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Summary
Centrioles are cylindrical structures found at the core of the mitotic spindle pole, which also act as
basal bodies to nucleate formation of cilia. Centrioles have a complex, nine-fold symmetric structure,
and reproduce by an intriguing duplication process. The complexity and apparent self-reproduction
of centrioles raises the question of how such a structure could have evolved, making them a favorite
topic for theological speculation by "intelligent design" creationists. In fact, centrioles are capable
of robust self-assembly and can tolerate dramatic perturbations while still maintaining basic
functionality. Far from being irreducibly complex, centrioles appear to be based on a rather minimal
underlying core structure requiring only a handful of genes to construct.

Introduction: phylogeny, terminology, and theology
The centrosome (1) is a bipartite structure, consisting of a pair of cylindrical microtubule-based
organelles called centrioles (2), embedded in an amorphous network of proteins known
collectively as Pericentriolar Material (PCM). The microtubule-nucleating function of the
centrosome is carried out by gamma tubulin ring complexes docked on the PCM.

In contrast to the PCM, which has relatively little discernable structure (3), centrioles have a
remarkably complex structure (4), which has raised the question of how something so
complicated may have evolved. The complexity of the centriole suggests that a large number
of genes may be required to build it, which poses a challenge for evolution because lack of any
one of those genes would eliminate the functionality of the centriole, so that a fitness benefit
would only be accrued once the entire gene set was established. This review will address the
question of centriole evolution in light of recent experimental results which suggest that
centrioles, while complicated-looking, may be substantially less complex than previously
suspected.

Centriole structure and function
Centrioles consist of nine microtubule triplet blades arranged in a cylinder. At one end of the
centriole is a spoke-like arrangement called the cartwheel. A variety of fibers and protrusions
extend from the centriole and probably act to anchor it to various elements of the cytoskeleton
(5,6). What is all this complex structure for, given that the main microtubule nucleating activity
of the centrosome resides in the PCM and not the centriole? Experimental evidence shows that
centrioles are required for the formation of a persistent centrosome (7) but when centrioles are
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removed from cells, bipolar spindles can still form using an alternative self-organization
pathway that does not require centrosomes (8). What then is the real function of centrioles, if
they aren't needed for mitosis? A look at the phylogeny of eukaryotes (9) shows us the answer
(Figure 1). All species, without exception, that have centrioles, always have cilia at some stage
of their life cycle, and vice versa. For example, lower plants such as mosses and ferns lack both
centrioles and cilia in most cells but suddenly form them both during spermatogenesis. Indeed,
centrioles are strictly required for the formation of cilia, and perform multiple functions on the
behalf of cilia (10). First of all, the microtubule doublets of cilia grow as a direct outgrowth of
the microtubule triplets of the centriole (11,12). When a centriole forms a cilium, it becomes
known as a Basal Body. In addition to directly nucleating ciliary microtubules, basal bodies
dictate the orientation and positioning of cilia (13), and act as recruiting centers for molecules
involved in ciliogenesis (14). The evolution of centrioles must thus be considered together with
the evolution of cilia (15,16), and any fitness benefit that a eukaryotic precursor organism could
have attained from the innovation of centrioles must have come from the ability to make cilia.

Self-reproduction of centrioles?
In most cells, centrioles form by an apparent "duplication" process by which each pre-existing
centriole gives rise to a new centriole, at right angles to the first one (17). When this happens,
the old centriole is called the mother and the new one the daughter. Microsurgical removal of
centrioles indicated that cells lacking centrioles cannot form new ones, suggesting that the
duplication pathway was the only way that centrioles could form (18). If new centrioles can
only form from old ones, how could centrioles ever evolve in the first place within a cell that
initially lacked them?

This type of chicken-and-egg paradox was heightened by claims that centrioles contained their
own organellar genome (19,20). Indeed, if centrioles contained their own genomes, it would
strongly imply that they arose via an endosymbiotic mechanism similar to that which gave rise
to mitochondria and chloroplasts (21). Alternatively, it has been proposed that centrioles may
have evolved from a virus (16). Requirement of an internal genome would also explain why
centrioles undergo duplication and would also potentially make it impossible for centrioles to
form de novo. However, a substantial number of experiments have subsequently proven beyond
any doubt that centrioles do not contain a DNA-based genome of their own (22–26). It has
been clearly shown that centrosomes contain specific RNA molecules associated with them,
but these are encoded by genes that, while having an unusual intron-poor structure, are still
found within the nucleus (27).

