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v-Tubulin is a ubiquitous and highly conserved component of centrosomes in eukaryotic cells.
Genetic and biochemical studies have demonstrated that y-tubulin functions as part of a complex
to nucleate microtubule polymerization from centrosomes. We show that, as in other organisms,
Caenorhabditis elegans y-tubulin is concentrated in centrosomes. To study centrosome dynamics in
embryos, we generated transgenic worms that express GFP::y-tubulin or GFP::B-tubulin in the
maternal germ line and early embryos. Multiphoton microscopy of embryos produced by these
worms revealed the time course of daughter centrosome appearance and growth and the differ-
ential behavior of centrosomes destined for germ line and somatic blastomeres. To study the role
of y-tubulin in nucleation and organization of spindle microtubules, we used RNA interference
(RNAI) to deplete C. elegans embryos of y-tubulin. y-Tubulin (RNAi) embryos failed in chromo-
some segregation, but surprisingly, they contained extensive microtubule arrays. Moderately
affected embryos contained bipolar spindles with dense and long astral microtubule arrays but
with poorly organized kinetochore and interpolar microtubules. Severely affected embryos con-
tained collapsed spindles with numerous long astral microtubules. Our results suggest that
v-tubulin is not absolutely required for microtubule nucleation in C. elegans but is required for the

normal organization and function of kinetochore and interpolar microtubules.

INTRODUCTION

Centrosomes, the complex and dynamic organelles that
serve as microtubule-organizing centers in animal cells,
have intrigued biologists for more than a century (Wilson,
1925). They generally contain a pair of centrioles surrounded
by a meshwork of pericentriolar material (Kellogg et al.,
1994). Orderly duplication of the centriole pair and centro-
some before mitosis ensures that the mitotic spindle will
have 2 poles and that each daughter cell will inherit a
centrosome. In mitotic cells, centrosomes appear to seed the
growth of most spindle microtubules, with the less dynamic
“minus ends” embedded in the centrosome and the more
dynamic “plus ends” distal (see Kellogg et al., 1994). The
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aster-shaped arrays of microtubules emanating from the 2
centrosomes interact with each other and with chromosomes
to organize a bipolar spindle. A normal spindle performs 2
essential roles, segregating chromosomes and controlling
the position and contraction of the cleavage furrow. Because
of the key role of centrosomes in mitosis and cell division,
analysis of their composition and function is an area of
intense investigation.

The best-characterized component of the centrosome is
y-tubulin, which is organized into stable, lock washer—
shaped, open-ring complexes (Gunawardane et al., 2000;
Oakley, 2000). The diameter of these 7y-tubulin ring com-
plexes (y-TuRCs) is ~25 nm, which coincides with the di-
ameter of most microtubules (Moritz et al., 1995a,b). A cur-
rently favored model is that centrosome-associated y-TuRCs
serve as templates to nucleate the polymerization of a/p-
tubulin dimers into microtubules. The hypothesis that y-tu-
bulin is required for microtubule nucleation in cells is sup-
ported by several lines of evidence. Mutants null for the
y-tubulin gene of Aspergillus fail to assemble spindles (Oak-
ley et al., 1990). Antibody inhibition or depletion of y-tubulin
prevents microtubule nucleation from centrosomes in cul-
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tured mammalian cells and in Xenopus egg extracts (Joshi et
al., 1992; Felix et al., 1994). Isolated centrosomes depleted of
v-TuRCs lose their ability to nucleate microtubules, and
addition of y-TuRCs restores microtubule nucleation poten-
tial (Schnackenberg et al., 1998). Finally, purified y-TuRCs
can nucleate microtubules in vitro (Zheng et al., 1995; Wiese
and Zheng, 2000). In contrast, other lines of evidence suggest
that y-tubulin is not absolutely required to seed microtubule
growth in cells. Null y-tubulin mutations in Saccharomyces
cerevisiae, Schizosaccharomyces pombe, and Drosophila impair
but do not completely block the assembly of mitotic spindles
(Horio et al., 1991; Sobel and Snyder, 1995; Sunkel ef al., 1995;
Wilson and Borisy, 1998).

We report here analysis of y-tubulin localization and tests
of y-tubulin function in Caenorhabditis elegans early embryos.
For this investigation and to advance the study of microtu-
bule-dependent processes in general, we developed meth-
ods to express and observe y-tubulin, S-tubulin, and histone
H2B fused to green fluorescent protein (GFP) in living em-
bryos. The large size (~30 X 50 um) and transparency of C.
elegans embryos make them an excellent system for observ-
ing the formation and function of microtubules during a
stereotyped developmental sequence. In addition, the ad-
vent of RNA-mediated interference (RNAi; Guo and Kem-
phues, 1995; Fire et al., 1998), combined with the completed
C. elegans genome sequence (Consortium, 1998) and a col-
lection of sequence-tagged cDNA clones (Y. Kohara, per-
sonal communication), makes function—disruption studies
in the early embryo a powerful analytical approach. Our
results suggest that centrosomes do not require y-tubulin for
microtubule nucleation and growth. However, it appears
that centrosomes do require y-tubulin to generate microtu-
bules capable of participating in bipolar spindle assembly
and function.

MATERIALS AND METHODS

Worm Strains

C. elegans strains were maintained as described by Brenner (1974). C.
elegans N2 variety Bristol was used for RNAi analysis and was the
wild-type parent of all GFP strains generated. Strain DG800, unc-
32(e189) tnDf2 11 /eT1 (LILIV), carries a deficiency that removes the
gene encoding y-tubulin (Furuta et al., 2000).

