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INTRODUCTION
The centriole and the related basal body is an evolutionarily ancient
organelle characterized by a nine-fold radial arrangement of
microtubules (Carvalho-Santos et al., 2010; Hodges et al., 2010;
reviewed by Bornens and Azimzadeh, 2007; Strnad and Gönczy,
2008). Centrioles are essential for the formation of flagella and cilia
and, thus, for cellular processes that rely on these structures.
Furthermore, centrioles are crucial for recruiting the pericentriolar
material (PCM) from which microtubules are nucleated in most
animal cells. Centriole number is carefully regulated to ensure the
proper execution of these fundamental cellular processes. Thus,
most proliferating cells have two centrioles early in the cell cycle.
At the onset of S phase, a procentriole begins to assemble
perpendicular to each centriole. As a result, two pairs of centriole
and associated procentriole are present during the remainder of the
cell cycle. During mitosis, each spindle pole harbors one such pair.
The two centriolar cylinders then disengage from one another and
are inherited by each daughter cell.

Fertilization poses a special challenge to this general behavior.
Just like fusion of two diploid gametes would result in the
generation of tetraploid embryos, the newly fertilized zygote would
be endowed with four centrioles if both gametes contributed two
each. This could pose a threat to faithful chromosome segregation
because the resulting spindle might be tetrapolar. In most metazoan
species, including Caenorhabditis elegans and Homo sapiens, this
problem is solved by the elimination of centrioles during oogenesis

(reviewed by Schatten, 1994; Delattre and Gönczy, 2004;
Manandhar et al., 2005; Sathananthan et al., 2006). Electron
microscopy (EM) analysis indicates that centrioles are absent in
mouse and human oocytes (Hertig and Adams, 1967; Calarco et al.,
1972; Szollosi et al., 1972; Szollosi et al., 1986; Sathananthan et
al., 1996). By contrast, at least one centriole is maintained during
spermatogenesis. The zygote in most vertebrates is endowed with
one centriole, which must undergo two cycles of duplication before
the first embryonic mitosis (reviewed by Manandhar et al., 2005),
whereas two centrioles are contributed by the sperm to the zygote
in several other species, including C. elegans. Although differential
centriole inheritance in the female versus the male germ line is a
fundamental and conserved feature of metazoan sexual
reproduction, the underlying mechanisms are poorly understood.

C. elegans is particularly well-suited for an investigation of
centriole elimination during oogenesis (hereafter generally referred
to as ‘elimination’ for simplicity). First, germ cells (GCs) develop
in an assembly-line fashion, such that all stages of oogenesis are
present in a single gonad, with their position indicative of their
developmental stage (reviewed by Hubbard and Greenstein, 2000).
Second, GC development and meiotic progression have been
thoroughly investigated in C. elegans, which should facilitate
analysis of elimination. Third, proteins that are essential for
procentriole formation have been discovered and studied
extensively in the early nematode embryo (reviewed by Leidel and
Gönczy, 2005). As a result, reagents such as antibodies and GFP
fusions are available for probing centriolar components during
oogenesis.

In the embryo, molecular epistasis experiments have placed five
crucial components in a pathway that leads to procentriole
formation (Delattre et al., 2006; Pelletier et al., 2006). SPD-2,
which also localizes to the PCM, is present first at the centriole and
is needed for recruiting ZYG-1. ZYG-1 is then required for the
presence of the interacting components SAS-6 and SAS-5. These
two proteins are needed in turn for the recruitment of SAS-4, a
stable component that does not exchange with the cytoplasmic
protein pool over several cell cycles (Leidel and Gönczy, 2003;
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SUMMARY
Centrosomes are the principal microtubule organizing centers (MTOCs) of animal cells and comprise a pair of centrioles
surrounded by pericentriolar material (PCM). Centriole number must be carefully regulated, notably to ensure bipolar spindle
formation and thus faithful chromosome segregation. In the germ line of most metazoan species, centrioles are maintained
during spermatogenesis, but eliminated during oogenesis. Such differential behavior ensures that the appropriate number of
centrioles is present in the newly fertilized zygote. Despite being a fundamental feature of sexual reproduction in metazoans, the
mechanisms governing centriole elimination during oogenesis are poorly understood. Here, we investigate this question in C.
elegans. Using antibodies directed against centriolar components and serial-section electron microscopy, we establish that
centrioles are eliminated during the diplotene stage of the meiotic cell cycle. Moreover, we show that centriole elimination is
delayed upon depletion of the helicase CGH-1. We also find that somatic cells make a minor contribution to this process, and
demonstrate that the germ cell karyotype is important for timely centriole elimination. These findings set the stage for a
mechanistic dissection of centriole elimination in a metazoan organism.
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Kirkham et al., 2003; Dammermann et al., 2008). By contrast,
SAS-5 readily shuttles between centrioles and cytoplasm (Delattre
et al., 2004). Although it is known that SAS-4 and SPD-2 foci are
absent in mature oocytes (Kirkham et al., 2003; Kemp et al., 2004;
Kim and Roy, 2006), a systematic analysis of centriole elimination
in C. elegans has not been documented.

Although little is known about the mechanisms governing
elimination in any organism, co-suppression of the cyclin-
dependent kinase inhibitor CKI-2 has been reported to result in the
persistence of maternal centrioles in a fraction of C. elegans
embryos (Kim and Roy, 2006). However, more recent findings
using a cki-2 deletion allele instead led to the suggestion that CKI-
2 is not needed for centriole elimination, raising the possibility that
the earlier observation resulted from pleiotropic effects of co-
suppression (Buck et al., 2009). Apart from the possible role of
CKI-2 in this process, other components and mechanisms that
contribute to elimination are not known.

