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SUMMARY
γ-Tubulin is an essential component of the microtubulenucleation machinery and therefore plays a crucial role
during mitosis. To gain further insights into the function
of this protein in the events that take place during
embryogenesis and differentiation, we carried out detailed
studies on γ-tubulin during all the developmental stages of
Caenorhabditis elegans. We identified the γ-tubulin gene
from this organism and analyzed the localization of the
protein by both immunofluorescence and GFP reporter
construct. We show that γ-tubulin association with the
centrosome is highly dynamic in mitotic cells, being
massively recruited at prophase and released at
anatelophase. This accumulation in mitotic centrosomes is
dramatic during the first embryonic divisions. We provide

INTRODUCTION
The main microtubule-organizing center of animal cells, the
centrosome, is composed of a pair of centrioles surrounded
by a fibrous pericentriolar material acting as a scaffold that
concentrates both the microtubule nucleation machinery and its
regulatory factors. In dividing cells, duplicated centrosomes
separate at the onset of mitosis to establish the poles of the
mitotic spindle. Concomitantly, the pericentriolar material will
progressively develop and then disassemble as cells exit
mitosis (Dictenberg et al., 1998). Microtubule nucleation
depends essentially on γ-tubulin (Oakley et al., 1990; Joshi et
al., 1992), an evolutionarily conserved and ubiquitously
expressed protein. In association with several other
components γ-tubulin forms a 25 nm diameter ring complex,
the γ-TuRC, competent for microtubule nucleation (Zheng et
al., 1995; Moritz et al., 1995). γ-Tubulin is also present in the
cytoplasm as an inactive smaller complex (Moudjou et al.,
1996; Oegema et al., 1999) that constitutes an exchangeable
stock of material (Khodjakov and Rieder, 1999). Apart from
this microtubule-nucleation activity, γ-tubulin has been shown
to be a core component of the centriole (Fuller et al., 1995)
where it plays a key role in daughter centriole formation (Ruiz
et al., 1999).
Canonical centrosomes organized around centrioles,
however, are not always found. A well-known example is the

the first description of the morphological changes at the
centrosome level during the orientation of the mitotic
spindle and the flattening of the posterior aster. Loss of
function of the γ-tubulin gene by RNAi induces a strong
polyploidization of mitotic germ cells and embryos, but
does not affect meiosis and pronuclear migration. In
addition, we demonstrate the prominent redistribution of
γ-tubulin in adults at basal bodies of amphid and phasmid
neurons, and at the apical membrane of polarized intestinal
cells.
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loss of the centrioles at the onset of female meiosis that occurs
in many species (Sonnenblick, 1950; Szöllözi et al., 1972;
Albertson, 1984; Theurkauf and Hawley, 1992; Sluder et al.,
1993). The oocyte will assemble a meiotic spindle through
some mechanisms that involve microtubule nucleation around
the chromatin and stabilization of the spindle poles by motors
(Theurkauf and Hawley, 1992; Heald et al., 1997; Carazo-Salas
et al., 1999). Acentriolar spindle assembly also occurs in a
Drosophila established cell line (Debec et al., 1982) or in
mammalian cells after disruption of the centrioles (Bobinnec
et al., 1998), as well as in vitro around artificial chromosomes
in the absence of centrosomes (Heald et al., 1997).
Moreover many types of differentiated cells do not display
a radial, centrosome-focused array of microtubules. To comply
with the acquisition of specialized functions, these cells
undergo a complete reorganization of their cytoskeleton
through mechanisms involving assembly and stabilization of
microtubules at non-centrosomal sites (for recent reviews, see
Keating and Borisy, 1999; Mogensen, 1999). During this
process, some examples of redistribution of centrosomal
components apart from the centrioles have been documented
(Tassin et al., 1985; Mogensen and Tucker, 1987; Tucker et al.,
1995; Meads and Schroer, 1995; Salas, 1999). Yet strikingly,
this redistribution of centrosomal proteins to specific sites of
the cell is poorly understood, and the mechanisms controlling
microtubule nucleation are still unclear.
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To gain some insights into the function of γ-tubulin during
these processes, we decided to carry out an extensive study
on γ-tubulin localization in dividing cells, as well as in
differentiated tissues during all the developmental stages of
an organism. The nematode Caenorhabditis elegans is an
excellent model for this purpose, since embryonic stages are
easily accessible to analysis by immunofluorescence methods,
while the behavior of the protein in larval and adult stages can
be followed using GFP technology.
We report first the identification of the C. elegans γ-tubulin
gene. Disruption of γ-tubulin expression by RNA-mediated
interference results in strong mitotic defects in the germline
and in embryos, leading to a progressive polyploidization of
the nuclei. The meiotic division itself is not affected, however,
and the resulting female pronucleus is still able to migrate
towards the male pronucleus. We also describe a dynamic
localization of γ-tubulin at the mitotic centrosomes of cycling
cells. In contrast most of the protein is distributed away from
the centrioles in differentiated tissues. Our results support the
idea that non-centrosomal microtubule-nucleating/organizing
material may function as the main microtubule cytoskeleton
organizing structure in some differentiated cell types.