RNAi

The y-tubulin ¢cDNA clones yk496c1 and yk80h7 were obtained
from Yuji Kohara (National Institute of Genetics, Mishima, Japan).
Phagemid DNA was prepared as described in the Stratagene (La
Jolla, CA) ExAssist protocol. Sense and antisense strands of RNA
were synthesized with the use of the MEGAscript in vitro transcrip-
tion kit (Ambion, Austin, TX), annealed, and injected at 0.5-1
mg/ml into young adult hermaphrodites. yk80h7 also was sub-
cloned to generate nonoverlapping fragments for making double-
stranded RNA (dsRNA). yk80h7 was cut with Xhol and BspHI to
release the 5' fragment and with BspHI and Notl to release the 3’
fragment. Each was inserted into the Bluescript SK vector (Strat-
agene). Identical phenotypes were observed with the use of dsSRNA
made from either of these 2 nonoverlapping portions of the C.
elegans y-tubulin gene, confirming that our RNAi approach was
gene specific. For all dsRNAs injected, moderately affected embryos
(with stunted bipolar spindles) began to appear 18-22 h after injec-
tion of the parent worm. We presume that those embryos were
partially depleted for y-tubulin. A few hours after the appearance of
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moderately affected embryos, severely affected embryos (with to-
tally collapsed spindles) were observed. The defects observed likely
represent the consequences of a severe (perhaps complete) loss of
y-tubulin. This interpretation was supported by comparing defects
caused by RNAi of y-tubulin in wild-type hermaphrodites with
defects caused by RNAi in hermaphrodites that were heterozygous
for a y-tubulin deficiency. The severity of phenotypes was indistin-
guishable. All embryos produced during the moderate and severe
RNAi windows died. All RNAi embryos described in RESULTS
were obtained from injected mothers 1828 h after injection.

Antibodies and Immunofluorescence Microscopy

To generate antisera against y-tubulin, 2 peptides (amino acids
34-52 and 391-410; see Figure 2) were synthesized and conjugated
to keyhole limpet hemocyanin (Research Genetics, Huntsville, AL).
They were used together to immunize rabbits (Cocalico Biologicals).
Antibodies were affinity purified by passing serum over a column of
y-tubulin peptides coupled to epoxy-activated agarose (Pierce,
Rockford, IL). Antibodies were eluted with 0.2 M glycine and 150
mM NaCl, pH 2.0, dialyzed in PBS, and concentrated. For immu-
nofluorescence staining of embryos, gravid adult hermaphrodites
were cut, fixed, and stained as described previously (Strome and
Wood, 1983). The primary antibodies used were affinity-purified
anti-y-tubulin at 1:10, mouse 4A1l anti-a-tubulin at 1:45 (a gift from
M. Fuller, Stanford University School of Medicine, Stanford, CA;
Piperno and Fuller, 1985), mouse PA3 anti-nucleosome at 1:100 (a
gift from M. Monestier, Temple University School of Medicine,
Philadelphia, PA; Monestier et al., 1994), and rabbit anti-acetylated
histone H4 at 1:500 (a gift from D. Allis, University of Virginia,
Charlottesville, VA; Lin et al., 1989). The secondary antibodies used
were flourescein-conjugated goat anti-mouse immunoglobulin G at
1:150 and Texas Red-conjugated goat anti-rabbit immunoglobulin
G at 1:250 (Jackson ImmunoResearch, West Grove, PA). Images
were collected on a Bio-Rad (Hercules, CA) MRC600 scanning con-
focal microscope and manipulated to generate figures in NIH Image
(version 1.62f, developed by Wayne Rasband, National Institutes of
Health, and available on the Internet at http:/ /rsb.info.nih.gov/nih-
image/) and Photoshop (Adobe Systems, Palo Alto, CA).

Generation of Transgenic Worms Expressing
GFP::Tubulins and GFP::Histone

Sequences from the pie-1 gene were used to construct a vector
designed to express GFP fusion proteins in the adult germ line and
in early embryos. A PCR-based strategy, with the use of sequence
information from Y49E10 (Consortium, 1998), was used to clone a
7.7-kb genomic fragment containing the pie-1 gene (Reese et al.,
2000). BamHI sites introduced at both ATG and TAA during PCR
amplification were used to replace the pie-1 open reading frame
with GFP from pPD103.87, which contains the S65C mutation and 3
synthetic introns (A. Fire, S. Xu, J. Ahnn, and G. Seydoux, personal
communication). The GFP is followed by a unique Spel site, into
which can be cloned open reading frames of interest (Figure 1).
Addition of the third intron of pie-1 upstream of the pie-1 promoter
was found to increase expression levels (our unpublished data). Into
this vector, cDNA sequences encoding y- or B-tubulin or histone
were inserted. pJH4.67 contains y-tubulin (tbg-1, F58A4.8); pJH4.66
contains B-tubulin (tbb-2, C36E8.5); and pJH4.52 contains histone
H2B (F54E12.4) sequences.

To generate transgenic worms expressing GFP fusion proteins,
wild-type adult hermaphrodites were injected with a mixture of
DNAs that can recombine to form “complex” extrachromosomal
arrays (Kelly et al., 1997): 75 ug/ml genomic DNA (linearized with
Poull), 0.2 pug/ml pRF4 rol-6(su1006) DNA (linearized with Smal),
and 0.2-0.4 pg/ml GFP construct (linearized with Sacll). Roller
progeny (F1 generation) were picked and screened for production of
Roller F2 worms, which were examined for expression of GFP
fusion proteins. Typical numbers were 35 worms injected; 50 Roller
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Figure 1. pie-1::GFP expression vector. Noncoding sequences from
pie-1, a maternally expressed gene, were used to construct a vector
that will express GFP fusion proteins in the adult germ line and in
early embryos. A unique Spel site was used to fuse open reading
frames of interest to the carboxyl terminus of GFP.

F1s produced; 15 Roller F1s produced Roller F2s; and 1-6 of those
F2s displayed germ-line expression of GFP fusion proteins. During
initial experiments, in which worms were propagated at 16-20°C,
germ-line expression was generally restricted to the F2 generation.
In later experiments, we observed that propagation of worms at
25°C resulted in 2 significant improvements: GFP signals were
generally brighter, and germ-line GFP expression was heritable over
many generations. In one experiment, F4 generation adult hermaph-
rodites that no longer expressed detectable GFP:histone at 16°C
were shifted to 25°C. A significant proportion of the F5 worms
examined (7 of 22) showed renewed and robust germ-line expres-
sion of GFP::histone. Control worms maintained at 16°C did not
display any reactivation of GFP::histone expression. After observing
the dramatic effect of temperature on brightness and heritability of
GFP expression, we routinely maintained GFP worms at 25°C. By
picking worms with a bright GFP signal for propagation at each
generation, we have been able to maintain GFP-expressing lines for
>100 generations. In general, GFP hermaphrodites were healthy
and fertile, indicating that the levels of GFP-tagged tubulins and
histone produced by arrays did not have adverse dominant effects
on worms. Occasionally GFP::B-tubulin worms were shorter than
usual and had stunted tails; we passaged and worked with normal-
appearing siblings.