MATERIALS AND METHODS
Nematodes and RNA interference (RNAi)
Nematode culture was carried out according to standard procedures
(Brenner, 1974). The following genotypes were used: sas-6(ok2554)
(Kitagawa et al., 2011), zyg-1(it25) (Kemp et al., 2007), spd-2(oj29)
(O’Connell et al., 1998), sas-5(t2033) (Delattre et al., 2004), sas-
5(gk400) (http://www.wormbase.org), sas-4(tm3951) (Kitagawa et al.,
2011), cki-2(ok2105) (Buck et al., 2009), fog-1(q253) (Barton and
Kimble, 1990) (shifted to the restrictive temperature of 25°C as L1/L2),
fog-2(q71) (Schedl and Kimble, 1988), fog-3(q470) (Ellis and Kimble,
1994), tra-1(e1076) (Schedl et al., 1989), her-1(hv1y101) unc-42 and
her-1(hv1y101) unc-42 dpy-11;lon-2 (Francis et al., 1995b), analyzed as
described (Bean et al., 2004), mog-1(q233) (Graham and Kimble, 1993),
fem-3(q96gf) (Barton et al., 1987), cgh-1(ok492) (Audhya et al., 2005),
glo-1(zu391) (Hermann et al., 2005), rrf-1(pk1417) (Sijen et al., 2001),
GFP-SAS-4 (Kirkham et al., 2003), GFP-SAS-5 (Delattre et al., 2004),
GFP-SAS-6 (Leidel et al., 2005), GFP-SPD-2 (Kemp et al., 2004), GFP-
TBG-1 (Oegema et al., 2001), GFP –TAC-1 (Bellanger and Gönczy,
2003), VIT-2-GFP (Grant and Hirsh, 1999), NMY-2-GFP (Nance et al.,
2003).

RNAi-mediated inactivation using bacterial feeding strains was
performed as described (Delattre et al., 2006) using feeding strains from
the Ahringer (Kamath et al., 2003) or Vidal (Rual et al., 2004) libraries
(denoted ‘A’ and ‘V’, respectively). L4 worms were subjected to sas-
5(RNAi) (V) or gld-1(RNAi) (A and V) for 20-22 hours at 20°C and to cgh-
1(RNAi) (A) for ~24 hours or 30-48 hours at 24°C for weak or strong
inactivation, respectively. Additional RNAi conditions are reported in
supplementary material Table S1.

Antibodies
The following primary antibodies raised in rabbits were utilized: 1:600
SAS-4 (Leidel and Gönczy, 2003), 1:20 SAS-5 (Delattre et al., 2004),
1:100 SAS-6 (Leidel et al., 2005), 1:1500 ZYG-1 (Leidel and Gönczy,
2003), 1:1000 TBG-1 (Hannak et al., 2002) (gift from A. Hyman),
1:1000 SPD-2 (Delattre et al., 2006) (gift from M. Glotzer), 1:5000
SPD-5 (Hamill et al., 2002) (gift from B. Bowerman), 1:100 TAC-1
(Bellanger and Gönczy, 2003), 1:1000 ZYG-9 (Gönczy et al., 2001),
1:12,000 PGL-1 (Kawasaki et al., 1998) (gift from S. Strome), 1:200
RME-2 (Grant and Hirsh, 1999) (gift from B. Grant) and 1:1000
phospho-H3-Ser10 (06-570, Millipore). The following primary
antibodies raised in mouse were used: 1:100 GFP (3F8.2, Millipore),
1:500 -tubulin (DM1, Sigma) and 1:50 IFA-1 (Leung et al., 1999)
(ATCC-TIB-131). For 3D structured illumination microscopy analysis,
GFP fluorescence was enhanced using GFP-Booster (GBA-488,
ChromoTek). Secondary antibodies were goat anti-mouse-Alexa 488,
goat anti-rabbit-Alexa 568, donkey anti-rabbit-Alexa 594 and goat anti-
mouse-Cy5, all used at 1:500 (Molecular Probes).

Indirect immunofluorescence, microscopy and analysis
Gonads were dissected in 2 mM levamisole in PBS or 0.01% tetramisole in
M9, transferred onto polylysine-coated slides, and then fixed and stained
as for centrioles in embryos (Delattre et al., 2004). DNA was
counterstained with ~1 mg/ml Hoechst 33258 (Sigma).

For microtubule depolymerization/growth experiments, slides with
gonads were transferred to ice-cold lead blocks and left for 20 minutes
before being transferred to lead blocks at room temperature for 5 minutes.
Gonads were then fixed and stained as above.

Indirect immunofluorescence was imaged on LSM700 Zeiss and SP2
confocal microscopes. Optical sections (0.4-1 mm) were acquired with a 1-
2 mm pinhole and 1024�1024 pixel resolution. Planes containing
centrioles were maximum-projected using ImageJ or Fiji. Images were
processed using Adobe Photoshop, preserving relative image intensities
within a series.

SAS-4 centriolar signal was quantified by drawing an 11�11 pixel
square around centrioles, followed by Gaussian blur (0.5) and median
filtering (radius0.5). Cytoplasmic and centriolar intensities were
determined after automated thresholding using the Fiji Minimum method.

For analysis of centriole persistence, oocytes harboring bivalent
chromosomes were scored. Statistics were performed in GraphPad Prism
with Fisher’s exact test.