MATERIALS AND METHODS
Worm strain
N2 (wild type) C. elegans strain was cultured on NGM plates and fed
with OP50 E. coli strain under standard conditions (Brenner, 1974).
Molecular analysis of tbg-1
tbg-1-specific cDNA was amplified from a cDNA library (a gift from
Dr Iino, University of Tokyo) by PCR with internal primers and
cloned into a pCR2.1-TOPO vector (Invitrogen, Carlsbad, USA).
DNA sequencing was performed with the ABI prism BigDye
Terminator kit and ABI prism sequence apparatus (Perkin-Elmer,
Foster City, USA). When compared with the computer-generated
sequence released by the C. elegans Sequencing Consortium (1998),
the tbg-1 cDNA sequence differs in two nucleotides (guanine to
adenine at positions 105 and 342), owing to a one base shift in the
position of the first and second intron. The tbg-1 cDNA sequence has
been submitted under GenBank Accession Number AF287259. 5′
RACE analysis carried on total RNA from embryos was used,
according to the manufacturer’s protocol (Gibco BRL, Gaithersburg,
USA), to characterize a SL2 splice leader sequence upstream of the
ATG.
γ-Tubulin antibody production
A synthetic peptide corresponding to the C-terminal 16 amino acids
of the predicted γ-tubulin protein from the sequence F58A4.8
(DEYKAVVQKDYLTRGL) was coupled to bovine serum albumin
and injected to a rabbit. The rabbit was boosted six times and final
blood was collected. Specific immunoglobulins were affinity purified
by incubation with aminotoyopearl beads (Tosoh, Japan) coupled to
the immunogenic peptide. Bound immunoglobulins were recovered
by standard methods.
Western blotting experiments
To prepare protein extracts, embryos were collected by hypochlorite
treatment of adults (Lewis and Fleming, 1995) and boiled for 5
minutes in Laemmli protein buffer (Laemmli, 1970). Proteins were
separated on 8% SDS-PAGE, transferred to nitrocellulose membranes
and processed for Western blotting in PBS (0.1%) Tween20 (5%)
milk, according to standard procedures (Harlow and Lane, 1988).

Dilutions were 1:5000 for monoclonal anti-α-tubulin antibody, clone
DM1A (Sigma chemicals, USA); 1:500 for affinity-purified
polyclonal anti-γ-tubulin antibody. For peptide competition, the
antigenic peptide was added to a final concentration of 100 µg/ml to
the affinity-purified anti-γ-tubulin antibody dilution during the
incubation step.
Immunofluorescence microscopy
Gravid N2 adults were cut in a drop of M9 buffer (Sulston and
Hodgkin, 1988) containing 10 mM levamisole to release gonads,
intestine and embryos. A coverslip was gently applied and the slide
frozen in liquid nitrogen. The coverslip was then removed and the
slide immediately immersed in cold (−20°C) methanol for 5
minutes. Slides were air-dried for 5 minutes. Embryos were
rehydrated in PBS-BSA (1%) for 30 minutes, and incubated in PBSBSA (3%) with primary antibodies for 1 hour. After three 10
minutes washes with PBS, secondary antibodies were applied in
PBS-BSA (3%) for 1 hour. Slides were washed three times for
10 minutes with PBS and mounted in Mowiol (Calbiochem, La
Jolla, USA; prepared as described by Harlow and Lane, 1988).
Nuclei were stained with DAPI during the second wash. Antibodies
were diluted 1:500 for DM1A, 1:2000 for affinity-purified anti-γtubulin, 1:2500 for GT335 (ascite fluid), 1:3000 for MA1-071 (antinuclear pore complex antibody; ABR, Golden, USA). Fluorescent
secondary antibodies were diluted 1:1000 for both Cy3-labeled antirabbit and anti-mouse antibodies (Amersham, Little Chalfont,
England) and Alexa488-labeled anti-mouse antibody (Molecular
Probes, Eugene, USA). Peptide competition was carried out as
described above.
Microscopy was performed with a Zeiss Axiophot2 (Germany).
Images were captured by a Photometrics CCD camera (Tucson, USA)
and processed using Adobe Photoshop (Adobe systems, Mountain
View, USA).
Double-stranded RNA experiments
A Bluescript plasmid containing the γ-tubulin cDNA (clone yk80h7;
the sequence lacks the first four bases) was provided by Dr Y. Kohara.
The linearized vector was used as a template for in vitro transcription
of sense and antisense single-stranded RNA by the Ribomax kit
(Promega, Madison, USA). RNAs were purified by RNeasy kit
(Qiagen) and annealed (Fire et al., 1998). Double-stranded RNA was
injected into young N2 adult hermaphrodites at a concentration of 1
mg/ml. Worms were allowed to recover for 36 hours before transfer
to individual plates. Alternatively, embryos and larvae were soaked in
the RNA solution (1 to 3 mg/ml) for 40 hours (Timmons and Fire,
1998). Both protocols give the same phenotype. We therefore
routinely used the RNA-soaking protocol for an extensive study of
the phenotype. After recovery, embryos were analyzed by
immunofluorescence after methanol fixation. Adults were fixed for 2
hours in Carnoy fixative (60% ethanol, 30% acetic acid, 10%
chloroform), rehydrated in PBS and stained with DAPI. As a control,
worms were soaked in double-stranded RNA produced from MAP
kinase (mpk-1) cDNA (clone yk531h7, provided by Dr Kohara) or in
buffer alone.
Plasmid construction and DNA transformation
The putative C. elegans γ-tubulin gene was identified by the C. elegans
Sequencing Consortium (1998) and termed tbg-1 (sequence
F58A4.8). 6.2 kilobases comprising all tbg-1 coding and upstream
sequences (including the two genes F58A4.9 and F58A4.10, and the
5′-most promoter sequences of the putative operon) were amplified by
PCR from cosmid F58A4 and transcriptionally fused to the green
fluorescent protein (GFP) coding sequence in the pPD95-75 vector,
according to Cassata et al. (1998). Worms were transformed by coinjecting the resulting tbg-1::GFP construct (15 µg/ml) and pRF4
vector (100 µg/ml) as previously described (Mello and Fire, 1995).
Several lines carrying extrachromosomal arrays were obtained and