The bombardment method of Praitis et al. (2001) was used to
generate a strain containing pie-1::GFP::B-tubulin (from pJH4.66)
integrated into the genome. Ten bombardments were performed,
producing 4 stably transformed lines, only 1 of which expressed
GFP. Expression of GFP in this strain (WH204) is stable and does not
require high-temperature growth of worms. This strain was used to
generate Movie 4.

Imaging Live Embryos

Embryos were mounted in M9 buffer (Brenner, 1974) on 2-3.5%
agarose pads and covered with a coverslip. Observation by Nomar-
ski optics was done on a Zeiss (Thornwood, NY) Axioplan micro-
scope. Images were captured with the use of NIH Image (version
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1.62f) and a Hamamatsu C2400-00 camera and video controller with
an Argus-10 image processor (Hamamatsu City, Japan). Positions of
pronuclei and their migration rates were determined with the use of
a tracking program for NIH Image written by A. Pilling (unpub-
lished data). Observation of GFP fluorescence was done on a mul-
tiphoton fluorescence excitation microscope built by J. White and D.
Wokosin (University of Wisconsin), with the use of a 60X oil im-
mersion objective and 900-nm excitation (from a Ti-sapphire laser)
in the direct detection mode (Wokosin et al., 1996). Optical sections
of ~0.5 um were viewed at intervals of 2.5-4.3 s and collected as a
time series with the use of Bio-Rad MRC1024 software. Stacks of
images were manipulated in NIH Image (version 1.62f) and assem-
bled into figures with the use of Adobe Photoshop. Imaging of GFP
proteins in embryos did not impair development, indicating that the
multiphoton illumination was not deleterious under the conditions
used.

RESULTS

Identification of the C. elegans y-Tubulin Gene

Database searches revealed the existence of only 1 recogniz-
able y-tubulin gene (F58A4.8) in the C. elegans genome (Con-
sortium, 1998). The next most similar sequence in the C.
elegans genome is B-tubulin (30-35% identity). Figure 2
shows an alignment of the amino acid sequence predicted
from F58A4.8 with sequences of +y-tubulins from human,
frog, fruit fly, and fungus. The C. elegans protein is divergent
relative to the other y-tubulins. Despite the divergence, its
behavior parallels that of y-tubulins from other species, as
detailed below and also recently reported by Bobinnec et al.
(2000).

v-Tubulin Is Concentrated in Centrosomes in Early
Embryos

To study the distribution of y-tubulin in fixed embryos, we
used peptides generated from 2 different regions of the
predicted C. elegans protein to generate antisera (see Figure
2, boxes). After affinity purification, the antibodies stained
centrosomes brightly (Figure 3). In newly fertilized embryos,
y-tubulin antibodies did not stain the maternal meiotic spin-
dle, which is barrel shaped and lacks centrioles and asters
(Albertson and Thomson, 1993). Centrosome staining was
seen first as 2 small dots near the sperm pronucleus at the
posterior pole (Figure 3A). This is consistent with recruit-
ment of maternal y-tubulin by sperm-supplied centrioles.
The small dots of y-tubulin grew into bright spheres as the
male and female pronuclei migrated to meet in the posterior
hemisphere of the embryo. The pronuclei then moved to the
center of the embryo and rotated 90 deg to align the centro-
somes on the anterior-posterior axis (Figure 3, B and C).
During anaphase, the spheres appeared hollow, presenting
ring-like profiles (Figure 3D). During telophase, in agree-
ment with previous work (Strome, 1986; Keating and White,
1998; Bobinnec et al., 2000), the profile of the anterior pole
was fairly round, but the posterior pole appeared flattened
(i.e., elongated transverse to the anterior—posterior axis; see
Figure 4A). In later-stage embryos, y-tubulin antibodies
stained tiny centrosomes in interphase cells and larger cen-
trosomes in mitotic cells (Figure 3E). Anti-y-tubulin immu-
nofluorescence signal from centrosomes was reduced below
detection in embryos from hermaphrodites injected with
dsRNA made from the y-tubulin gene (Figure 3F), confirm-
ing the specificity of the antibodies.
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Analysis of GFP::y-Tubulin and GFP::3-Tubulin in
Living Embryos
To study the dynamic behavior of y-tubulin and other ele-
ments of the spindle, we devised a method to express GFP-
tagged versions of C. elegans y-tubulin, B-tubulin, and his-
tone H2B in the germ line. The pie-1 gene, a maternal-effect
lethal locus, is transcribed in the germ line of adult her-
maphrodites. A vector that would express GFP fusion genes
was constructed with the use of the promoter, 3’ sequences,
and a large intron of pie-1 (for details, see Figure 1 and
MATERIALS AND METHODS). To generate transgenic
worms, a mixture of the fusion construct, a dominant
marker gene, and complex worm genomic DNA was micro-
injected into wild-type hermaphrodites to generate complex
extrachromosomal arrays (Kelly et al., 1997). For each of the
fusion genes, transformed lines were established that pro-
duced a GFP signal in the germ line and in early embryos. At
typical culture temperatures (16-20°C), GFP fusion expres-
sion in the germ line diminished and was silenced after 1 or
2 generations. However, the expression did not diminish
and was heritable for many (>100) generations if worms
were maintained at an elevated temperature (25°C). We
made 1 line containing GFP::p-tubulin integrated into the
genome (see Movie 4); in this line, GFP expression was not
dependent on culturing worms at elevated temperature.
Two issues are of particular concern in studying fluores-
cent proteins in live C. elegans embryos. First, because the
embryos are relatively thick, even when partially flattened
under a coverslip, out-of-focus fluorescence can reduce im-
age quality. Second, because we wanted to observe the
embryos for extended periods, photobleaching could also
cause problems, both by dimming the GFP signal and by
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causing free radical-induced physiological damage. To min-
imize these problems, time-lapse movies of GFP-tagged pro-
teins were made with the use of a prototype multiphoton
microscope built and maintained by J. White and D. Woko-
sin (University of Wisconsin). The narrow plane of fluores-
cence excitation produced by the multiphoton illumination
system substantially reduced both out-of-focus fluorescence
and photobleaching. Although useful image series could be
collected by conventional scanning confocal fluorescence
microscopy, the signal-to-noise ratio decreased rapidly, and
image quality was inferior.