Fluorescence recovery after photobleaching (FRAP)
glo-1(zu391) animals were crossed to GFP-SAS-4 or GFP-SAS-5 worms
to reduce gut autofluorescence. Animals were immobilized on 10% agarose
pads using 0.1 mm diameter polysterene microspheres (method suggested
by C. Fang-Yen, personal communication; Polysciences). FRAP was
performed on a LSM700 Zeiss confocal microscope, acquiring 10-20 0.1
mm optical sections at each time point, with bi-directional scanning and
512�512 pixel resolution at 2% laser power. A 5�5 pixel square centered
on one or two juxtaposed centrosomes was bleached with 50 iterations and
100% laser power. Stacks were acquired every 30 seconds. Projections
were generated in Fiji and the recovery was analyzed qualitatively. Images
and movies were then processed by applying Gaussian blur (0.5) and
median filtering (radius0.5).

Transmission electron microscopy (TEM)
Gonads were dissected as for immunofluorescence and prepared as
described (Pitt et al., 2000). Briefly, gonads were fixed with 2.2%
glutaraldehyde, 0.9% paraformaldehyde in 0.05 M cacodylate buffer (pH
7.4) with 0.09 M sucrose and 0.9 mM MgCl2 and postfixed in 1% osmium
tetroxide, 0.8% potassium ferrocyanide in 0.1 M cacodylate buffer (pH
7.2). Specimens were embedded in 1% agarose, stained in 1% uranyl
acetate in sodium actetate (pH 5.2) and embedded in eppon resin. Serial
sections (70 nm) were contrasted with 0.9% KMnO4, 3% uranyl acetate
and lead citrate. Images were taken at 80 kV filament tension using a
CM10 Phillips transmission electron microscope and a Morada digital
camera (Baker and Masison, 1990). Serial sections were analyzed from top
to bottom of the nucleus at 13,500� magnification. At both ends of the
nucleus, at least five additional sections were screened. For regions 3 and
4, serial sections of three randomly chosen nuclei were screened. In
addition, centriolar pairs were imaged for seven nuclei in regions 2 and 3.
In two cases, structures resembling procentrioles were apparent.

Structured illumination microscopy (SIM)
Samples were prepared as for regular immunofluorescence and post-fixed
with 4% formaldehyde for 10 minutes. Three-dimensional structured
illumination microscopy was performed as described (Schermelleh et al.,
2008).

RESULTS
Centriolar proteins required for centrosome
duplication in the gonad
Throughout the results section, we refer to four regions of the
gonad that correspond to successive stages of GC development
(Fig. 1A) (McCarter et al., 1999). Region 1 in the distal end of the
gonad contains proliferating syncytial GC nuclei (GCN) that then D
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enter the meiotic cell cycle in the adjacent transition zone. GCN in
region 2 have exited premeiotic S phase and are in the pachytene
stage of meiosis I. Region 3 is located in the loop of the gonad and
contains diplotene GCN. Cellularization of GCs is completed
within region 4. Cellularized GCs are in diakinesis and harbor six
condensed bivalent chromosomes. Mature oocytes are fertilized
when traversing the spermatheca at the proximal end of the gonad.

To evaluate which centriolar proteins to consider in the context
of elimination, we tested whether the components essential for
centriole formation in early embryos are required in the
hermaphroditic germ line. We found occasional monopolar
spindles and larger than normal nuclei in region 1 of spd-2(oj29),
zyg-1(it25), sas-6(ok2554) and sas-4(tm3951) mutant animals,
indicative of defective centrosome duplication (compare Fig. 1B
with 1C-E,G). By contrast, no such defects were observed in sas-
5(t2033) or sas-5(gk400) homozygous mutant animals, or in sas-
5(t2033) animals treated with sas-5(RNAi), even though these
conditions all result in a fully penetrant centrosome duplication
failure in embryos (Fig. 1F; data not shown) (Dammermann et al.,
2004; Delattre et al., 2004). Although we cannot exclude the
possibility that residual SAS-5 activity persists in these conditions,
these observations suggest that sas-5 is dispensable for centrosome
duplication in the hermaphroditic germ line.

Overall, we conclude that SPD-2, ZYG-1, SAS-6 and SAS-4 are
required for centrosome duplication in proliferating GCs, as
anticipated from the sterility associated with spd-2(oj29) and zyg-
1(it25) (O’Connell et al., 1998; Kemp et al., 2007), as well as in
sas-6(ok2554) and sas-4(tm3951) (Kitagawa et al., 2011).
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Progressive loss of focused PCM and microtubule
organizing center (MTOC) activity during
oogenesis
We set out to determine when centrosomes become undetectable in
the hermaphroditic germ line. In the embryo, the PCM assembles
in a step-wise fashion, with SPD-5 and SPD-2 recruiting the g-
tubulin protein TBG-1 (Hamill et al., 2002; Kemp et al., 2004;
Pelletier et al., 2004), which is needed for the loading of TAC-1
and ZYG-9, which are present primarily in mitosis (reviewed by
Oegema and Hyman, 2006).

In the gonad, we found that SPD-5, SPD-2 and TBG-1 all
localize to foci in the vicinity of GCN in region 1, and to a lesser
extent in regions 2 and 3 (Fig. 2A-C; supplementary material Fig.
S1A,B) (Kemp et al., 2004). No focus is detected in region 4 (Fig.
2A-C; supplementary material Fig. S1A,B), although the proteins
remain present in the cytoplasm. Moreover, membranes around
GCN in regions 2 and 3 are enriched with TBG-1 (Fig. 2C) (Zhou
et al., 2009). TAC-1 and ZYG-9 exhibit a more restricted
distribution, being present solely in some GCN in region 1 (Fig.
2D; supplementary material Fig. S1C; data not shown). A focus of
TAC-1 or of ZYG-9 is not detectable in regions 2-4, in line with
the fact that GCN are not proliferating in these regions (Fig. 2D;
supplementary material Fig. S1C; data not shown).