The γ-tubulin of C. elegans 3749
all gave an identical pattern of GFP expression. The construct was
integrated into the genome by UV-irradiation at 30,000 µJ cm−2 and
the progenies checked for 100% transmission of the rol-6 phenotype.
One of the positive lines was outcrossed several times with wild-type
N2 worms. All results showing GFP expression refer to this line.
Analysis of g-tubulin::GFP-expressing animals
Living animals were immobilized with 10 mM levamisole in M9
buffer, mounted on a 4% agar pad and analyzed with a Zeiss
Axiophot2 microscope. Amphid and phasmid ciliated neurons were
visualized by soaking the worms in DiI fluorescent dye (0.5 µg/ml;
Molecular Probes, USA; Hedgecock et al., 1985; Starich et al.,

Fig. 1. The single γ-tubulin gene of C. elegans.
(A) A phylogenetic tree of all tubulins from C.
elegans and γ-tubulins from various species shows
their distribution as α-, β- and γ- isotypes. The
predicted amino acid sequence of F58A4.8 gene
matches with the γ-tubulin group. No sequence
homologous to the δ-tubulin of C. reinhardtii could
be identified. The length of the lines separating
sequences indicates the degree of sequence similarity.
(B) Comparison of the predicted C. elegans F58A4.8
sequence product with γ-tubulins from Homo sapiens
(hsTBG), Drosophila melanogaster (dmTBG-1) and
Saccharomyces cerevisiae (scTBG). Percent
identities are respectively 43.1, 41.2 and 31.3%.
Amino acid identities in at least three of the
sequences are boxed in black. Protein sequences
were obtained from GenBank and the C. elegans
Sequencing Consortium (1998), aligned with the
Genetyx software (SDC, Japan) and a phylogenetic
tree generated using the UPGMA method.

1995) in M9 buffer for 2 hours. Animals were transferred to Petri
dishes and allowed to crawl for 2 hours before mounting for
live observation as above. Cilia staining was carried out on
transgenic worms dissected in M9 buffer containing 10 mM
Levamisole and processed for immunofluorescence as described
above. To analyze GFP expression further, worms were fixed with
10 volumes of cold (−20°C) methanol for 15 minutes, rehydrated in
PBS for 30 minutes, stained with DAPI in PBS 10 minutes and
mounted in Mowiol. This fixation procedure gives a strong GFP
signal and virtually eliminates all intestine fluorescent background.
Confocal microscopy was carried out with a Bio-Rad Radiance
microscope (Bio-Rad, UK).
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in the γ-tubulin family (Fig. 1B), including the putative GTPbinding site. Significant divergence was found only at the C
terminus end.
Sequencing of the tbg-1 cDNA confirmed the exon structure
predicted by the C. elegans Sequencing Consortium (minor
changes are described in Materials and Methods). Furthermore,
we characterized by 5′ RACE analysis a splice leader sequence
type 2 (SL2) upstream of the start codon, indicating that the
tbg-1 gene is part of an operon.

Fig. 2. Western blots of protein extracts from C. elegans embryos.
Affinity-purified anti-γ-tubulin antibody recognizes a band of 48 kDa
(predicted molecular weight of 50 kDa). The immunoreactive band is
eliminated by addition of the antigenic peptide during incubation
(+peptide). Same membranes were reprobed with anti-α-tubulin
antibody as a loading control.

RESULTS
The γ-tubulin sequence of C. elegans
The recent release of the complete genome sequence of
Caenorhabditis elegans revealed a tubulin family
that comprises 16 members. The construction of a
phylogenetic tree with the predicted products of
these sequences together with γ-tubulin sequences
from various organisms, shows that nine of the C.
elegans proteins distribute as α-tubulins, six as
β-tubulins and one as γ-tubulin (Fig. 1A). When
aligned with γ-tubulins from other species, this
putative C. elegans γ-tubulin (also referred to TBG1) showed many stretches of amino acids conserved
Fig. 3. γ-Tubulin distribution during female and male
meiosis. Gonads from wild-type gravid hermaphrodites
were dissected and processed for immunofluorescence
with anti-γ-tubulin antibody. (A-C) Female meiosis and
(D-E) male meiosis. (A) γ-Tubulin is detected at the
centrosomes of mitotic germ cells in the gonadal tip
(upper panel). Lower panel shows DAPI staining of the
same field. (B) γ-Tubulin (upper panel) displays a diffuse
cytoplasmic localization in the oocytes undergoing
meiosis (diplotene stage) and no centrosomal foci could
be detected. Lower panel shows DAPI staining. (C) No γtubulin is detected at the acentriolar poles of meiotic
spindles. Left panel: γ-tubulin staining; middle: αtubulin; right: DAPI staining of the same spindle. These
images show a metaphase II spindle. (D) Metaphase
spindle during male meiosis. Left: γ-tubulin is detected at
the poles of the centriolar spindle; middle: α-tubulin;
right: DAPI. (E) Mature sperm stained with anti-γtubulin antibody (left) and DAPI (right). Scale bars: 10
µm in A-D; 5 µm in E.

