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Centriole assembly in Caenorhabditis elegans
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Centrioles are necessary for flagella and cilia formation1,2, cytokin-
esis3,4, cell-cycle control5 and centrosome organization/spindle
assembly6. They duplicate once per cell cycle, but the mechanisms
underlying their duplication remain unclear. Here we show using
electron tomography of staged C. elegans one-cell embryos that
daughter centriole assembly begins with the formation and
elongation of a central tube followed by the peripheral assembly
of nine singlet microtubules. Tube formation and elongation is
dependent on the SAS-5 and SAS-6 proteins, whereas the assembly
of singlet microtubules onto the central tube depends on SAS-4.
We further show that centriole assembly is triggered by an
upstream signal mediated by SPD-2 and ZYG-1. These results
define a structural pathway for the assembly of a daughter cen-
triole and should have general relevance for future studies on
centriole assembly in other organisms.

The structure of centrioles is conserved from ancient eukaryotes to
mammals1,7–9. They are barrel-shaped, 100–250 nm in diameter and
100–400 nm in length, with a ninefold symmetric array of singlet,
doublet or triplet microtubules. Daughter centrioles grow orthogon-
ally to the older (mother) centrioles, but the assembly process
remains mysterious. Centrioles in C. elegans are 150 nm in length,
100 nm in diameter and consist of a central tube surrounded by nine
singlet microtubules10. Genomic and genetic analyses have identified
proteins required for centriole duplication in C. elegans11–16. These
include the ZYG-1 kinase, the SAS proteins (SAS-4, SAS-5 and SAS-
6) and SPD-2, all of which localize to centrioles14,16–23.

C. elegans oocytes arrest in meiotic prophase I, at which point they
lack centrioles. Fertilization of oocytes by sperm triggers the complet-
ion of meiosis and contributes a centriole pair (Supplementary Fig.
1). After meiosis, the embryo enters the first mitotic division, which
is characterized by a series of easily distinguishable events. These
include pronuclear appearance (PNA), pronuclear migration (PNM),
pronuclear rotation (PNR) and metaphase. Using chemical fixation
and serial section electron microscopy we were able to detect daughter
centriole assembly intermediates at, but not before, PNM (Supplem-
entary Fig. 1).

To determine whether the onset of daughter centriole assembly cor-
relates with the recruitment of known centriole proteins, we performed
mating-based assays18,20,22–24 (Supplementary Fig. 2). In these assays, the
sperm donates an unlabelled centriole pair, whereas the green fluor-
escent protein (GFP)-tagged centriole proteins are contributed by the
maternal cytoplasm. Their incorporation into nascent daughter cen-
trioles can therefore be monitored (Supplementary Fig. 2). We fixed
embryos at different stages of the first cell division and stained them
using SAS-4 antibodies—to mark the position of the sperm centrioles—
and GFP or ZYG-1 antibodies to monitor the recruitment of individual
centriole proteins to the site of assembly (Fig. 1; Supplementary Fig. 3
for GFP–ZYG-1 recruitment; n . 10 for each protein). We observed
that SPD-2 and ZYG-1 are recruited to centrioles soon after fertilization,
during the completion of female meiosis (Fig. 1a), whereas SAS-4, SAS-
5 and SAS-6 are recruited shortly afterwards, at PNA (Fig. 1b).

To gain insights into the assembly relationship between these pro-
teins, we depleted individual centriole proteins by RNA-mediated
interference (RNAi) and determined the effect this had on the
recruitment of the other proteins. In one-cell spd-2(RNAi) emb-
ryos (n 5 18), we were unable to detect ZYG-1 recruitment at any
stage (Fig. 2a, top panel); however, in zyg-1(RNAi) embryos,
SPD-2 recruitment was unaffected (n 5 14; Fig. 2a, bottom panel).
These results suggest that SPD-2 acts upstream of ZYG-1. In all
spd-2(RNAi) embryos analysed, we were unable to detect significant
recruitment of maternal SAS-4, SAS-5 or SAS-6 to the site of centriole
assembly (Fig. 2b, n . 10 for each protein). We observed essentially
the same result in zyg-1(RNAi) embryos (data not shown), which is
in agreement with previous results22–24 and with our observation
that SPD-2 is required to recruit ZYG-1 (Fig. 2a). In sas-4(RNAi)
embryos, both SAS-5 and SAS-6 are recruited to the site of daughter
centriole assembly, confirming published results in two-cell embryos
(Fig. 2c, n 5 4)22,24. It was previously shown that SAS-4 recruitment is
blocked in sas-5(RNAi) and sas-6(RNAi) embryos22–24. Together,
these results suggest that in one-cell embryos SPD-2 and ZYG-1
are required for daughter centriole assembly by promoting the
recruitment of the centriole components SAS-5 and SAS-6 (ref. 22).
SAS-5 and SAS-6 recruitment then promotes the recruitment of
SAS-4.