To determine the point during oogenesis at which centrosomes
cease to act as MTOCs, we conducted microtubule
depolymerization/re-growth experiments. We found that
centrosomes can nucleate asters within 5 minutes in region 1, but
not in regions 2 or 3 (supplementary material Fig. S2), in

Fig. 1. Requirements for centriolar proteins in
the hermaphrodite gonad. (A)Schematic
representation of the hermaphrodite gonad. For
simplicity, the gonad is subdivided into four regions:
(1) proliferating GCs; (2) GCs in pachytene; (3) GCs
after pachytene; (4) GCs in diplotene after the loop.
Note diakinesis oocytes (marked –1, –2, –3) prior to
the spermatheca, with six condensed bivalent
chromosomes. Sheath cell nuclei are depicted in blue
and for simplicity only on one side of the gonad. 
(B-G)Region 1 from C. elegans gonads at the fourth
larval stage (L4) of the indicated genotypes stained
for -tubulin (green), SAS-4 (red in the merged
images and shown alone in magnified insets) and
DNA (blue). Insets are magnified twofold. Note that
the spd-2(oj29) GCN highlighted in C has two SAS-4
foci. Arrowheads point to clearly enlarged GCN.
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accordance with what has been reported previously (Zhou et al.,
2009). Therefore, although the PCM is present until the loop region
of the gonad, centrosomes lose their capacity to act as MTOCs by
the time GCN transition into the meiotic cell cycle.

Loss of focused centriolar proteins during oogenesis
Next, we analyzed the distribution of centriolar proteins. To avoid
being mislead by spurious dotty signals in the cytoplasm, we
conducted these experiments by simultaneously monitoring the
IFA-1 antigen, which marks centrioles in C. elegans embryos
(supplementary material Fig. S3) (Leung et al., 1999).

As mentioned above, SPD-2 is localized in a focus in the
vicinity of all GCN in region 1 and to a lesser extent in regions
2-3 (Fig. 2A). ZYG-1 has a more restricted distribution, with the
protein being detected in a focus only in the vicinity of some
GCN in region 1 (Fig. 3A). Such transient distribution is
reminiscent of that in early embryos (O’Connell et al., 2001). We
found an analogous distribution to that of SPD-2 for SAS-6,
SAS-5 and SAS-4. These proteins are present in a tight focus
next to nuclei in regions 1-3, but not in region 4, although they
remain distributed throughout the cytoplasm (Fig. 3B-D). We
then addressed whether SAS-4 and SAS-6 disappear
simultaneously during oogenesis. We found that GFP-SAS-4
colocalizes with SAS-6 at all centriolar foci and that the two
proteins cease to be detected in a focus in a concomitant manner
(supplementary material Fig. S4). Overall, we conclude that
centriolar proteins are no longer detected in a focus as GCs move
from region 3 to region 4 of the gonad.

Next, we investigated whether SAS-4 is a stable component of
centrioles during oogenesis, as it is in embryos (Leidel and Gönczy,
2003; Dammermann et al., 2008). This question is of particular

1673RESEARCH ARTICLEC. elegans centriole elimination

interest because centriolar components could be less stable during
oogenesis, which might help explain their eventual elimination. We
conducted FRAP experiments of GFP-SAS-4 in regions 2 and 3
(Fig. 4A,C). We usually observed no recovery of the signal during
the 19 minutes of the experiment (Fig. 4A; supplementary material
Movie 1; n14/16, with the remaining two exhibiting weak
recovery). By contrast, centriolar GFP-SAS-5 usually recovered in
this time span (Fig. 4B; supplementary material Movie 2; n15/17),
compatible with the observation that SAS-5 shuttles between
cytoplasm and centrioles in embryos (Delattre et al., 2004).
Overall, these experiments suggest that SAS-4 is a stable
component of centrioles during oogenesis.

We then set out to estimate the approximate duration of the
elimination process. Quantification of SAS-4 foci in regions 2-4
indicates that the signal intensity is constant in regions 2 and 3.
Upon transition into region 4, this intensity rapidly decreases to the
levels observed in the cytoplasm from one GCN to the next (Fig.
4D). Given that oocytes are fertilized every ~23 minutes on
average (McCarter et al., 1999), we conclude that elimination
occurs within <30 minutes.

Ultrastructural analysis of centrioles during
oogenesis
The findings described above establish that centriolar proteins
become undetectable in a focus after the loop of the gonad, but
do not demonstrate that centrioles are truly absent. It could be
that centriolar proteins are no longer detected in a focus, but that
centrioles remain present. Alternatively, centrioles could vanish
earlier than suggested by the disappearance of focused centriolar
proteins. We conducted EM analysis to address these
possibilities.

Fig. 2. Distribution of PCM proteins. Young adult hermaphrodite
gonads stained for the indicated PCM components (red in the merged
images and shown alone in magnified insets) and DNA (blue). Insets are
magnified twofold. Schematic representations above the panels
indicate positions of regions 1-4 in the gonad. The four panels of each
row do not necessarily come from the same gonad.

Fig. 3. Distribution of centriolar proteins. Young adult
hermaphrodite gonads stained for the indicated centriolar proteins (red
in the merged images and shown alone in magnified insets), IFA-1
(green) and DNA (blue). Insets are magnified twofold. Schematic
representations above the panels indicate positions of regions 1-4 in
the gonad. The four panels of each row do not necessarily come from
the same gonad. Note that two foci are visible next to the GCN
highlighted in C, region 1 and B, region 2.
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We first examined GCN in region 2 that should harbor
centrioles. Accordingly, serial sections of three GCN located in
region 2 revealed the presence of a pair of centrioles in the vicinity
of each GC nucleus (Fig. 5A-F). The orientation of these two
centrioles is not perpendicular, indicating that they correspond to
disengaged parental centrioles. Super-resolution structured
illumination microscopy (SIM) (Schermelleh et al., 2008), which
overcomes the resolution limit of conventional microscopy,
confirmed the presence of two neighboring SAS-4 foci in most
region 2 nuclei (Fig. 5G; 15/20 nuclei).