Localization of γ-tubulin during meiosis
To analyze the distribution of γ-tubulin in C. elegans, a rabbit
polyclonal antiserum was raised against a synthetic peptide
corresponding to the COOH-terminus of TBG-1. Western
blotting analysis of a total protein extract from embryos with
the affinity-purified antibody revealed a single band of a
molecular weight of 48 kDa (Fig. 2). The signal was
completely abolished by the addition of the immunogenic
peptide during the incubation procedure, thus demonstrating
the specificity of the antibody. Similarly, no signal was
detected when the anti-γ-tubulin antibody was incubated with
the peptide during the immunofluorescence procedure (see Fig.
4H).
In order to determine the localization of γ-tubulin during
female meiosis, immunofluorescence was carried out on
dissected gonads from gravid wild-type hermaphrodites with
the affinity-purified antibody. γ-Tubulin was detected at the
centrosomes of mitotic germ cells localized at the distal tip of
the gonad (Fig. 3A). In meiotic cells arrested at the pachytene
stage in the middle of the gonad, γ-tubulin staining of the
centrosomes was more difficult to visualize. In oocytes arrested
in diakinesis of prophase I in the proximal gonad we could only
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Fig. 4. Distribution of γ-tubulin during the first mitotic division of the C. elegans embryo. (A-H) Immunostaining of wild-type embryos with
affinity-purified anti-γ-tubulin antibody (upper panels), anti-α-tubulin antibody (middle panels) and DAPI (lower panels) is shown. Anterior is
towards the left. (A) γ-Tubulin is detected at the two duplicated centrosomes adjacent to the sperm pronucleus. An increasing amount of γtubulin could be visualized at the centrosomes from prophase to anaphase (B-D), concomitantly with an increase in microtubule nucleation. At
telophase (E) γ-tubulin staining is reduced, and the centrosome of the P1 blastomere (right blastomere) displays a characteristic flattening
(arrowhead). During the next interphase (F) γ-tubulin staining is restricted to the centriole pair at each centrosome (arrowheads). A few
microtubules are nucleated. (G) A twofold enlargement of the γ-tubulin staining from the previous panels, the small letters refer to the panel
labeled by the corresponding capital letter. (H) Incubation of the anti-γ-tubulin antibody with the peptide used for immunization abolishes the
staining. Scale bars: 10 µm in A-F,H.

detect a diffuse cytoplasmic γ-tubulin staining and no
centrosomes (Fig. 3B). Immunostaining of mature oocytes
failed to reveal any γ-tubulin at the poles of both meiosis I and
meiosis II spindles (Fig. 3C and data not shown). These results

are consistent with the acentriolar mode of spindle assembly
described for oogenesis in C. elegans (Albertson, 1984) and
suggest that centrioles are eliminated during the early stages of
meiosis.
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Fig. 5. γ-Tubulin localization during the second mitotic division (A-C) and late embryonic stages (D). Immunostaining of wild-type embryos with
affinity-purified anti-γ-tubulin antibody (upper panels), anti-α-tubulin antibody (middle panels) and DAPI (lower panels) is shown. (A) Division
in the P1 blastomere (on the right) is slightly delayed in regard to the AB blastomere. The transition from a compact organization of the γ-tubulin
signal (P1 blastomere in metaphase) to a decondensed form (AB blastomere in anaphase) can easily be visualized. (B) In anaphase, the
centrosome of the future P2 blastomere flattens (arrowhead). (C) Four-cell stage embryos in interphase present a poorly organized microtubule
cytoskeleton and a γ-tubulin staining restricted to the centrioles. The centrosome of the P2 blastomere is out of the focal plane. (D) During late
embryonic stages (here an embryo containing about 100 nuclei), γ-tubulin staining is detected at both interphase (arrows) and mitotic
centrosomes (arrowheads). Recruitment of γ-tubulin in mitosis is moderate by comparison with early embryonic stages. Scale bars: 10 µm.

To analyze the localization of γ-tubulin during
spermatogenesis, we examined the spermatheca of the
hermaphrodite gonad and identified spermatocytes undergoing
meiotic division. γ-Tubulin staining was detected at the poles
of these spindles as focused dots (Fig. 3D) corresponding to
the centrosomes. Mature sperm cells were also observed,
showing a weak dot staining at the position expected for the
centrioles (Fig. 3E).
Distribution of γ-tubulin during early embryonic
stages
γ-Tubulin shows a striking accumulation at the mitotic
centrosomes of C. elegans embryos followed by a strong
reduction of the signal. This pattern is easily visualized during
the first division. As the embryo develops, the mitotic
accumulation of γ-tubulin is less and less dramatic.
After fertilization, γ-tubulin was localized at the sperm
centrosome (Fig. 4A). As the duplicated centrosomes organize
the first mitotic spindle, γ-tubulin was detected in increasing
amount at the poles concomitantly with the enlargement of the
mitotic asters (Fig. 4B,C). During anaphase, the γ-tubulin
signal at both centrosomes showed a spindle-like morphology
with the orientation of each structure perpendicular to each
other, the centrosome of the AB blastomere lying in the
anterior-posterior axis of the embryo (Fig. 4D). This
deformation of the centrosomes was most easily visualized
during the first mitotic division and could be the consequence