Time-lapse movies of GFP:y-tubulin in living embryos
revealed elements of y-tubulin and centrosome behavior
that were not evident in fixed, immunostained embryos
(Figure 4, Movie 1). During anaphase, the centrosomal
spheres of y-tubulin became hollow, and 2 dots of y-tubulin
appeared within each ring (Figure 4, A-C). After anaphase,
the y-tubulin rings disappeared, and the dots grew into the
next pair of centrosomes. Thus, the dots represent the re-
cruitment of y-tubulin by separated and perhaps duplicated
centrioles within the expanding and disassembling mother
centrosome. The behavior of the posterior centrosome dif-
fered from that of the anterior centrosome during anaphase
B spindle elongation. As described previously, unlike the
anterior pole, which remained relatively stationary, the pos-
terior pole swung from side to side and moved toward the
posterior end of the embryo (Albertson, 1984; Figures 4, G-J,
and 5, C-H). After the posterior migration had ceased, the
y-tubulin ring at the posterior pole flattened laterally, de-
creased in brightness, and appeared to fragment, as if sub-
ject to forces directed toward the lateral cortex (Figure 4, A,
B, and K; see Movie 1). In contrast, the y-tubulin ring at the
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Figure 3. Distribution of y-tubulin seen by immunofluorescence. Fixed embryos were stained with affinity-purified rabbit anti-y-tubulin
(green) and monoclonal PA3 anti-nucleosome antibody (red), which reveals chromatin. Each image is a projection of a Z series from a
scanning confocal fluorescence microscope. Embryos in this and all subsequent figures are oriented with anterior to the left. (A) Early
pronuclear migration. y-Tubulin staining is concentrated in 2 small centrosomes associated with the male pronucleus at the posterior end.
Centrosomes are not seen associated with the female pronucleus or polar body at the anterior end. (B) The pronuclei have met, and a
prometaphase spindle has started rotation to align on the anterior—posterior axis. Centrosomes have recruited more y-tubulin and appear
larger. (C) In metaphase, the chromosomes are tightly packed on the spindle equator, and centrosomes have enlarged. (D) In anaphase, the
centrosomal y-tubulin has taken the form of hollow spheroids. The posterior centrosome is beginning to flatten. (E) Multicellular embryo
showing pairs of bright y-tubulin-containing centrosomes in mitotic cells. Interphase cells contain tiny y-tubulin-containing centrosomes
(e.g., top surface of the uppermost nucleus). (F) Detectable anti-y-tubulin staining of centrosomes was eliminated by RNAi using dsRNA

corresponding to the C. elegans y-tubulin sequence.

anterior pole persisted longer and showed little flattening or
fragmentation as it decreased in brightness (Figure 4C). In
subsequent rounds of mitosis, this pattern of centrosomal y-tu-
bulin dynamics was repeated on a progressively smaller scale.

The dynamic behavior of centrosomes seen with
GFP::B-tubulin was similar to that seen with GFP::y-tubulin
(Figure 5, Movie 2). Centrosomes recruited GFP::B-tubulin
and enlarged from prophase through metaphase (see Movie
3 and Figure 8, A and B). They showed ring-like profiles
with darkened centers, and during anaphase-telophase, the
posterior ring underwent swinging, posterior migration,
flattening, and fragmentation (Figure 5, C-J, Movies 2 and
3). Two small dots of GFP::B-tubulin, presumably the
daughter centrosomes, could be seen within the expanding
rings during anaphase-telophase (Figure 5, I-L). An inter-
esting contrast in the behaviors of centrosomal y- and B-tu-
bulins was seen in the timing of the appearance of darkened
centers. With GFP::B-tubulin, ring profiles could be seen in
prometaphase and metaphase (Figure 5A). With anti-y-tu-
bulin and GFP::y-tubulin, they were not seen until anaphase
(Figures 3D and 4H, respectively). This suggests that despite
the presence of y-tubulin throughout the centrosome during
spindle assembly, most recruitment and polymerization of
a/B-tubulin dimers occurs in the outer layers.

Vol. 11, June 2001

The behavior of GFP astral microtubules suggests a mecha-
nism for generating the forces that drive the swinging, poste-
rior migration and flattening of the posterior centrosome dur-
ing anaphase B and telophase. Best seen in multiphoton
movies, GFP microtubules between the posterior centrosome
and the lateral cortex were abundant during migration and
swinging of the posterior pole (Movies 2 and 3). During each
lateral swing, astral microtubules trailing the pole were uni-
formly arranged in a gentle arc, appearing to be pulled by pole
movement. Those leading the pole were often bowed in vari-
ous directions. Thus, force for the lateral motion did not appear
to be generated by microtubule polymerization on the lagging
side or by synchronous microtubule depolymerization on the
leading side. We speculate that the force for swinging and for
centrosome flattening stem from microtubule capture by a
small number of lateral-posterior cortical sites containing mi-
nus-end-directed microtubule motors. Those tethered motors
would generate force by binding to and pulling on a few
centrosomal microtubules.

v-Tubulin Is Required for Normal Spindle Assembly
and Chromosome Segregation

To study the effects of inhibiting y-tubulin function in early
embryos, we used RNAi (Fire et al., 1998). RNAi has been
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Figure 4. Multiphoton images of GFP::y-tubulin in a live wild-type embryo. Anterior is top left. Images were collected in a single focal plane (~0.5
pm thick), and the elapsed time from the first frame is shown in minutes:seconds. (A and B) One-cell embryo during telophase. The anterior
centrosome was a hollow sphere (a ring in cross section), and the posterior centrosome was flattening. Within each ring, 2 small dots of
GFP::y-tubulin were seen that grew into the centrosomes of the next cell cycle. (C) The flattened posterior centrosome dispersed before the anterior
centrosome. In this frame and others, some daughter centrosomes are not visible, because they moved out of the focal plane. (D-F) In the anterior
daughter cell (AB), the new centrosomes enlarged and migrated to opposite sides of the nucleus. (G) In the posterior daughter cell (P1), the
centrosomes enlarged, migrated to opposite sides of the nucleus, and underwent the typical 90-deg rotation to align on the anterior—posterior axis.
Mitosis in the anterior AB cell preceded that in P1. (H-L) Although more difficult to see in the second round of mitosis, the GFP::y-tubulin signal
was lost from the middle of each centrosome, and new daughter centrosomes appeared within the dark centers. The posterior centrosome in P1
repeated the pattern of flattening and early disappearance observed during the division of PO (K and L). Bottom row, enlarged views of the top

left centrosome from the period covered in B-1. Note the dispersal of the “mother” centrosome, appearance of daughter centrosomes within the
mother ring, increase in centrosome size during mitosis, and reappearance of a dark center during the second anaphase.