Additional EM analysis in favorable specimens showed that
procentrioles can be detected in region 2 in the vicinity of the
two centrioles (supplementary material Fig. S5A-D).
Accordingly, SAS-6, which is recruited to assembling
procentrioles in embryos (Dammermann et al., 2004; Leidel et
al., 2005; Dammermann et al., 2008), localizes adjacent to SAS-
4 foci in region 2 GCN (supplementary material Fig. S5E).
Moreover, super-resolution microscopy revealed that some GCN
in this region harbor four foci of SAS-4 (supplementary material
Fig. S5F-J). Furthermore, we used a complementary approach to
address whether procentriole formation is initiated during the
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meiotic cell cycle. In the absence of gld-1 function, meiotic GCN
in region 2 revert to a mitotic fate (Francis et al., 1995a). If
procentriole formation does not occur during the meiotic cell
cycle, then cells lacking gld-1 function and reverting to a mitotic
fate should assemble bipolar spindles with a single centriole in
each spindle pole. Contrary to this prediction, two foci of SAS-
4 can be detected at spindle poles of gld-1(RNAi) GCs reverted
to a mitotic fate (supplementary material Fig. S5K). Taken
together, these observations suggest that procentriole formation
is initiated during the meiotic cell cycle.

We addressed next whether centrioles and procentrioles are truly
absent in region 4, as suggested by the disappearance of the focus
of centriolar proteins. First, we observed that the three GCN that
were analyzed by serial-section EM in region 3 were each
associated with a centriolar pair. By contrast, serial section analysis
of three GCN in region 4 established that no recognizable
centrioles are present at that stage, although a structure that could
be interpreted as a disassembling centriole was detected in one
section (data not shown). These observations demonstrate that
elimination occurs in diplotene GCN in the loop between regions
3 and 4 during C. elegans oogenesis.

Fig. 4. Dynamics of centriolar proteins and kinetics of centriole elimination. (A,B)Images before (top), just after (middle) or at the indicated
time after (bottom) photobleaching in region 2/3 of gonads expressing GFP-SAS-4 (A) or GFP-SAS-5 (B). 1, 2 and 3 mark reference centrioles in the
field of view that were not bleached. Insets are magnified 3.5-fold. See also supplementary material Movies 1 and 2. (C)Schematic representation
indicating the location of the FRAP experiments. (D)SAS-4 centriolar signal intensity in cells located in regions 2, 3 or 4, as indicated, expressed as
percentage increase over the surrounding cytoplasmic signal (arbitrary units, a.u.). Dashed line between C and D indicates the approximate location
of abrupt SAS-4 signal loss. Shown are mean and s.e.m., n34.

Fig. 5. Ultrastructural analysis and super-
resolution microscopy of centrioles in pachytene.
(A-F)TEM serial sections of centrioles in region 2; B,C,E
and F are consecutive sections of the inset in A and
show two disengaged mature centrioles (marked 1 and
2). D highlights nine microtubules in one centriole
from the inset in C. (G)SIM of centrioles in region 2.
Gonad from animal expressing GFP-SAS-4 stained for
GFP (red in the merged images and shown alone in
magnified inset) and DNA (blue).
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Centriole elimination is delayed in germ cells
depleted of the CGH-1 helicase
We set out to investigate the mechanisms contributing to elimination.
First, we considered whether the spermatheca or the sperm cells it
contains are implicated. We determined that the last oocyte in which
a focus of SAS-4 and IFA-1 is detectable in young wild-type animals
is oocyte –8 and in older animals oocyte –16 (supplementary material
Fig. S6). This suggests that the distance from the spermatheca is not
critical for elimination during oogenesis. Furthermore, we found that
centrioles disappear normally in fog-1(q253) and fog-2(q71) mutant
hermaphrodites that lack sperm cells (data not shown) (Schedl and
Kimble, 1988; Barton and Kimble, 1990), demonstrating that sperm
cells are dispensable for elimination.

Comparing young and older animals also allowed us to assess
whether there is a temporal correlation between elimination and GC
cellularization. We found that cellularization is completed on average
in oocyte –3 in young animals and –13 in older animals
(supplementary material Fig. S6). Thus, in both settings, elimination
and cellularization are separated by three to five GCN, indicating that
the timing of the two processes is correlated. However, because
cellularization is completed after elimination, the former cannot be
required for the latter. Accordingly, centrioles do not disappear
prematurely in GC of ani-2(RNAi) animals (data not shown), which
undergo premature cellularization (Maddox et al., 2005).

We took a candidate approach to identify components that
contribute to elimination. Using mutants or RNAi, we tested genes
known or suspected to regulate aspects of GC development in
regions 3/4 (supplementary material Table S1), scoring the presence
of SAS-4 and/or IFA-1. These included genes important for
physiological cell death (ced-3, as well as car-1 and cgh-1, which
have also been proposed to be required for this process) (Navarro et
al., 2001), autophagy (lgg-1, bec-1, vps-34, unc-51, atg-9),
translational repression (gld-1, mex-3), meiotic progression through
pachytene (daz-1), synaptonemal complex formation (syp-1), and
MAP kinase signaling (mpk-1, let-60). In addition, we addressed
whether elimination requires protein degradation by inactivating
components and regulators of the 26S proteasome (pas-1, pas-2, pas-
6, pbs-1, rpn-2, rpn-3, rpt-3).