of the forces that act on astral microtubules to orient the
spindles perpendicular to each other. A scattering and decrease
in γ-tubulin staining was observed in telophase with the
characteristic flattening of the centrosome of the P1 blastomere
(Fig. 4E, arrowhead). During the subsequent interphase, the γtubulin signal was found restricted to – or very near – the
centrioles (Fig. 4F, arrowheads; compare with α-tubulin
staining). Few microtubules emanating from the centrosomes
could be observed.
The second mitotic division of the embryo reproduces the
stages described above. It should be noted that a flattening of
the centrosome that would be inherited by the P2 blastomere
was visualized (Fig. 5B, arrowhead). This morphological
change was not observed in the AB blastomere (Fig. 5A).
Interphase centrosomes showed a small amount of γ-tubulin
and a poorly organized microtubule cytoskeleton (Fig. 5C). In
late embryonic stages, centrosomal γ-tubulin was detected in
both interphase and mitotic cells (Fig. 5D), but the amount of
protein located at the mitotic centrosomes was much less
abundant than during the first mitotic divisions.
No γ-tubulin staining was observed on spindle microtubules
and midbodies at any stage.
Disruption of γ-tubulin expression by RNAi
Injection of double-stranded RNA (RNAi) has been reported
as a powerful method with which to specifically interfere with
gene expression in C. elegans (Fire et al., 1998). Soaking the
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Fig. 6. Mitotic cells undergo polyploidization after γ-tubulin double-stranded RNA treatment. (A-D) Adults were fixed and stained with DAPI
after soaking in RNA. (A) A control experiment showing a wild-type gonad. (B-D) Phenotypes of γ-tubulin double-stranded RNA soaking
experiments. (B) A severe phenotype. The gonad is disrupted and contains only a few highly polyploid nuclei. (C) A mild phenotype, with a
progressive polyploidization of germ cells along the gonad. Intestine nuclei are indicated by a vertical line. (D) A polyploid nucleus in
diakinesis. Embryos from larvae soaked in γ-tubulin double-stranded RNA were stained with DAPI and antibodies against α-tubulin (E,F) and
nuclear pore complex (NPC) (G). In E, the two pronuclei are separated from each other. The nuclear membrane in (F) has disassembled and the
chromosomes display a rosette configuration. (F) is a polyploid embryo. The staining of the nuclear membrane shows that several independent
nuclei were formed. Scale bars: 10 µm.

worms directly in the RNA solution also appears to be efficient
for several genes (Timmons and Fire, 1998). We thus took
advantage of this protocol to study the requirements in γtubulin at different stages of the worm life-cycle. We first
analyzed the effect of RNA soaking on young larvae and
embryos (which will hatch in the RNA solution). The animals
were allowed to recover after soaking and young adults were
transferred to individual plates. Under these conditions,
soaking in γ-tubulin double-stranded RNA resulted in 93%
adult sterility (assessed 3 days after transfer; n=60). Soaked
worms showed highly disorganized gonadal tissues and did not
lay any eggs.
To characterize the defects leading to sterility further, worms
were fixed and stained with DAPI (Fig. 6). Microscopy
analysis revealed extremely polyploid nuclei in the gonad of
hermaphrodites. For the most severe phenotype observed, the
gonad was strongly disrupted, containing a few cells with giant
nuclei (Fig. 6B). Mild phenotypes showed a progressive
polyploidization of germ cells from distal to proximal in the
gonad (Fig. 6C). In this case, the shape of the gonad appeared
normal. Interestingly, diakinesis stages could be observed at
the proximal side of the gonad (Fig. 6D), suggesting that
polyploid cells were able to undergo meiosis. However, these
oocytes did not develop any further, and accumulated into the
gonad. These results suggest that mitotic germ cells undergo
multiple cycles of DNA replication without completing

cytokinesis, consistent with a defect in mitotic spindle
assembly. These polyploid cells are still able to respond to the
signals triggering their entry in meiosis, depending on their
position inside the gonad. The other tissues were not affected
by double-stranded RNA.
To analyze the role of γ-tubulin for embryonic progression,
animals were synchronized and L3-L4 larvae were soaked as
before. Under these conditions mitotic germ cells were not
affected in adult hermaphrodites, which would lay numerous
embryos. Gravid adults were methanol fixed, the embryos
stained with DAPI, and antibodies specific to α- and γ-tubulins
were appeared. The vast majority of embryos contained a
nucleus showing various degrees of polyploidization. We
observed embryos that were either in interphase or mitosis,
suggesting that their DNA content increased through multiple
rounds of DNA synthesis in the absence of chromosome
segregation.
All stages of meiosis were observed in newly fertilized
embryos. A careful analysis of the number of polar bodies
failed to demonstrate any difference between RNAi-treated and
control embryos. In both cases, the two polar bodies could be
visualized in more than 90% (n>100) of the embryos,
suggesting that embryos lacking γ-tubulin are still able to
proceed through meiosis. After migrating, the two pronuclei
were not found juxtaposed as in wild-type embryos, but
remained separated from each other (Fig. 6E). Microtubules
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Fig. 7. γ-Tubulin::GFP is localized at mitotic centrosomes. (A) Gene
structure of the γ-tubulin operon as determined by the C. elegans
sequencing consortium. γ-Tubulin is the third and last gene of the
operon. The γ-tubulin::GFP construct includes all upstream
regulatory sequences and the two other genes of the operon. The
GFP sequence was fused in frame with the 3′ end of the γ-tubulin
coding sequence. (B-E) Expression of γ-tubulin::GFP fusion gene in
larvae. GFP is detected in green and the image merged with the
DAPI staining (red). (B) γ-Tubulin::GFP is detected in all cells as a
diffuse staining and concentrated at the mitotic centrosomes of the
dividing cells of the forming vulva (arrows). (C-E) Mitotic figures
detected during larval development: prophase (C), metaphase
(D) and telophase (E). Scale bars: 10 µm.

were organized as a monopolar aster centered between the two
pronuclei. After nuclear envelope disassembly chromosomes
displayed a rosette configuration, typical for monopolar
spindles (Fig. 6F). 74% (n=38) of young embryos in metaphase
I showed chromosomes located in the posterior half of the
embryo. The nuclei of older (polyploid) embryos were most
often found in the middle of the embryo (70%; n=47),
suggesting that the chromatin mass will relocate to the center
of the embryo after a mitotic cycle. Immunofluorescent
staining of the nuclear membrane of interphase polyploid
embryos revealed multiple nuclei in all embryos observed
(n>100; Fig. 6G). No γ-tubulin staining was detected in these
embryos (data not shown).
Taken together, these results suggest that meiosis is
completed in the absence of γ-tubulin and that the female
pronucleus is still capable of migrating towards the posterior
male pronucleus. However the presence of multiple