Since centrioles apparently do not contain their own genomes after all, this removes one part
of the chicken and egg paradox. The problem posed by centriole duplication is also easily
disposed of because, in fact, centrioles can form de novo. De novo formation is a natural
occurrence in certain organisms that lack centrioles through parts of their life cycle and then
re-acquire them at other stages (28,29). When centrioles are removed even from "normal" cells,
new centrioles can form de novo with great efficiency (30,31). Why, then, did initial surgical
studies suggest centriole duplication was obligatory? One possibility is the cells were damaged
during the procedure. However it has also been shown that experimental removal of centrioles
results in cell cycle arrest (32) in G1. De novo centriole formation can only occur in S phase
(30,31), so G1 arrest would prevent centriole formation. This G1 arrest appears to be due to
an increase in stress-sensitivity, and if the stress response is circumvented, de novo centriole
assembly can occur (33).

Thus, the apparent paradox raised by centriole duplication turns out to be a non-issue.
Centrioles can form de novo in cells that lack them without any difficulty, thus providing a
way for the whole centriolar chain of being to begin.

Marshall Page 2

Curr Opin Cell Biol. Author manuscript; available in PMC 2010 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Centriole complexity is not so irreducible after all
Centrioles look highly complex, but so do snowflakes. Extremely simple self-organizing
chemical and physical processes can generate structures of extraordinary complexity, and one
must be careful to distinguish between two different types of complexity. One type of
complexity is called "informational complexity" which can be measured as the number of bits
of information required to explicitly describe the structure in question. For instance, one could
recognize image features such as corners and edges and record their positions within the object.
Structures that look visually complicated, such as a Persian rug, will have much higher
informational complexity than a simple-looking pattern such as a checkerboard. An alternative
measure of complexity stems from the fact that simple computer programs can generate
complex fractal patterns. Depending on the pattern, a very simple program may suffice, while
for other structures, it may take a longer program to generate the pattern. This type of
consideration has led to a newer way to describe structures in terms of their "algorithmic
complexity", also known as Kolmogorov complexity, which is the size of the smallest computer
program (usually measured in bits) sufficient to generate the pattern (34,35). Evolution and
genomics is concerned with algorithmic complexity and not informational complexity. No
matter how visually complicated a centriole is, its evolvability depends only on how
complicated the genomic "program" must be that generates the structure.

We must therefore consider how many different genes are really needed to build a structure
that is minimally functional as a centriole. This question has two parts: (a) how much of the
structure of the centriole is really critical for its function, and (b) how many genes are necessary
to generate the critical core structure. We will tackle the first question first - how much could
the structure of a centriole be altered and still work? In this case, "work" would be defined as
being able to provide at least some fitness benefit to a cell. Since the main job of centrioles is
to form cilia, we can focus on how centriole structure contributes to assembly of cilia.
Templating of cilia by centrioles requires is a set of preexisting microtubules, but the canonical
arrangement of nine triplets in the centriole and nine doublets in the axoneme is by no means
absolutely required for ciliary function, as organisms are known that have other numbers of
centriolar or axonemal microtubules (36–39). These cilia and flagella are motile, despite
deviating from the canonical ninefold symmetry, hence we can only conclude that there is
nothing magical about the number nine. Moreover, it is possible for centrioles having nine
triplets to generate cilia having more than nine doublets, indicating that cilia have a degree of
self-organization independent of the influence of centrioles (40). Mutants in proteins of the
centriole cartwheel can produce centrioles with variable numbers of triplets instead of nine
(41,42), and these modified centrioles can still form cilia, demonstrating that ninefold
symmetry is not an essential feature of centrioles. It is also important to point out that the
existence of a symmetrical array of triplets (be it nine-fold symmetric or with some other
symmetry) is not required for the triplets themselves to form. Mutants also exist in which
centrioles form asymmetric arrangements of triplet-containing units in variable orientations
(43). These studies demonstrate that single triplet subunit-sized chunks of centrioles can form
without the overall rotational symmetry being present, so that if a single chunk could perform
some useful function, this could be selected for prior to the development of the final nine-fold
symmetrical structure.