Because inactivation of these genes, in particular with RNAi,
might not have been complete, we cannot rule out the possibility that
they might contribute to elimination. With this limitation in mind, we
found that whereas all other experimental conditions have no impact
(supplementary material Table S1), compromising the RNA helicase
CGH-1 alters elimination. Indeed, we found that ~59% of GCs in
diakinesis in the predicted null allele cgh-1(ok492) harbor a SAS-4
focus, whereas this is never the case in the wild type (Fig. 6A,B,D).
Given that fertilized embryos are not present in cgh-1(ok492)
animals, whether such SAS-4-positive foci would all eventually be
eliminated cannot be ascertained. Because gonad morphology is
severely disorganized in cgh-1(ok492), we analyzed the milder cgh-
1(RNAi) inactivation condition. We found in this case that ~21% of
GCs in diakinesis harbor a SAS-4 focus (Fig. 6C,D). No
supernumerary SAS-4-positive foci are observed in embryos derived
from cgh-1(RNAi) animals (data not shown), indicating that
centrioles are eventually eliminated. We found also that SAS-4 foci
are rarely present in diakinesis GCs carrying the null allele cki-
2(ok2105), and always disappear thereafter, suggesting that cki-2
contributes only in a minor fashion to timely elimination (Fig. 6D)
(Buck et al., 2009).

Apart from its involvement in mRNA localization and
stabilization in the germ line (Boag et al., 2008), CGH-1 also
modulates microRNA-target interactions in somatic tissues
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Fig. 6. CGH-1 promotes timely centriole elimination. (A-C)Region 4
from young adult hermaphrodites of the indicated genotypes stained for
-tubulin (green), SAS-4 (red in the merged images and shown with DNA
in the insets) and DNA (blue). Note that the cgh-1(ok492) diakinesis GC
highlighted in B is clearly cellularized. Note also that the inset for the DNA
in these panels is a projection to visualize the DNA, whereas the low
magnification image represents only one of the z-sections. The most
mature GC/oocyte is to the left and marked by an asterisk. (D)Percentage
of diakinesis GCs with SAS-4 foci. n and P-values (compared with wild
type; Fisher’s exact test): wild type, n79; cgh-1(ok492), n22, P<0.0001;
cgh-1(RNAi), n93, P<0.0001; rrf-1(pk1417), n27, P0.2547; rrf-
1(pk1417) cgh-1(RNAi), n33, P0.0018 and P0.6120 compared with
cgh-1(RNAi); wee-1.3(RNAi), n100, P1; cki-2(ok2105), n67, P0.042.
(E,F)Wild-type (E) and cgh-1(RNAi) (F) gonads of young adult
hermaphrodites stained for phospho-H3 (red), IFA-1 (green in the merged
images and shown with DNA in insets) and DNA (blue). Note that in
~16% of cgh-1(RNAi) phospho-H3-positive nuclei an IFA-1 focus was
observed (n67) whereas no such cases were observed in the wild type
(n35). Insets are magnified twofold. D
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(Hammell et al., 2009), raising the possibility that it acts in the
soma to promote elimination. However, we found that depletion of
CGH-1 in rrf-1(pk1417) animals, in which somatic tissues are
insensitive to RNAi (Sijen et al., 2001), results in a similar
phenotype (Fig. 6D), indicating that CGH-1 acts in the germ line
to promote elimination.
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Because CGH-1 regulates various aspects of oogenesis (Navarro
et al., 2001), we considered whether the presence of SAS-4 in a
fraction of diakinesis cgh-1(RNAi) GCs reflects altered
specification of the germ line or delayed oocyte development, both
of which could indirectly delay elimination. To monitor germline
specification, we stained cgh-1(RNAi) gonads with antibodies
against the germline-specific P-granules, which we found to be
present as in the wild type (supplementary material Fig. S7A,B)
(Kawasaki et al., 1998). Additionally, we found that diakinesis
oocytes harboring centrioles in cgh-1(ok492) are positive for the
yolk receptor RME-2, which is usually found in diakinesis oocytes
in the wild type (supplementary material Fig. S7C,D) (Grant and
Hirsh, 1999). Therefore, germline specification and development
take place, at least in part, upon CGH-1 depletion. To test whether
oocyte maturation is delayed, we monitored phospho-histone H3
(phospho-H3) (Hsu et al., 2000), which in the wild type marks the
two to three most mature oocytes (Fig. 6E; n14 gonads,
mean2.5, s.e.m.0.3). Upon cgh-1(RNAi), we found that six
oocytes are marked by phospho-H3 (Fig. 6F; n11 gonads,
mean6.0, s.e.m.0.7), indicative of premature, not delayed, oocyte
maturation. An analogous conclusion was reached using VIT-2-
GFP, which normally marks, on average, the two most mature
oocytes (data not shown) (Grant and Hirsh, 1999). To determine
whether centrioles generally persist upon premature oocyte
maturation, we analyzed wee-1.3(RNAi) animals (Burrows et al.,
2006). Although these animals harbor significantly more diakinetic
oocytes as a result of premature oocyte maturation (n15 gonads,
mean5.9, s.e.m.0.9) than the wild type (n30 gonads, mean2.6,
s.e.m.0.1; P<0.0001), only 1/100 diakinetic wee-1.3(RNAi)
oocytes exhibits a SAS-4 focus (Fig. 6D). Thus, premature oocyte
maturation does not necessarily result in diakinetic oocytes
harboring SAS-4 foci. Overall, we conclude that CGH-1 directly
or indirectly contributes to timely elimination during oogenesis.