Our thin section electron microscopy results showed that daughter
centriole assembly begins during PNM (Supplementary Fig. 1). In
contrast, our mating assays showed that centriole proteins are
recruited beforehand, during meiosis or at PNA (Fig. 1). Two pos-
sibilities could explain these observations. First, centriole proteins
may be recruited to the proximity of the mother centrioles before
daughter centriole assembly. Second, the recruitment observed may
coincide with the emergence of a structural intermediate that is
undetectable using chemical fixation and thin section electron
microscopy (Supplementary Fig. 1). To examine potential structural
intermediates of centriole assembly, we developed an approach to
perform high-pressure freezing and electron tomography on isolated
embryos at different stages of the first cell division (for measurements
see Supplementary Fig. 4 and Supplementary Table 1)25. To our
surprise, daughter centriole assembly intermediates were observed
at PNA (Fig. 3a). The smallest structure detected was a cylindrical
tube approximately 60 nm in length, similar to the central tube of
mother centrioles (Fig. 3a). Electron-dense appendages emanated
from the singlet microtubules of mother centrioles (Fig. 3a, bottom
left panel, arrowheads). During PNM, the central tubes of daughter
centrioles were longer, reaching about 110 nm at the end of PNM
(Fig. 3b and Supplementary Fig. 5). We observed that the central tube
of daughter centrioles increased in diameter during PNM, whereas
that of the mother centriole did not (Supplementary Fig. 5); this
increase coincided with the appearance of an inner/outer wall
structure on daughter centriole central tubes (Fig. 3c, right panel).
Singlet microtubules began assembling around the central tube dur-
ing PNR and by the end of PNR nine singlet microtubules were
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observed (Fig. 3c). We detected hook-like appendages along the
length of daughter central tubes at positions where singlet micro-
tubules had yet to assemble (Fig. 3c, arrowheads, and data not shown).
Singlet microtubule assembly did not seem to occur preferentially at
distal or proximal extremities, although a slight positional bias for the

distal region of the central tube was observed (Supplementary Fig. 5).
In summary, our tomography results show that in one-cell embryos,
daughter centriole assembly begins with the formation of the central
tube, which elongates and increases in diameter before the assembly
of the nine singlet microtubules.

We looked at the effect of individually depleting centriole proteins
on daughter centriole assembly. In zyg-1(RNAi) embryos, no daugh-
ter centriole structures were detected (Fig. 4a), consistent with the
idea that in zyg-1(RNAi) embryos, the SAS-proteins are not recruit-
ed to the site of centriole assembly (Fig. 3b)22–24. Similarly, in
sas-5(RNAi) and sas-6(RNAi) embryos, no daughter centriole struc-
tures were observed (Supplementary Movie ‘SAS5RNAi’ and Fig. 4b,
respectively). Most interestingly, in sas-4(RNAi) embryos at PNA
central tubes of daughter centrioles still formed (Fig. 4c). After
PNR, daughter centriole central tubes were longer (Supplementary
Movie ‘SAS4RNAi’ and Supplementary Table 1), suggesting that tube
elongation can still occur in sas-4(RNAi) embryos. Daughter cen-
triole central tubes failed to increase in width, and seemed defective
in the assembly of both singlet microtubules and hook-like appen-
dages (Supplementary Table 1 and data not shown). In older
embryos, daughter centriole central tubes were often difficult to dis-
cern (data not shown). These results are consistent with our obser-
vation for wild-type embryos that the formation of a central tube
represents a structural intermediate in centriole assembly, which is
unstable in sas-4(RNAi) embryos. Taken together, our electron
tomography and light microscopy data suggest that SAS-4 is required
to assemble or maintain singlet microtubules onto the central tube,
the assembly of which is, in turn, dependent on SAS-5 and SAS-6.