shown to induce loss-of-function phenotypes for many dites injected with dsRNA corresponding to the y-tubulin
genes (Rocheleau ef al., 1997) and is particularly effective at gene gave rise to 100% dead embryos starting at ~18 h after
depleting maternal proteins in early embryos. Hermaphro- injection. Examination of such RNAi embryos by means of
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Figure 5. Multiphoton image series of GFP::B-tubulin in a live wild-type embryo. Elapsed time from the first frame is shown in
minutes:seconds. Brightness and contrast were adjusted to better reveal single microtubules in the top row and centrosome dynamics in the
bottom 3 rows. Microtubule dynamics can be seen best in Movies 2 and 3. (A-C) Metaphase and early anaphase. (D-L) Anaphase B and
telophase. The posterior spindle pole underwent dramatic side-to-side swinging during spindle elongation (C-G). Many astral microtubules
extended to near the cortex. They usually appeared “swept back” on the side from which the spindle pole was moving (D). Some
microtubules bent on the side to which the spindle pole was moving (see Movies 2 and 3). Note the bright area at the equator (D-F), which
likely represents the region of interdigitation of interpolar microtubules. (G-L) Telophase and cytokinesis. The dark centers of the
centrosomes enlarged, and the posterior mother centrosome flattened and fragmented. Two daughter centrosomes appeared within each
dark center.

GFP::y-tubulin (our unpublished data) or by anti-y-tubulin serve a more severe RNAi phenotype when y-tubulin was
antibody staining (Figure 3F) revealed that y-tubulin was depleted from hermaphrodites with only 1 copy of the y-tu-
reduced below detectability. Furthermore, we did not ob- bulin gene (see MATERIALS AND METHODS). Thus, it is
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Figure 6. Comparison of a wild-type embryo (A-D) and a severely affected y-tubulin(RNAi) embryo (E-H) during the first cell cycle. In
these Nomarski images, nuclei (A, D, E, and H) and spindles (B, C, F, and G) are seen as granule-free zones. The top row shows a wild-type
embryo at pronuclear meeting (A), prometaphase-metaphase (B), anaphase (B), and after cytokinesis (D). The bottom row shows corre-
sponding stages in a y-tubulin(RNAi) embryo. RNAi prevented the formation of a bipolar spindle, prevented normal chromosome
segregation, and prevented cytokinesis.

likely that the most severe RNAi embryos displayed defects
caused by a nearly complete loss of y-tubulin function.

In y-tubulin(RNAi) embryos observed by Nomarski dif-
ferential interference contrast (Figure 6), the earliest pheno-
type seen was in female pronuclear migration. In wild-type
embryos, the female pronucleus moves slowly from the
anterior pole to the center of the embryo and then moves fast
and directly to the male pronucleus. Our tracking measure-
ments yielded velocities of 0.06 um/s for the slow phase and
0.28 um/s for the fast phase (n = 4 embryos at 22-23°C).
Severe depletion of y-tubulin did not detectably alter the
slow phase of migration. However, the fast phase was ab-
sent or greatly reduced (0.08 um/s; n = 5 embryos at 22—
23°C).

After the pronuclei met (Figure 6E) and nuclear envelopes
broke down, subsequent spindle assembly and function
were aberrant. Bipolar spindles were not observed. Instead,
a clear zone formed in the center of the embryo (Figure 6F).
At a time when one would expect anaphase, this apparent
monoaster and associated cytoplasm went through a brief
period of gyrations, primarily back and forth along the
anterior—posterior axis (Figure 6G). After the gyrations
stopped, multiple nuclei of various sizes formed in the cen-
ter of the embryo, and cytokinesis did not occur (Figure 6H).
It was apparent that depletion of y-tubulin inhibited spindle
assembly and, perhaps as a consequence, prevented cytoki-
nesis.

The Nomarski movies suggested that y-tubulin depletion
blocked some, but not all, microtubule-dependent processes.
To investigate the effects of y-tubulin depletion on microtu-
bules and chromosomes, we used immunofluorescence mi-
croscopy. RNAi embryos were fixed and stained with anti-
tubulin and anti-histone antibodies (Figure 7). All mitotic
embryos contained stunted spindles. Some spindles ap-
peared completely collapsed with condensed chromosomes
collected near a central diaster (Figure 7, B and B’). Other
spindles were bipolar, but the poles were abnormally close
to one another (Figure 7, D" and F’); kinetochore and inter-
polar microtubules were either absent or poorly organized.
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In these cases, condensed chromosomes were often collected
in the foreshortened interpolar region (Figure 7D) but were
never seen organized into a tight metaphase plate. Decon-
densed chromosomes were also seen between the poles (Fig-
ure 7F), probably representing failed chromosome segrega-
tion and aberrant telophase. Given the expectation that
v-tubulin would be required for nucleating microtubules
from centrosomes, it was striking that in all mitotic embryos
observed, astral arrays of microtubules were present. Most
studies to date suggest that astral microtubules are dynamic
and less stable than the kinetochore microtubules, which
attach to kinetochores and drive chromosome movements,
or the interpolar microtubules, which interact with microtu-
bules from the opposite pole and help push spindle poles
apart (Mitchison and Kirschner, 1985; Kirschner and Mitchi-
son, 1986; Mitchison et al., 1986; Saxton and McIntosh, 1987;
Mastronarde et al., 1993). Our studies reveal that kinetochore
and interpolar microtubules are more sensitive to a loss of
y-tubulin than are astral microtubules.