Fig. 7. The karyotype contributes to centriole elimination. 
(A,C,D) Region 3/4 from a mog-1(q233)XX animal (A,D) stained for -
tubulin (green), SAS-4 (red) and DNA (blue). D shows a high
magnification view of the area denoted in A, with SAS-4 signal
highlighted. A heterozygous diakinetic hermaphrodite oocyte is shown in
panel C for comparison. (B)Schematic representation of a mog-
1(q233)XX gonad in which hermaphroditic somatic cells (red) encase
male GCs (blue). (E,G,H) Region 4 from a fog-1(q253)X0 animal (E,G,H)
stained for SAS-4 (red) and DNA (blue). G shows a high magnification
view of the area denoted in E, with SAS-4 signal highlighted. The most
mature GC/oocyte is to the left and marked by an asterisk. (F)Schematic
representation of a fog-1(q253)X0 gonad, in which male somatic cells
(blue) encase female GCs (red). (H)Emo oocyte. The number of SAS-4
foci in fog-1(q253)X0 animals ranged from zero to eight, both in
diakinesis and Emo oocytes, with the majority having no (32% for
diakinesis, 72% for Emo) or one SAS-4 focus (31% for diakinesis, 9% for
Emo). We interpret the occurrence of oocytes with more than two SAS-4
foci as centrioles breaking apart or as supernumerary centriole formation
during endoreduplicating cycles. (I,K,L) Region 4 from a her-
1(hv1y101)X0 animal stained for SAS-4 (red), IFA-1 (green) and DNA
(blue). K and L show high magnification views of the areas denoted in I.
The most mature GC/oocyte is to the left and marked by an asterisk.
(J)Schematic representation of a her-1(hv1y101)X0 gonad in which
female X0 GCs (red) are contained in a female gonad (red).
(M)Karyotype, sex of the soma and the germ line, as well as percentage
of diakinesis GCs with SAS-4 foci. n and P-values (compared with wild
type; Fisher’s exact test): wild type, n79; tra-1(e1076), n47, P0.050;
fog-1(q253), n73, P<0.0001; fog-3(q470), n38, P<0.0001; her-
1(hv1y101), n163, P<0.0001. Insets are magnified twofold.
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The karyotype of hermaphrodites influences
centriole elimination
Next, we investigated whether elimination requires input from the
surrounding somatic tissue, for instance the sheath cells that encase
GCs in hermaphrodite animals (reviewed by Korta and Hubbard,
2010). First, we tested whether somatic cells are sufficient to induce
elimination in GC. We analyzed masculinized mog-1(q233)XX
animals, in which hermaphroditic somatic gonads contain male GCs
(Graham and Kimble, 1993). As shown in Fig. 7A-D, we found that
centrioles are not eliminated in such mutants. Analogous
observations were made using masculinized fem-3(q96)XX animals
(data not shown) (Barton et al., 1987). Therefore, somatic cells are
not sufficient to induce elimination in the germ line. We then
addressed whether somatic cells are necessary for this process. We
analyzed tra-1(e1076)XX animals, which develop as somatic males
but have a hermaphroditic germ line (Schedl et al., 1989). In this
case, ~6% of female diakinetic GCs harbor SAS-4 foci (Fig. 7M;
n47), a result on the borderline of statistical significance (see legend
of Fig. 7). Overall, we conclude that the contribution of the soma to
centriole elimination is minor.

Intriguingly, we discovered that feminized fog-1(q253)X0
animals, in which female GCs are contained within somatically
male gonads (Barton and Kimble, 1990), exhibit a pronounced
elimination phenotype. Indeed, we found that ~62% diakinesis
GCs harbor SAS-4 foci in such animals (Fig. 7E-H,M; n73).
Only ~30% also display a clear focus of IFA-1, raising the
possibility that centriole integrity is compromised in the
remaining SAS-4-positive oocytes. Further support for defective
elimination comes from analysis of Emo GCs in fog-1(q253)X0
animals. In the absence of ovulation, oocytes retained in the
gonad undergo successive rounds of S phase and M phase
without cell division (‘Emo’ phenotype) (Iwasaki et al., 1996;
McCarter et al., 1997). Interestingly, ~28% of fog-1(q253)X0
Emo GCs harbor SAS-4 foci (Fig. 7H; n47), suggesting that
elimination did not occur in the diakinesis oocytes that gave rise
to them. Analogous conclusions were drawn from homozygous
fog-3(q470)X0 mutant animals (Fig. 7M), in which female GCs
are also contained within a somatically male gonad (Ellis and
Kimble, 1994).

Why is the elimination phenotype of fog-1(q253)X0 or fog-
3(q470)X0 animals more pronounced than that of tra-1(e1076)XX
animals, even though they all harbor female GCs surrounded by a
male soma? One difference between the former two and the latter
is the karyotype. To address whether the XX karyotype is important
for elimination, we analyzed her-1(hv1y101)X0 animals, which
develop as somatic and germ line females despite a male karyotype
(Francis et al., 1995a). Strikingly, we found that ~26% diakinesis
oocytes in such animals harbor SAS-4 foci (Fig. 7I-M; n163).

Overall, these results lead us to conclude that the oocyte
karyotype contributes in a significant manner to timely elimination
of centrioles during C. elegans oogenesis.

DISCUSSION
Sexual reproduction in metazoan organisms depends on meiosis
halving the DNA content in each gamete, but also on a conceptually
analogous process ensuring that the proper number of centrioles is
preserved across generations (reviewed by Schatten, 1994; Delattre
and Gönczy, 2004; Manandhar et al., 2005; Sathananthan et al.,
2006). In almost all metazoans analyzed to date, centrioles present
in the newly fertilized zygote are of paternal origin or are formed de
novo in the embryo. The bias to keep centrioles in sperm can be
rationalized by the requirement of centrioles as basal bodies for the
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sperm flagellum. By contrast, centrioles are usually eliminated
during oogenesis. Although elimination is fundamental for successful
reproduction, the underlying mechanisms are poorly understood. In
this work, we analyzed centriole elimination in C. elegans. In
addition to describing the process from a molecular and
ultrastructural point of view in the wild type, we establish that the
helicase CGH-1 and the karyotype of the germ line contribute to this
process . Our work thus sets the stage for a mechanistic dissection of
elimination in a metazoan organism.