Using electron tomography we have shown that daughter centriole
assembly in one-cell C. elegans embryos occurs in at least three dis-
tinct steps: tube formation; tube elongation; and singlet microtubule
assembly (Fig. 4d). Assembly begins at the time of PNA and is com-
pleted by the end of PNR, which we estimate requires 8–10 min
(Fig. 4d). The recruitment of the SAS-proteins at PNA to the site
of daughter centriole assembly is coincident with the emergence of
the daughter central tube. In spd-2(RNAi) and zyg-1(RNAi) embryos,
the recruitment of the SAS-proteins to the site of assembly is blocked.
Accordingly, we were unable to detect daughter centriole structures
in zyg-1(RNAi) embryos, confirming previous results14. These obser-
vations, in combination with our result showing that SPD-2 is
required for the recruitment of the ZYG-1 kinase to the site of daugh-
ter centriole assembly, suggest that the role of SPD-2 in centriole
duplication is to recruit ZYG-1 to centrioles (Fig. 4d). ZYG-1—
possibly in concert with SPD-2—can then either function as a signal
required for the initiation of daughter centriole assembly or directly
drive the assembly process.

The fact that daughter centriole central tubes assemble in sas-
4(RNAi) embryos (conditions under which SAS-5 and SAS-6 recruit-
ment is not inhibited) indicates that SAS-5 and SAS-6 could be
structural components of the central tube. SAS-5 and SAS-6 are
known to physically interact, indicating that they may fulfil this
structural role as a heterodimer24. Alternatively, it is possible that
SAS-5 and SAS-6 are required to maintain the structural integrity
of the central tube, which is composed of other proteins. In
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Figure 1 | Centriole proteins are recruited in two steps. a, Recruitment of
centriole proteins during meiosis. At this stage only SPD-2 and ZYG-1 are
recruited to centrioles, colocalizing with SAS-4. b, The SAS-proteins are
recruited later, at the time of PNA. In these assays, wild-type males are mated
to feminized hermaphrodites that express individual GFP-tagged centriole
proteins. SAS-4 antibodies are used to label the sperm-derived centriole,
therefore marking the site of daughter centriole assembly and GFP or ZYG-1
antibodies are used to monitor the recruitment of the maternal proteins.
DNA (blue), microtubules (green), SAS-4 (white; red in merge) and GFP/
ZYG-1 (white; green in merge) labels are shown. Given that ZYG-1 is not
expressed in the sperm we used ZYG-1 antibodies to monitor the
recruitment of the endogenous protein. Scale bars, 10 mm.
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sas-4(RNAi) embryos, central tube assembly is not perturbed
although its stability and capacity to assemble singlet microtubules
are compromised. Thus, we propose a role for SAS-4 in tethering
singlet microtubules to the central tube, which would be consistent
with the ring-like distribution of SAS-4 around centrioles20. It was
previously shown that the amount of SAS-4 on centrioles is related to
the quantity of pericentriolar material they recruit20. It is therefore
possible that the singlet microtubules on the C. elegans centriole are
required to recruit and organize pericentriolar material19. Recent
evidence has shown that pericentriolar material is also required for
daughter centriole assembly23. It will be of interest to delineate the
contribution of such proteins to daughter centriole assembly.