Effects of y-Tubulin Depletion on Microtubules and
Chromosomes in Living Embryos

To eliminate the uncertain temporal sequence inherent in
studying microtubule and chromatin phenotypes in fixed
embryos, we monitored events in living embryos containing
GFP fusion proteins. To analyze the effects of y-tubulin
depletion on microtubule organization and dynamics, we
compared wild-type and y-tubulin(RNAi) embryos express-
ing GFP::B-tubulin (Figure 8, Movies 2-5). In all y-tubulin-
(RNAi) embryos examined, it was clear that y-tubulin de-
pletion did not prevent the nucleation of astral microtubules
(Figure 8, D-H). As in wild-type embryos, astral arrays
appeared in prophase and persisted through anaphase. Fur-
thermore, the changing patterns of astral microtubule dis-
tribution suggested that they were dynamic. Two interesting
features of RNAi embryos were the absence of a distinct
darkened zone of depleted GFP::B-tubulin in the center of
the centrosome and the failure of the posterior centrosome
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Figure 7. Anti-tubulin and anti-histone immunofluorescence images of wild-type embryos (left 2 columns) and y-tubulin(RNAi) embryos
(right 2 columns). Fixed embryos were stained with rabbit anti-acetylated histone H4 antibodies to reveal chromatin (A-F) and mouse
anti-a-tubulin antibodies to reveal microtubules (A'-F’). Each image is a projection of 5-7 sequential optical sections collected with a scanning
confocal fluorescence microscope. Wild-type embryos are shown in prometaphase (A and A’), early anaphase (C and C’), and telophase (E
and E’). (B and B’) Severely affected y-tubulin(RNAi) embryo. Numerous long astral microtubules emanate from a collapsed spindle;
chromosomes were not organized. (D and D’) Less severely affected RNAi embryo with a partially collapsed and poorly organized central
spindle. Chromosomes appeared to be in early anaphase and were not well organized. (F and F’) RNAi embryo at telophase. The spindle had
not segregated the chromosomes and showed little sign of interpolar microtubule bundles or spindle elongation. Chromatin was decon-

densing in micronuclei at the center of the embryo.

to flatten and fragment; instead, RNAi embryos displayed a
more uniform distribution of GFP::B-tubulin throughout the
centrosome, and the posterior centrosome remained spher-
ical (Figure 8, D-H).

In the most severe RNAi embryos, the mitotic spindle
consisted of a collapsed diastral array of microtubules that
persisted through telophase (Figure 8G, Movie 4). There was
little or no evidence of kinetochore or interpolar microtu-
bules. This diaster often failed to rotate onto the anterior—
posterior axis and usually underwent several dramatic ex-
cursions toward the posterior pole of the embryo (Movie 4).
In less severely affected embryos (termed “moderate RNAi
embryos”), spindles were bipolar but stunted, with disorga-
nized microtubules between the poles (Figure 8, D-F, Movie
5), suggesting again poor development of kinetochore and
interpolar microtubules. During anaphase, moderate RNAi
embryos failed to form a dense bundle of parallel microtu-
bules between the spindle poles (compare Figure 8F with
wild-type embryos in Figures 5, B-F, and 8C), and the spin-
dle poles failed to separate. The poles were sometimes
pushed apart during telophase by the formation of multiple
micronuclei (Movie 5). Kinetochore and interpolar microtu-
bules arise through the capture and stabilization of astral
microtubule plus ends by either kinetochores or antiparallel
plus ends emanating from the opposing pole (Mitchison and
Kirschner, 1985; Kirschner and Mitchison, 1986; Mastro-
narde et al., 1993). Our results suggest that y-tubulin some-
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how influences this capture of astral microtubule plus ends
or subsequent stabilization of the captured microtubules.

To investigate the ability of the defective spindles de-
scribed above to organize and separate chromosomes dur-
ing mitosis, we analyzed wild-type and 7y-tubulin(RNAi)
embryos expressing GFP::histone (Figure 9, Movies 6-8). In
newly fertilized wild-type embryos, GFP::histone appeared
on oocyte chromosomes as they completed meiosis. Fluores-
cence appeared on sperm chromatin during formation of the
sperm pronucleus, presumably reflecting the replacement of
sperm-specific chromatin proteins by maternal histones.
Thereafter, during mitosis GFP::histone was clearly associ-
ated with condensed chromosomes, and during interphase it
was distributed diffusely throughout the nucleus (Figure 9,
A-H, Movie 6). In severe y-tubulin(RNAi) embryos, chro-
mosomes condensed during pronuclear migration, as in
wild-type embryos. After nuclear envelope breakdown, they
clustered together loosely in the center of the embryo. At the
time when anaphase should have occurred, chromosomes
did not segregate; instead they decondensed and formed
multiple micronuclei (see Movie 7). In moderate RNAi em-
bryos, chromosomes often congressed together but did not
organize into a tight metaphase plate (Figure 9, K-L). An-
aphase was defective, as evidenced by chromosome bridges,
poor segregation, and the consequent formation of multiple
micronuclei (Figure 9, M-P, Movie 8).
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DISCUSSION

v-Tubulin, Microtubule Nucleation, and Microtubule
Function

Since its discovery (Oakley and Oakley, 1989), y-tubulin has
emerged as a conserved and essential component of many
forms of microtubule-organizing centers, including centro-
somes. There is strong support for the view that y-tubulin, in
the form of y-TuRCs, stimulates microtubule growth from
microtubule-organizing centers by providing a stable seed
for a/p-tubulin polymerization (Keating and Borisy, 2000;
Moritz et al., 2000; Wiese and Zheng, 2000). However, our
studies of C. elegans embryos depleted of y-tubulin suggest
that y-tubulin and y-TuRCs are not essential for microtubule
growth from centrosomes. Although our RNAi approach
may not have generated a true null phenotype, our findings
are consistent with results from flies and yeast that demon-
strate that microtubule functions are not completely elimi-
nated in y-tubulin null mutants (Horio et al., 1991; Sobel and
Snyder, 1995; Wilson and Borisy, 1998).