The timing of centriole elimination seems to be
evolutionarily conserved
Although it was clear prior to our work that centrioles are present
in proliferating GCs of the C. elegans gonad but not in mature
oocytes (Kirkham et al., 2003; Kemp et al., 2004; Kim and Roy,
2006), when centrioles disappear between these two time points
had not been systematically analyzed. Here, using antibodies, GFP
fusions, as well as serial-section EM, we establish that centrioles
are present in pachytene, but disappear during diplotene, prior to
diakinesis and oocyte cellularization. In Drosophila, a focus of the
centriolar marker GFP-cter-D-PLP is present next to the oocyte
nucleus until stage 10, when chromosomes are already in the
karyosome state that follows pachytene (Januschke et al., 2006). In
mammals, ultrastructural analysis also established that centrioles
are present in pachytene, but not thereafter, indicating that centriole
elimination occurs during the extended diplotene meiotic arrest
(Szollosi et al., 1972).

How are centrioles eliminated in C. elegans? One possibility
would be that centrioles disassemble through intermediate structures.
We used serial section TEM with conditions optimized for the
identification of centrioles, but, in contrast to regions 2 and 3, did not
find centrioles in region 4, echoing the immunofluorescence analysis.
Only in one instance could we detect a structure in region 4 that
might have been a centriolar remnant, although this was far from
unambiguous. Intermediates of centriole breakdown have not been
observed in mammalian oocytes (Szollosi et al., 1972), suggesting
relatively rapid elimination in that case as well.

Together, these findings illustrate that elimination occurs relatively
rapidly during the diplotene stage in various species, potentially
suggesting commonalities in the underlying mechanisms.

CGH-1 and the germ cell karyotype are important
for timely centriole elimination
We found that CGH-1 functions in the germ line to contribute to
centriole elimination, as ~59% diakinesis GCs in the predicted null
allele cgh-1(ok492) harbor a focus of SAS-4. CGH-1 associates
with a specific set of maternal mRNAs, preventing their
degradation (Boag et al., 2008). Therefore, it is possible that one
of the CGH-1 targets is an mRNA that encodes a protein promoting
elimination. When CGH-1 is compromised, this mRNA would be
destabilized, and less of the corresponding protein could promote
elimination. It will be interesting to address whether such a model
holds true, and, if so, to identify the postulated elimination-
promoting factor.

Our experiments indicate that, besides CGH-1, the germ cell
karyotype is important for timely elimination, as ~26% diakinesis
GCs in her-1(hv1y101)X0 animals harbor a focus of SAS-4. Why
do more diakinesis GCs harbor SAS-4 foci in fog-1(q253)X0
animals (~62%) or to a lesser extent in fog-3(q470)X0 animals
(~37%) than in her-1(hv1y101)X0 animals? We postulate that this
might be due to the former two also having a male soma, which
presumably compounds the impact of the X0 karyotype. D
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The GC karyotype might be decisive because it influences the
expression of X-linked genes at the stages of oogenesis during
which elimination occurs. Thus, the X chromosome undergoes a
burst of transcriptional activation in late-pachytene and early-
diplotene, along with Histone 3 Lysine 4 (H3K4) methylation
(Kelly et al., 2002; Fong et al., 2002; Bean et al., 2004). Such
activation depends on the presence of a pairing partner, as
revealed by the analysis of her-1(hv1y101)X0 animals, in which
H3K4 marks are loaded with a delay and at low levels onto the
unpaired X (Bean et al., 2004). Interestingly, such activating
chromatin marks are also absent during XX and X0
spermatogenesis. Therefore, we speculate that timely elimination
in XX oocytes requires transcription of an X-linked factor, 
which promotes elimination. When the karyotype is X0,
activation of this factor would occur inefficiently, hence delaying
elimination.

Redundant mechanisms for centriole elimination
Currently, we do not know whether CGH-1 acts through the same
pathway as the karyotype. However, the existence of partially
redundant mechanisms, in part CGH-1-dependent and in part
karyotype-dependent, could explain why single genes essential for
centriole elimination have not been identified in a genome-wide
RNAi-based screen (Sonnichsen et al., 2005).

Interestingly, even though centriole elimination during
oogenesis is the rule in most metazoan species, there are
exceptions, indicating that redundant mechanisms exist
elsewhere. Thus, centrioles persist in Asteria pectinifera starfish
oocytes, such that each spindle pole harbors two centrioles at the
onset of meiosis I. Three centrioles are extruded into the polar
bodies during the two meiotic divisions, whereas the remaining
one is eliminated shortly after meiosis II (Uetake et al., 2002;
Zhang et al., 2004; Shirato et al., 2006). In the clam Spisula
solidissima, maternally derived centrioles are not eliminated but
cannot duplicate further in the zygote (Wu and Palazzo, 1999).
Thus, there might be more than one way to ensure that maternal
centrioles do not contribute to the next generation. In C. elegans,
the loss of MTOC function early during oogenesis, followed by
centriole elimination at a later time, can also be viewed as two
redundant mechanisms ensuring that no microtubule organizing
function is contributed to the zygote.

In summary, together with the description of the sequence of
events in the wild type, uncovering the contributions of CGH-1 and
of the XX karyotype provide molecular entry points for a
mechanistic dissection of centriole elimination during oogenesis.
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