Fig. 8. Accumulation of γ-tubulin::GFP at basal bodies. Amphid
(A) and phasmid (B) neuronal processes were detected in transgenic
worms by filling with the fluorescent dye DiI. In both cases, GFP
fluorescence was detected at the openings of the dendrites.
(C,D) Cilia were stained by immunofluorescence with GT335
antibody (red) and the image merged with GFP signal (green). GFP
is localized at the base of both amphid (C) and phasmid (D) cilia.
Inserts show twofold magnifications of the GFP signal; individual
basal bodies can be resolved. The second amphid or phasmid in
(B-D) is out of the focal plane. Scale bars: 10 µm.

independent nuclei at later stages suggests that pronuclear
fusion is impaired in γ-tubulin-depleted embryos.
Control experiments included soaking of young larvae in
mitogen-activated protein kinase (mpk-1) double-stranded
RNA. 52% of the animals showed a reduced fertility (less than
50 progenies, assessed 3 days after recovery; n=50), including
a complete sterility for 62% of the affected adults. Staining of
the nuclei by DAPI revealed meiotic cells unable to progress
from pachytene to diakinesis in the gonad (not shown),
consistent with the phenotype reported for the mpk-1 mutant
(Church et al., 1995). By contrast, 100% of the larvae soaked
in medium gave fertile adults (n=40). Embryos from these
animals were used as a control to follow the early events of
embryogenesis.
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γ-Tubulin::GFP is localized at the mitotic
centrosomes in post-embryonic dividing cells
To determine the distribution of γ-tubulin in postembryonic
cells, we generated a reporter gene construct containing the
genomic sequence of the γ-tubulin gene fused in-frame to GFP.
As the γ-tubulin gene is part of an operon, we included the
sequences corresponding to the two other genes of the operon,
as well as the common regulatory sequences (Fig. 7A). The
transgenic animals obtained started to express the construct
during late embryogenesis. In larvae, all tissues (with the
exception of the gonad, where transgenes are silenced in C.
elegans) presented a faint and diffuse staining. This result is
consistent with previous reports showing that most γ-tubulin is
distributed in the cytoplasm as a soluble pool in the cell
(Moudjou et al., 1996; Oegema et al., 1999; Khodjakov and
Rieder, 1999). However, we were also expecting to detect γtubulin accumulated at the centrosomes of all cells. A careful
analysis of larval stages showed that a strong GFP fluorescence
could be detected at the mitotic centrosomes of hypodermal
and vulval cells undergoing mitosis (Fig. 7B) but no
centrosomal staining was visible in these cells in interphase.
Thus, we believe that our γ-tubulin::GFP construct is
functional, and that interphase centrosomes do not contain
enough γ-tubulin to allow its detection. Centrosome-associated
γ-tubulin was detected from prophase to telophase in
postembryonic mitotic cells (Fig. 7C-E). Again, no signal was
detected on spindle microtubules and at midbodies.
γ-Tubulin::GFP accumulates at the basal bodies of
amphid and phasmid sensory neurons
We next investigated whether non-centrosomal γ-tubulin::GFP
structures could be identified in transgenic animals. In adults, a
striking distribution of GFP was visualized as two symmetrically
distributed patches in the tip of the head and two pairs of dots
in the tail (Fig. 8A,B). This expression pattern suggests that γtubulin::GFP could be localized at the opening of amphid and
phasmid neurons. Amphids are a pair of lateral organs located
at the tip of the head. Each amphid is composed of 12 cilia
emanating from 12 sensory neurons. The pair of lateral phasmids
are located in the tail of the animal. Each phasmid comprises
two cilia. These cilia are non-motile and act as the main
chemosensory organs of the worm (Perkins et al., 1986).
The dendrites corresponding to amphid and phasmid
neurons were stained by dye-filling of living transgenic animal.
As shown in Fig. 8, the GFP localization was coincident with
the opening of these neurons. To confirm this localization, cilia
were stained by immunofluorescence with GT335, a
monoclonal antibody that recognizes axonemal tubulin from
many species (Bobinnec et al., 1999; Million et al., 1999). γTubulin::GFP was detected at the base of both amphid and
phasmid cilia (Fig. 8C,D). Several dots were visualized for
each amphid and a pair of dot for each phasmid. To a lesser
extent, some signal was seen around the basal bodies and along
the cilia. These data suggest that γ-tubulin is present at all basal
bodies of phasmid and amphid cilia and possibly in basal bodyassociated structures.
A lattice of γ-tubulin::GFP distributes at the apical
membrane of intestinal cells
In addition to basal bodies, a continuous line of GFP
fluorescence is detected at the apical side of intestinal cells in