The results from 7y-tubulin mutant analysis, as well as
recent demonstrations that functional mitotic spindles can
form in the absence of centrosomes (de Saint Phalle and
Sullivan, 1998; Khodjakov et al., 2000; Megraw et al., 2001),
point to the existence of backup systems for organizing
spindle microtubules. First, there appears to be a y-tubulin-
independent pathway for microtubule nucleation from cen-
trosomes. Centrosome components other than +y-tubulin
must be able to recruit sufficiently high concentrations of
a/ B-tubulin to create stable seeds that can support extensive
polymerization. Second, there is a centrosome-independent
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Figure 8. Multiphoton movies
of GFP:: B-tubulin in a wild-type
embryo (A-C), in a moderate
y-tubulin(RNAi) embryo (D-F),
and in a severe y-tubulin(RNAi)
embryo (G-H). Elapsed time from
the first frame is shown in minut-
es:seconds. (A and D) Prophase.
The stage in D was further ad-
vanced than in A, and the 2 pro-
nuclei were stacked one above the
other. (B, E, and G) Metaphase,
although the precise stage in the
RNAi embryos (E and G) is diffi-
cult to determine. Both E and G
were immediately before the
spindle gyrations seen in RNAi
embryos that we interpret as an-
aphase. (C and F) Anaphase B
spindle elongation. Notice that an
ordered bundle of interpolar mi-
crotubules is not seen in the mod-
erate RNAi embryo (F). (H) In the
severe embryo, the poles of the
collapsed spindle did not sepa-
rate. Comparison of G and H
shows that the microtubule pat-
tern changed with time, suggest-
ing that even in severe y-tubulin-
(RNAi) embryos, centrosomal
microtubules are dynamic (also
see Movie 4).

pathway for organization of bipolar spindles. As seen with
meiotic spindles in several systems and with spindles as-
sembled around DNA-coated beads, this pathway relies on
the ability of chromatin to nucleate microtubules and on the
ability of microtubule motors to organize those microtubules
into a bipolar spindle (Heald et al., 1996, Matthies et al.,
1996).

It is interesting that microtubules emanating from y-tubu-
lin-depleted centrosomes in C. elegans embryos were suffi-
cient for some processes but not for others. For example,
slow migration of the female pronucleus occurred, but fast
pronuclear migration was inhibited. Both phases of pro-
nuclear migration depend on microtubules (Strome and
Wood, 1983). However, slow migration may depend on the
meshwork of interphase microtubules, whereas directed fast
migration may use microtubules emanating from the cen-
trosomes of the male pronucleus. When sperm-aster micro-
tubule plus ends contact minus-end—directed microtubule
motors on the female pronucleus, the motors could then pull
the pronuclei directly together. The inhibition of fast migra-
tion suggests that y-tubulin is important for the generation
or function of sperm-aster microtubules that can support
such force production.

Depletion of y-tubulin also appears to affect the functions
of a subset of mitotic spindle microtubules. Duplicated cen-
trosomes in severe y-tubulin(RNAi) embryos could generate
astral arrays of microtubules, but the asters were not prop-
erly separated, resulting in collapsed spindles. This suggests
that y-tubulin is needed for stable interpolar connections,
which are normally established by lateral interactions of
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10:20

Figure 9. Multiphoton movies of GFP::histone in a wild-type embryo (A-H) and in a moderate y-tubulin(RNAi) embryo (I-P). Elapsed time
from the first frame is shown in minutes:seconds. (A, B, I, and J) Meeting, centering, and rotation of the pronuclei and prophase chromosome
condensation. (C and K) Breakdown of the nuclear envelopes. (D and L) Metaphase. Tight alignment of chromosomes is shown on the
metaphase plate in a wild-type embryo (D) versus loose alignment in the y-tubulin(RNAi) embryo (L). (E and M) Early anaphase. (F and N)
Late anaphase. (G, H, O, and P) Telophase. Note the poor segregation of chromosomes in the y-tubulin(RNAi) embryo (N-P). Cytokinesis

occurred in the wild-type embryo (H) but not in the RNAi embryo (P).

microtubule plus ends from opposite poles (Mastronarde et
al., 1993). Spindles with separated poles often did form in
less severely affected +y-tubulin(RNAi) embryos. In these
cases, chromosome congression to the metaphase plate and
anaphase chromosome segregation failed, suggesting that
the accumulation of stable kinetochore microtubules re-
quires y-tubulin. Combining our results with the previous
observations that mitotic spindles without functional centro-
somes can mediate normal chromosome segregation (de
Saint Phalle and Sullivan, 1998; Khodjakov et al., 2000; Me-
graw et al., 2001), it appears that the stabilizing influence of
y-tubulin does not require that it reside in a centrosome. At
least, it seems evident that y-tubulin function goes beyond
the simple nucleation of microtubules.

There are various ways to explain the effects of y-tubulin
depletion on microtubule-dependent processes. We will fo-
cus on 3.
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Altered Templating. Centrosomal y-TuRCs may serve as
structural templates for the growth of microtubules, with the
number of protofilaments of «/B-tubulin defined by the
number of y-tubulins per ring (Li and Joshi, 1995). As dis-
cussed above, centrosomes depleted of y-tubulin appear to
be able to nucleate microtubules with the use of alternative
mechanisms. However, those alternatives may produce mi-
crotubules with an aberrant number of protofilaments and,
hence, altered tubulin lattice characteristics. In this case, the
differential sensitivity of the 3 classes of spindle microtu-
bules to y-tubulin depletion would imply that although
structural abnormalities do not interfere with simple growth
of astral microtubules, they do interfere with the higher-
order interactions required to convert astral microtubules to
kinetochore and interpolar microtubules. In support of this
possibility, it has been shown elegantly with Drosophila ax-
onemes that higher-order microtubule interactions are quite
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sensitive to subtle perturbations of tubulin sequence and,
presumably, tubulin lattice characteristics (Raff et al., 1997).
Future high-resolution ultrastructural studies may resolve
the question of whether y-tubulin depletion affects protofila-
ment number.

Altered Plus Ends. Most evidence points to an exclusive
association of y-TuRCs with minus ends (Keating and
Borisy, 2000; Moritz et al., 2000; Wiese and Zheng, 2000).
However, it is possible that y-tubulin also interacts with plus
ends. Cell fractionation suggests that the majority of y-tu-
bulin is not associated with centrosomes (Moudjou et al.,
1996). Furthermore, y-tubulin can interact with B-tubulin
(Leguy et al., 2000), the subunit exposed at the plus ends of
microtubules (Nogales et al., 1999). If y-tubulin can bind plus
ends, then y-tubulin depletion could affect plus-end dynam-
ics or other properties that are necessary for proper interac-
tions with kinetochores and interpolar microtubules. In-
deed, Paluh et al. (2000) proposed that the defects observed
in y-tubulin—-mutant yeast cells might be due to hyperstabi-
lization of microtubules. Our movies of GFP::B-tubulin in
embryos do not reveal the actual growth or shortening of
single microtubule ends. We expect that future improve-
ments in live GFP imaging technologies will allow the spa-
tial and temporal resolution required to measure such mi-
crotubule plus-end dynamics in C. elegans.