Published structures using chemical fixation and thin section elec-
tron microscopy on mammalian tissue culture cells are ambiguous as
to whether centrioles have a central tube9,26,27. It will be of importance
to revisit daughter centriole assembly in mammalian tissue culture
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Figure 2 | SPD-2 and ZYG-1 are required for the recruitment of SAS
proteins to the site of centriole assembly. a–c, The recruitment of
individual centriole proteins was analysed in spd-2(RNAi), zyg-1(RNAi) or
sas-4(RNAi) embryos. a, In spd-2(RNAi) embryos ZYG-1 recruitment to
centrioles is blocked (top panels). A merged image of ZYG-1 (green) with
SAS-4 (red) is shown in the lower inset. In zyg-1(RNAi) embryos
recruitment of SPD-2 is not affected (bottom panels). Merged images of
SPD-2 (green) with SAS-4 (red) are shown in the lower insets. Insets are 33
magnification. b, In spd-2(RNAi) embryos, the recruitment of SAS-4, SAS-5
and SAS-6 to the site of daughter centriole assembly is blocked. Left panel
shows the merged image of DNA (blue) and microtubules (green) of a
representative spd-2(RNAi) embryo. Right panels show magnified (38)
views of SAS-4 immunolocalization; GFP–SAS-4, GFP–SAS-5 and
GFP–SAS-6 labelling; and the respective merged images of regions similar to
the boxed region shown in the merged image on the right. c, In sas-4(RNAi)
embryos, recruitment of SAS-5 (top panel) and SAS-6 (bottom panel) still
occurs. Merged images of GFP–SAS-5 (green) with SAS-4 (red) and of
GFP–SAS-6 (green) with SAS-4 (red) are shown. Insets are 33
magnification. DNA (blue), microtubules (green), SAS-4 (white; red in
merge) and GFP/ZYG-1/SPD-2 (white; green in merge) labels are shown.
Scale bars, 10 mm.
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Figure 3 | Centriole assembly in Caenorhabditis elegans is a multi-step
process. a, Tomographic slice and overlaid 3D model showing two centriole
pairs (C1 and C2) at PNA (top). NE, nuclear envelope. Higher magnification
view of another centriole pair at PNA (bottom left). The mother centriole is
shown in cross-section and the assembling daughter centriole in
longitudinal orientation. Note the presence of electron-dense appendages
extending from the singlet microtubules of the mother centriole
(arrowheads). Three-dimensional models illustrating the mother (red) and
daughter (yellow) centriole central tubes and associated singlet
microtubules (green) are also shown. b, Centrioles during PNM. The
elongating central tubes of daughter centrioles are shown in both
longitudinal orientation (left) and in cross section (right). c, Centrioles
during PNR. An incomplete number of singlet microtubules are observed at
this stage. Positions on the tube lacking singlet microtubules, but decorated
with hook-like appendages, are indicated (arrowheads). Quicktime movies
of all tomograms and 3D models can be found in Supplementary
Information. Scale bars, 1 mm (top panel in a) and 100 nm (bottom panel in
a; b, c).
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cells, and other organisms, using high-pressure freezing and time-
resolved tomography to determine if daughter centriole assembly
also proceeds in the same order: tube formation, elongation and
microtubule assembly. Interestingly, three of the five components
required for centriole duplication in C. elegans—SPD-2, SAS-4
and SAS-6—have mammalian homologues17,18,23,24, although only
human SAS-6 is known to be required for centriole duplication. It
is therefore likely that some of the assembly intermediates uncovered
here in C. elegans are conserved in mammals and other eukaryotes.

Note added in proof : While this paper was being reviewed, another
study29 reported the sequential recruitment of C. elegans centriole
proteins during duplication.

METHODS
Caenorhabditis elegans strains, RNAi and immunofluorescence. The worm

strains, antibodies, dsRNA and RNAi conditions used in this study are detailed in

Supplementary Information. For immunofluorescence microscopy embryos

were labelled and imaged as previously described17. Three-dimensional data sets

were acquired on a DeltaVision RT imaging system (Applied Precision) and

shown as maximal projections.

Specimen preparation for electron tomography. Hermaphrodites were dis-

sected in M-9 buffer containing 20% BSA (weight by volume; Sigma), individual

embryos collected into capillary tubing, and development observed using phase

contrast microscopy. Embryos at specific stages were transferred to specimen

holders and frozen using the EMPACT21RTS high-pressure freezer (Leica).

Embryos were freeze-substituted, stained and imaged by electron tomography

using a TECNAI F30 intermediate-voltage electron microscope (FEI) operated at

300 kV as previously described25.

Modelling and analysis of tomographic data. We recorded five double-tilt data

sets of poles at PNA, five at PNM, five during PNR and six during mitosis. In

addition, we acquired two data sets of zyg-1(RNAi) embryos, four of sas-4(RNAi)

embryos, two of sas-5(RNAi) embryos and three of sas-6(RNAi) embryos.

Tomography and image analysis was carried out using the IMOD software

package28. Using serial slices extracted from the tomograms, we modelled the

central tube and the singlet microtubules of mother and daughter centrioles. The

structure of assembly intermediates was analysed by extracting a slice of image

data 1-voxel thick. The orientation was adjusted to visualize the centriole in

either longitudinal orientation or in cross-section. The projections of the 3D

models were displayed and rotated to study their 3D geometry. To display in 3D,

substructures of the centriole were meshed using the IMODMESH program and

shown as tubular graphical objects. Measurements of centriole components were

extracted from model contour data using the companion program, IMODINFO

(Supplementary Fig. 6 and 7).
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