter organelle and its links with the
mother will later ensure the precise spatial distribution of
mother and daughter. A circumferential polarity of the
organelle or its immediate environment is well document-
ed in protists [59] and likely to operate also in metazoan
cells. This implies that a mother organelle displays a
single site supporting daughter assembly. Recent data

[60°] challenge this notion: under ¢##1 inactivation in
Drosophila wing discs, two successive daughters can
develop at different sites around the mother. Whether
this observation reflects an intrinsic general potential of
centriolar structures or an immature condition [2] of these
particular centrioles remains to be elucidated. Maturation
is important for functional competence, nucleation/posi-
tioning of appendages and may be required for the
organisation of space around a centriole or basal body.

Regardless of its de novo or templated origin, positioning
of a newly formed centriolar structure is crucial for its
function. The templated way, obeying the characteristic
orthogonal configuration and channelled by links be-
tween mother and daughter, ensures transmission of the
spatial information for cytoskeleton organisation, as well
documented in protists [59] and also for whole cell
polarities, as shown in Trypanosoma [61°°]. The continuity
of centriole/basal body lineage relays this information
across cell divisions.

In the de novo pathway, the presence of a pre-determined
site for assembly and/or insertion of newly formed basal
bodies is suggested in different systems. For example, in
Naegleria, proteins involved in basal body development
concentrate at a single submembrane site. In other organ-
isms when the templates have disappeared during encyst-
ment or sexual processes, as in Chlamydomonas [62] or
certain ciliates [63,64], new basal bodies are always
formed just below the plasma membrane, and something
ensures their precise location and orientation. Even
though no sign of a vestigial organelle can then be
detected, at least in ciliates, the cell cortex retains a
precise memory of the number and localisation of the
pre-existing organelles. It has been suggested that such
surface-stored elements might be involved in the resur-
gence of centrioles in the mouse embryo [65]. The major
properties of centriolar structures — duplication, localisa-
tion and links between mother and daughter — thus need
to be tightly regulated. This is manifest from many
current studies on factors such as CNap-1 and on the
interplay between kinases and phosphatases controlling
duplication and disorientation of centrioles [66,67].

Centriole/basal body life cycle

Centrioles and basal bodies issued from the templated
pathway are stable entities [68] that assemble, mature and
in turn produce successive daughter organelles. Centriole
length and time to maturation and competence for tem-
plating a new organelle all appear to be strictly regulated
properties. For example, de-regulation of length control
could be induced in Drosophila wing discs upon cdkl
inactivation [60°]. It is not known whether centriolar
structures senesce and/or are renewed at some stage
during successive cell generations. The continuity of
the centriolar lineage is sustained not only across mitotic
divisions but extends across sexual reproduction, follow-
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ing a uniparental transmission, and is achieved by a
variety of mechanisms. This suggests that the two cen-
trioles of the pair are not homologous and that the func-
tional entity is the pair of centrioles. Indeed the two
centrioles — or the two or more basal bodies in biflagel-

lates or pluriflagellates — are of different ‘ages’, the
younger maturing over one or more cell cycles. In ciliates
also, all the basal bodies — of different ages — form

together the functional structure for cell morphogenesis.
Maturation is accompanied by physical and chemical
changes, and by adjunction of appendages or new mole-
cular markers such as cenexin [19,69]. It is also accom-
panied by an aptitude to carry out different cytoskeletal
functions (e.g. nucleation of a primary cilium, control of
cytokinesis [70] and organisation of space, and in parti-
cular differences in microtubule nucleation) [6,71]. It is
significant that impairment of basal body development by
mutation [29] or inactivation of 6- or e-tubulin [30°,44°°]
also impairs the organisation of the basal body appen-
dages.

Conclusions and perspectives

Most of the problems discussed here have been raised for
over 40 years, and answers are just beginning to be found
as adequate experimental approaches mature. Some of
the significant progress in the biology of centriolar struc-
tures results from the characterisation or refined analysis
of long-known mutations such as /@2 in Chlamydomonas,
or Zygl in C. elegans. Other important steps have been
accomplished by applying RNAi technology to known
candidate genes, such as those expressing centrin or
y-tubulin. New core proteins and regulatory factors have
been identified, and the next step should be to under-
stand their function and identify their partners.

With completion of genome sequences, development of
proteomics and the continuing search for new mutants in
favourable organisms, within a very few years we can
expect to receive answers to many of the questions raised
regarding assembly and continuity of centriolar struc-
tures.
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