Fig. 9. Non-centrosomal γ-tubulin is distributed at the apical side of
intestine cells. (A-D) Adult transgenic worms were methanol-fixed
and localization of GFP examined by confocal microscopy. Anterior
(A), middle (B) and posterior (C) segments of the intestine show a
continuous lattice of γ-tubulin::GFP at the apical side of intestinal
cells. The labeling includes the pharyngeal-intestinal valve cells
(v, arrowheads) between the pharynx (p) and the intestine and
extends all along the intestine up to the anus (a). The signal indicated
by a star is not specific of the reporter gene. (D) Z-section through
the intestine, showing distribution of GFP throughout the apical
membranes. The body wall and the localization of the gonad (g) are
underlined with white dots. The lumen (l) of the intestine is
indicated. (E) Surface of the apical membrane in the anterior
segment of the intestine viewed by conventional epifluorescence
microscopy; small dots composing the lattice of γ-tubulin::GFP are
resolved. (F,G) Immunofluorescence analysis of late embryonic
stages with anti-γ-tubulin antibody. A lattice of γ-tubulin is first
detected in intestinal cells of embryos 280 minutes after the first
cleavage (F). Note the apical positioning of the intestinal nuclei,
indicating that these cells are polarized. The γ-tubulin signal extends
and intensifies concomitantly with the development of the intestine.
(G) shows an embryo 400 minutes after the first cleavage. Arrows
point to intestinal nuclei. Localization of the pharynx (ph) and
intestine (i) are shown on the corresponding Nomarski (DIC) images.
Scale bars: 10 µm.
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transgenic adults. Confocal sections through the middle of the
intestinal tract show a compact apical localization of γtubulin::GFP from the pharyngeal-intestinal valve cells to the
rectum (Fig. 9A-C). It is interesting to note that both intestinal
and valve cells, as well as some rectal cells, are polarized cells
with microvilli on their apical surface (White, 1988). These
data are consistent with a role of γ-tubulin in the polarization
of the microtubular network in these cells. Transverse
sectioning of the animals through the Z dimension by confocal
microscopy demonstrates a uniform distribution of the GFP
throughout the apical membrane of intestine cells (Fig. 9D).
This signal was further analyzed by conventional
epifluorescence microscopy in order to obtain a better
resolution of the γ-tubulin::GFP structures. Focusing on the
surface of the larger anterior intestine tract, we could detect
small dots of GFP, smaller than centrosomes, regularly spaced
out (Fig. 9E). A diffuse GFP signal was also observed in the
cytoplasm of intestine cells, but no foci that might correspond
to centrosomal γ-tubulin could be identified.
We next investigated, using immunofluorescence, whether γtubulin could be detected in intestinal cells during
embryogenesis. A positive signal appeared in embryos 280
minutes after the first cleavage as a line of γ-tubulin between
intestinal precursor cells (Fig. 9F). As the embryos developed,
the γ-tubulin signal extended and intensified (Fig. 9G). This
distribution is likely to reflect the occurrence of polarization in
these cells, as suggested by the apical localization of the nuclei,
followed by a relocalization of γ-tubulin at the apical membrane.
Distribution of γ-tubulin in wild-type adults was also
analyzed by immunofluorescence microscopy with the anti-γtubulin antibody. Localization of the protein was confirmed at
basal bodies of amphid and phasmid neurons and at the apical
membrane of intestine cells. Centrosomal foci were not
detected in any tissues (not shown).
DISCUSSION
The γ-tubulin of C. elegans
The complete sequence of the genome of C. elegans reveals a
complex multigenic tubulin family that comprises 16 members.
By comparison, four tubulin genes are found in the S.
cerevisiae genome, 11 in the Drosophila genome and 13 have
been characterized so far in mouse. The reasons for such a
complexity should certainly be questioned, and C. elegans,
because of the availability of the genome sequence and the easy
observation of differentiated tissues, is certainly one of the
most suitable organism for this purpose. One could envision a
detailed analysis of the expression pattern and subcellular
localization for each of these tubulins. Such a study could
produce important data about the requirements of specialized
tubulin isotypes for differentiation.
The 16 C. elegans genes distribute as nine α-, six β- and one
γ-tubulin isotype. No sequences related to δ- and ε-tubulins
(Dutcher and Trabuco, 1998; Chang and Stearns, 2000) could
be identified. There is still a possibility that these singular
tubulins, being not under an evolutionary pressure that is as
strong as for the α/βs, would be present in the C. elegans
genome but difficult to characterize. Additional sequences
from other organisms will be necessary to define the conserved
domains in these sequences.

