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Abstract The Caenorhabditis elegans one-cell embryo is

a powerful system in which to study microtubule organi-

zation because this large cell assembles both meiotic and

mitotic spindles within the same cytoplasm over the course

of 1 h in a stereotypical manner. The fertilized oocyte

assembles two consecutive acentrosomal meiotic spindles

that function to reduce the replicated maternal diploid set

of chromosomes to a single-copy haploid set. The resulting

maternal DNA then unites with the paternal DNA to form a

zygotic diploid complement, around which a centrosome-

based mitotic spindle forms. The early C. elegans embryo

is amenable to live-cell imaging and electron tomography,

permitting a detailed structural comparison of the meiotic

and mitotic modes of spindle assembly.
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Introduction

Meiotic and mitotic spindles are marvels of intracellular

architecture. These complex microtubule-based structures

comprise a myriad of molecular components that together

facilitate the segregation of genetic material within the

germline and somatic tissues. By studying the structural

features of spindles, we hope to better understand how

these higher-order structures form and function in the cell.

This review focuses on some of the recent progress made

using molecular genetics and electron microscopy to study

microtubule organization in both meiotic and mitotic

spindles in Caenorhabditis elegans.

The early events in the C. elegans embryo have been

well documented (Fig. 1). An oocyte arrested in prophase

of meiosis I becomes fertilized in the proximal region of

the hermaphrodite gonad while passing through the sper-

matheca [1]. A signal generated by the sperm promotes

maturation of the oocytes just prior to fertilization [2, 3].

Although unfertilized embryos can continue developing

until anaphase of meiosis I, fertilization of the oocyte

normally occurs within a few minutes after entering the

spermatheca, and this is essential for the completion of the

meiotic divisions [4–6]. The sperm contributes a haploid

set of paternal chromosomes and a pair of centrioles to the

oocyte cytoplasm. However, these sperm-derived struc-

tures do not directly participate in meiotic spindle

assembly.

Upon fertilization of the oocyte, amorphous arrays of

microtubules can be distinguished around the female

chromosomes. As the chromosomes condense, this array of

microtubules is arranged in an elongated (‘pointed’) bipo-

lar spindle that is about 13 lm long at early metaphase.

This meiosis I spindle then shortens to roughly 3–4 lm

and adopts a barrel-like shape, and this shortening is
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accompanied by a rotation of the spindle relative to the

surface of the embryo. At anaphase, chromatin is separated

to a maximum of 3–4 lm with microtubules arranged

between the chromosomes. The second meiotic division

then follows a similar pattern [7, 8].

After the completion of meiosis, female and male pro-

nuclei form and increase in size. The female pro-nucleus

migrates from the anterior hemisphere of the embryo to

meet the male pro-nucleus in the posterior. Occasionally

both pronuclei reform in the same end of the one-cell

embryo; however, it is the sperm position that specifies

posterior fate [9–13]. After fertilization, the sperm-deliv-

ered centrioles stay associated with the male pro-nucleus

and accumulate maternally provided pericentriolar material

(PCM) required for the nucleation of microtubules. The

microtubules grow out to make contact with the female

pro-nucleus and this connection facilitates a dynein-

dependent migration and meeting of the two pro-nuclei

Fig. 1 Development of the

one-cell C. elegans embryo as

viewed by in utero-imaging

of a worm expressing

GFP::b-tubulin. a Schematic

drawing of an adult

hermaphrodite. The box depicts

the region of the uterus imaged.

b Microtubules are observed by

fluorescent light microscopy

around the oocyte nucleus

(t = 0) before it enters the

spermatheca (dashed line).

Anterior is left in all panels.

The oocyte usually enters the

spermatheca within 5 min, at

which time fertilization occurs

and a pointed bipolar array

becomes visible. Each round of

meiosis takes approximately

20 min. At the end of meiosis II

(t = 37:56), the centrosomal

microtubules become visible

(arrow), and centrosome

separation begins soon after.

The mitotic spindle forms in the

center of the embryo and the

spindle skews towards the

posterior in anaphase to produce

two daughter cells of unequal

size. Scale bar is 10 lm in b
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[14–16]. Continuing with this largely invariant develop-

mental pattern, the two pro-nuclei meet, and the pro-nuclei/

centrosome complex migrates to the center of the embryo

and rotates. The chromosomes then align on the metaphase

plate, and after a few minutes, the centrosomes separate

and pull sister chromatids apart in anaphase [17]. A precise

displacement of the mitotic spindle towards the posterior at

this time positions the plane of cleavage such that the

anterior daughter cell is larger than the posterior daughter

(for a review, see [18]).