Although ciliary motility is a highly coordinated process that might be quite sensitive to
deviation away from nine-fold symmetry, cilia also play important sensory functions that
would require little more than the microtubules and a membrane into which receptors could
be localized. Cilia can also drive gliding motility which is independent of normal ciliary
motility and might not require strong nine-fold symmetry (44). In one interesting protist, the
cilium consists almost entirely of an elongated central pair of microtubules, lacking the nine
doublets over most of its length, yet this is able to drive swimming (45). It thus seems reasonable
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that even a very rudimentary centriole-like precursor could allow formation of a proto-cilium
that would give cells a tremendous advantage in terms of either sensory or gliding functions.

The second key question is how many genes would have to evolve in order to generate a
centriole. One way to get at this question is to ask how many genes are essential to maintain
centrioles. A recent genome-wide RNAi screen in Drosophila has argued that only nine genes
are required for centriole duplication (46). The apparent complexity of the centriole proteome,
which likely consists of at least 50–100 proteins (47,48), does not contradict the idea that only
a small core set of genes are essential for centriole formation, provided the majority of the
centriole proteins constitute add-ons, for example fibers that attach centrioles to different
cytoskeletal elements.

Combining these considerations, it is apparent that only a small number of molecular
innovations would be needed to produce some reduced, fragmentary version of a centriole that
could in turn nucleate some sort of microtubule-based cellular extension that would be useful
for gliding or sensation.

I propose that the original evolutionary precursor to the centriole may have resembled a single
triplet blade subunit of the present day centriole, and consisted of a microtubule doublet or
triplet structure that was able to extend a rigid proto-cilium consisting of a single doublet
surrounded by plasma membrane out into the extracellular environment (Figure 2). Extension
of microtubules from the end of the doublet would not require additional evolutionary novelty
since it is known that centriole triplets can serve as templates from assembly of purified tubulin
(12). The resulting structure, while simple, would have been able to provide basic sensory and
gliding motility functions. The molecular requirements for formation of such a structure could
be quite minimal: one or more proteins involved in forming the doublet microtubule structure
plus a protein capable of linking the base of the structure to the cellular cortex. It is not currently
known how microtubule doublets and triplets form, but the tektin family of proteins is thought
to be involved in the process (49). Evolution of one or more tektins, plus one or more proteins
that can bind microtubule doublets and attach to the cortex, such as ODF2/cenexin (50), might
have been sufficient to produce a centriole precursor with basic function.

Once the original proto-centriole was established, it eventually was modified by addition of
further gene products to produce the characteristic nine-fold symmetric array of triplets found
today. Genes required for this transition would be recognizable as those which when mutated
lead to aberrations in symmetry without affecting assembly of the triplet blade subunits
themselves. This phenotype has been seen for mutants in the centriole cartwheel proteins SAS-6
and BLD10 (41,42) suggesting that these genes may have evolved after the proto-centriole in
order to bring about the modern cylindrical symmetric structure. The acquisition of a symmetric
cylindrical arrangement might provide a structure with greater mechanical strength to support
more powerful motility, and might allow a cilium to project at a right angle to the cell surface
by presenting a rotationally symmetric array of attachment appendages. Although as discussed
above variations in structure are seen in some lineages, the cylinder of nine triplets is by far
the most common arrangement. This relatively invariant centriole architectural plan seen
among eukaryotes, combined with the fact that the ninefold triplet architecture is found even
in the earliest branching eukaryotic lineages, such as Giardia, suggests that the structure
evolved just once and was then inherited throughout the eukaryotes. Modifications to centriole
structure, including the reduction of centrioles to discs of singlets in nematodes would thus
have occurred by secondary loss events.
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Conclusions
How centrioles evolved remains an open question. The lack of an intrinsic centriole genome
and the ability of centrioles to form de novo suggests that an endosymbiotic origin is not
required. The apparent complexity of centrioles is probably deceptive, as only a handful of
genes may really be needed to form a functional centriole precursor.
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Figure 1.
Presence of centrioles correlates strictly with presence of cilia throughout eukaryotic
phylogeny. (+) and (−) indicate whether centrioles or cilia are present or absent, respectively,
in the given phylum. All phyla that currently lack centrioles appear to have descended from
ancestors that once contained centrioles.
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Figure 2.
Proposed evolution of a proto-centriole capable of nucleating a primitive cilium-like structure.
(A) Evolution of tektins allows formation of stable microtubule doublet and triplet structures.
(B) Acquisition of one or more appendage proteins allows docking of proto-centriole onto cell
cortex. (C) Microtubules can extend from the end of the double structure. (D) If microtubules
extend from the end of a docked doublet it would produce a primitive cilium-like structure that
could be used for sensory or gliding functions.
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