The γ-tubulin sequences from various organisms show some
discrepancy as well. The S. cerevisiae γ-tubulin TUB4 in
particular shows only 40% identity with the other members.
We show here that like S. cerevisiae TUB4, the C. elegans γtubulin gene is quite divergent from all other γ-tubulins. This
has made the identification of this gene rather difficult by
means of sequence comparison, leading to a controversial
discussion about whether this sequence belongs to the γ-tubulin
family or whether it should define a new class of tubulins
(Burns, 1995; Burns and Farrell, 1996; Keeling and Logdson,
1996). Our data clearly demonstrate that, although divergent,
this gene encodes a genuine γ-tubulin.
γ-Tubulin during meiosis and mitosis
The γ-tubulin gene of C. elegans is a ubiquitous, maternal
gene. In the hermaphrodite gonad, the protein was detected
at the centrosomes of mitotic germ cells and all along male
meiosis. Only a small amount of protein is present at sperm
centrioles, which is expected from a peculiar centrosome that
does not act as a microtubule-organizing center. During
female meiosis, centrosomes are not detectable anymore in
oocytes arrested in prophase of the first meiotic division, and
meiotic I and II spindles do not contain any detectable amount
of γ-tubulin. Whereas most species show a γ-tubulin staining
at the meiotic spindle poles, an absence of staining has also
been described for Drosophila. In this organism, the
requirements in γ-tubulin for meiosis are controversial
(Tavosanis et al., 1997; Wilson and Borisy, 1998). Our results
from RNAi experiments suggest a lack of function for C.
elegans γ-tubulin during meiosis. One essential difference in
the meiotic pathway is the absence of centrioles, which
should lead to the scattering of the centrosomal proteins and
microtubule nucleation machinery. In C. elegans, this
hypothesis is supported by the distribution of ZYG-9, a factor
essential for microtubule organization. The protein is
detected around the centrosomes during mitotic divisions but
appears scattered throughout the metaphase spindle during
meiosis (Matthews et al., 1998). Some additional factors
would be necessary to overcome the absence of a focused
centrosome. MEI-1, a meiotic-spindle specific component
that needs to be inactivated for mitosis to proceed (ClarkMaguire and Mains, 1994; Srayko et al., 2000) is a good
candidate for this function.
γ-Tubulin is recruited around sperm centrioles after
fertilization, and accumulates massively at the centrosome
during prophase of the first embryonic division. The
centrosome undergoes striking morphological changes from
metaphase to interphase. The compact structure visualized in
metaphase changes into a spindle-like shape in anaphase before
losing most of the γ-tubulin in telophase. In interphase, the γtubulin signal is similar in size to that of α-tubulin, suggesting
that most of the γ-tubulin protein left resides inside – or very
near – the centriole. Concomitantly with these events, the
number of microtubules nucleated at the centrosomes
decreases considerably from telophase. This ‘catastrophic’
disassembly of γ-tubulin from the centrosome as cells exit
mitosis has been reported in mammalian cells, and is likely to
be due to the release of most of the pericentriolar material into
the cytoplasm (Dictenberg et al., 1998). In C. elegans, this
transition in the centrosomal matrix state can be easily
visualized, probably because of the huge size of the
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centrosomes in the one-cell stage embryo. In addition, partly
disrupted pericentriolar material could be more sensitive to the
tension exerted by spindle microtubules. This would explain
the morphological changes of the centrosome into a spindlelike shape and also its flattening. Indeed, as pointed out by
Keating and White (1998), the centrosome located near the
cortical site responsible for P granule segregation (Strome
and Wood, 1983) and reorientation of the spindle in the
P1 blastomere (Hyman and White, 1987; Hyman, 1989)
undergoes a spectacular flattening during anatelophase. We
show here that this flattening also occurs in the P2 blastomere,
suggesting that this cortical site could be responsible for the
deformation of its attached centrosome. It has not been
possible to determine whether this event is recurrent during the
subsequent divisions of the P lineage, because of the small size
of the centrosomes and the cells.
In the absence of γ-tubulin, we show that completion of
meiosis still occurs. Migration of the female pronucleus is not
impaired either. We cannot rule out the possibility that a small
fraction of the γ-tubulin pool was left intact after RNAi. These
molecules could be sufficient to allow the assembly of
microtubules that would self-organize into a monopolar
spindle. These microtubules would, in turn, be able to capture
the female pronucleus. However, pronuclear fusion does not
occur. In wild-type embryos the centrosomes are positioned in
front of each other at the time of pronuclear juxtaposition, each
one connected to both pronuclei. Such a configuration is
impossible in the absence of any centrosome in γ-tubulindepleted embryos, which probably explains the failure of
pronuclear fusion.
Distribution of γ-tubulin in adult tissues
About 5 hours after the first cleavage, most cell proliferation
is completed, and cell differentiation begins. From this stage,
centrosomes are difficult to visualize by immunofluorescence
microscopy. A few postembryonic divisions will take place
during the larval stages, most of them in hypodermal, intestine
and vulval cells. The use of a GFP reporter gene allowed us to
detect γ-tubulin at the mitotic centrosomes of these cells, but
no centrosomal localization was observed in these same tissues
during interphase. Later in adults, centrosomes cannot be
detected in any tissue other than mitotic germ cells and male
meiotic cells. The simplest interpretation for this observation
is that the amount of γ-tubulin at interphase centrosomes is
below the level of detection of a conventional epifluorescence
microscope.
Alternatively, centrosomes could be inactivated or even
discarded in differentiated cells. A centrosome is defined as a
pair of centrioles surrounded by a pericentriolar matrix. As the
centrioles are responsible for the cohesion of the centrosome
itself (Bobinnec et al., 1998), a loss of the centrosome implies
a loss of the centrioles. Such a situation has been observed
during female meiosis and for wing epidermal cells in
Drosophila (Mogensen and Tucker, 1987) and has been
suggested to occur during myogenesis in vitro (Tassin et al.,
1985). An important question raised by these data how
microtubule nucleation takes place in these cells. In
mammalian cells, removal of the whole centrosome does not
impair cell function in interphase, but blocks cell division
(Maniotis and Schliwa, 1991). Interphase microtubules may
thus self-organize in the absence of centrosomes without any

consequence for cell viability, and presumably be nucleated
from cytoplasmic factors (Vorobjev et al., 1997). In adult C.
elegans, it should be noted that most cytoplasmic microtubules
are composed of 11 protofilaments. Some 15-protofilament
microtubules, based on the β-tubulin isotype MEC-7, are found
in a set of mechanosensory neurons (Chalfie and Thomson,
1982; Savage et al., 1989). The cilia are the only structure
described to contain 13-protofilament microtubules at the A
subfiber of the outer doublets (Chalfie and Thomson, 1982).
As 13-protofilaments microtubules are characteristic of
centrosome-nucleated microtubules (Evans et al., 1985), one
can envision that most of the microtubules in C. elegans adult
tissues are nucleated through a non-centrosomal pathway,
involving, or not, γ-tubulin complexes scattered into the
cytoplasm. These cytoplasmic microtubule-nucleating
complexes may not be associated with the regulatory factors
found at the centrosome. This hypothesis could be ideally
tested using microtubule-regrowth assays. As an alternative,
the characterization of other centrosomal components and their
subcellular localization would help to clarify the mechanisms
of microtubule nucleation and organization in differentiated
cells.
Our data suggest that the centrosome is an organelle
dedicated to mitosis, and that a profound reorganization of the
microtubule-organizing material takes place in differentiated
tissues, in relation to the function of the cell. The adaptation
of microtubule nucleation to differentiated cells could involve
the use of some specific α/β-tubulin isotypes and/or
microtubule-stabilization factors in order to obtain a less
dynamic population of microtubules. A close investigation of
these mechanisms is essential to achieve a complete
understanding of the microtubule cytoskeleton regulation and
function.
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