Altered Minus Ends. Centrosomal y-TuRCs in the pericen-
triolar matrix provide for controlled nucleation of microtu-
bules. They may also be important for stabilization of mi-
crotubules after they are nucleated. In keeping with this, it
has been shown that y-TuRCs block minus-end polymeriza-
tion—depolymerization dynamics in vitro (Keating and
Borisy, 2000; Moritz et al., 2000; Wiese and Zheng, 2000). The
alternate nucleation mechanisms, which we hypothesize are
active in y-tubulin-depleted embryos, may not provide
proper minus-end stabilization. Because such “free” minus
ends are likely to lose a/B subunits (Rodionov and Borisy,
1997), nucleation and polymerization of microtubules from
centrosomes lacking y-TuRCs would be followed by slow
minus-end depolymerization. This condition could still al-
low the growth of astral microtubules with fast-growing
plus ends. However, capture and stabilization of those plus
ends by kinetochores or by plus ends from the opposite pole
would be fruitless. Minus-end depolymerization would dis-
connect them from the spindle pole and render them too
short lived to produce the forces required for proper spindle
assembly and function.

Centrosome Dynamics

Keating and White (1998) have described the dynamics of C.
elegans centrosomes in 1-cell embryos seen with rhodamine—
a/B-tubulin. Our observations of the dynamic behavior of
GFP::y- and GFP:B-tubulin confirm their results and pro-
vide additional insights. In particular, we documented that
first B-tubulin and then y-tubulin appear to shift from even
distributions throughout the centrosome to expanding hol-
low spheres. B-Tubulin shows the hollow distribution as
early as prometaphase, whereas y-tubulin shows hollowing
later, during anaphase. With both GFP fusion proteins,
daughter centrosomes are seen within the mother spheres
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during anaphase. Depletion of y-tubulin reduces or elimi-
nates the centrosome hollowing and expansion seen with
GFP:B-tubulin. This suggests that the alternative a/f re-
cruitment-nucleation mechanism is distributed evenly
throughout the centrosome and cannot support the forces
that cause outward centrosome expansion during anaphase.

It is interesting that the anterior and posterior mother
centrosomes behave differently, especially in light of the
importance of first-division asymmetries in establishing de-
velopmental lineages. Most of anaphase B spindle elonga-
tion is accomplished by movements of the posterior centro-
some (Albertson, 1984; Kemphues et al., 1988). It swings
from side to side as it moves toward the posterior end of the
embryo. After swinging, the posterior ring of y- and p-tu-
bulin flattens and appears to be pulled apart laterally. The
anterior sphere does not flatten. Perhaps the forces that
generate the posterior pole’s swinging motions, its flatten-
ing, and its lateral dispersion are all generated by minus-
end-directed microtubule motors concentrated at a few sites
in the posterior-lateral cortex. When an astral microtubule
plus end from the posterior centrosome is first captured by
one of those sites, the spindle pole is drawn toward it, in a
lateral and slightly posterior direction. Subsequent microtu-
bule contacts with sites on the opposite side swing the
centrosome back and further toward the posterior. Eventu-
ally, multiple sites are engaged on both sides; the centro-
some is held in balance between them near the posterior
end; and continued force production stretches the centro-
some apart laterally. In support of the existence of sites in
the posterior cortex that “pull” astral microtubules toward
them, Grill et al. (2001) recently observed that, after removal
of the spindle midzone, the posterior spindle pole moved
rapidly and with transverse oscillations to the posterior
cortex.

Expression of GFP Fusion Proteins in the Germ Line
and Early Embryos

Achieving transgene expression in the C. elegans germ line
has been problematic. Transgenic animals are typically gen-
erated by injecting DNA into the syncytial germ line of adult
hermaphrodites. Injected DNA molecules recombine to form
relatively large extrachromosomal arrays, which are segre-
gated with variable efficiency during mitosis and meiosis. In
general, transgenes present in such arrays are expressed
efficiently in the somatic cells of offspring but are silenced in
the germ line (Kelly et al., 1997). Germ-line expression of
some transgenes has been achieved by increasing the DNA
complexity of extrachromosomal arrays (Kelly et al., 1997).
However, not all transgenes tested could be desilenced (W.
Kelly, personal communication), and germ-line silencing of
transgenes has remained a formidable barrier to expressing
tagged versions of proteins in germ cells and early embryos.
We report here a successful approach for overcoming germ-
line silencing. This was accomplished by combining the high
DNA complexity approach with a vector that contains reg-
ulatory sequences from a gene that is normally expressed in
the germ line (pie-1). Germ-line expression of multiple genes
was robust. They include fusion genes encoding GFP-tagged
versions of y-tubulin, B-tubulin, and histone H2B (reported
here) as well as actin, PGL-1, and IFE-1 (M. Dunn, K. Reese,
and G. Seydoux, unpublished data; A. Amiri, B. Keiper, L
Kawasaki, Y. Fan, Y. Kohara, R. Rhodes, S. Strome, unpub-

Molecular Biology of the Cell



lished data). All of these GFP constructs are available on
request.

Several observations on expression of GFP fusion proteins
from the extrachromosomal arrays we generated are worth
noting. First, the pie-1 promoter successfully drove expres-
sion of transgenes in the germ line but often also drove
ectopic expression in a subset of somatic cells. Ectopic ex-
pression may be due to position effects in the complex
arrays. Second, when worms were maintained at 16-20°C,
germ-line expression of the transgenes was generally re-
stricted to the F2 generation after transformation. Maintain-
ing worms at 25°C allowed robust expression in the germ
line for many generations (>100). Third, even in worms
maintained at 25°C, there was some stochastic loss of trans-
gene expression in the germ line. This loss was most notice-
able in early generations. After many generations of select-
ing GFP-positive worms for propagation, the lines became
more stable. Fourth, none of the GFP lines we generated by
microinjection has integrated the transgenic array into a
chromosomal site. However, integration of the
GFP::histone-expressing construct has been achieved by y
irradiation of array-bearing worms (Kaitna et al., 2000). Also,
Praitis et al. (2001) recently reported integration of our
GFP::histone construct by bombarding worms with DNA-
coated gold beads. We used their method to generate a
strain with integrated GFP::B-tubulin. Hermaphrodites bear-
ing these integrated GFP constructs express GFP fusion
protein in the germ line stably and do not require high-
temperature culture for robust expression. The availability
of these lines should facilitate the type of live-embryo anal-
ysis of protein dynamics we have described here.
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