There are two major structural differences between the

two female meiotic spindles and the first mitotic spindle in

C. elegans (Fig. 2). First, the meiotic spindles are anastral

and relatively small (*3–4 lm) at metaphase [7, 8]. In

contrast, the metaphase mitotic spindle of the one-cell

embryo is large (*14 lm) and has prominent spindle poles

with a profusion of astral microtubules [17]. Second,

meiotic spindle assembly takes place around chromatin in

an acentrosomal environment. In contrast, mitotic spindle

assembly in C. elegans is strictly dependent on centro-

somes. These structural differences imply that distinct

mechanisms determine how microtubules are formed and

modulated in these two systems (for reviews, see [19–21]).

The early C. elegans embryo assembles the meiotic and

mitotic spindles sequentially within the same cytoplasm

over the course of 1 h, making it an exceptional model to

study both spindle types. Here, we review the structure of

microtubules, the modulation of microtubule dynamics, the

structure and function of the centrosome, and the mecha-

nisms of acentrosomal and centrosomal spindle assembly

in the elegant worm.

Microtubules

Microtubules provide a major structural and mechanical

role in the assembly and function of all spindles. Micro-

tubules are fiber-like polymers composed of a/b tubulin-

heterodimers that are added during polymerization

(growth) or removed during depolymerization (shrinkage)

[22, 23]. Most tubulin dimers in solution have GTP bound

to both subunits. Hydrolysis of the b-subunit-bound GTP to

GDP occurs after polymerization, such that microtubules

initially have a GTP-capped growing end, with hydrolysis

to GDP triggering depolymerization (reviewed in [24]). A

single string of tubulin subunits assembled head-to-tail

(a/b, a/b,…) constitutes a microtubule protofilament. Lateral

association of protofilaments results in the formation of a

2D sheet that closes to form the hollow microtubule cyl-

inder, the predominant form of polymeric tubulin found in

the cell [25, 26]. Conversely, lateral dissociation of pro-

tofilaments results in the disassembly of the microtubule

lattice [27, 28].

Due to the inherent asymmetry of the a/b tubulin het-

erodimer, the polymer exhibits a polarity, with a b ‘‘plus’’

and an a ‘‘minus’’ end [29]. This polarity has consequences

for microtubule dynamics because heterodimers are pref-

erentially added to or subtracted from the plus end;

microtubules grown in vitro display fast-growing plus ends

and slow-growing minus ends [22]. Electron microscopy

has revealed that the structure of a growing microtubule tip

is very different from one that is shrinking. At the plus end

of a growing microtubule, the tube is split open along the

longitudinal axis, giving a flared 2D sheet at the tip; the

open seam closes back into a tube toward the minus end

[25, 26]. In contrast, microtubules that are actively

shrinking display a striking ‘‘ram’s horns’’ morphology

with individual protofilaments peeling away from the fast

depolymerizing end [27, 28]. Importantly, these tip mor-

phologies are often diagnostic for microtubule behavior,

allowing inferences to be made on the polarity and

dynamic state of microtubules within cells.

The intrinsic property of microtubules to undergo sto-

chastic changes between phases of slow growth and fast

shrinkage (termed dynamic instability) allows the micro-

tubule cytoskeleton to rapidly adapt to the changing

requirements of the cell [22]. Furthermore, dynamic

microtubules confer considerable morphological plasticity

to the structures that they form within different cell types

such as neurons or fibroblasts, or within different cell cycle

Fig. 2 Schematic comparison of spindle assembly in meiosis and

mitosis in the early C. elegans embryo. Chromatin is shown in green.

The nuclear envelope (orange dashes) persists in the early stages of

mitotic spindle assembly, but disappears by anaphase. Microtubules

initially invade the nuclear space through polar fenestrae
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states, such as interphase or mitosis. Therefore, intracel-

lular factors that control microtubule dynamics will

ultimately direct the timing, placement and architecture of

higher order structures such as the spindle. We next discuss

a few well-studied examples of proteins and protein com-

plexes that regulate microtubule behavior in the cell.

To be or not to be a microtubule: regulating polymer

dynamics

Preparation for mitosis requires a significant reorganization

of the cytoskeleton. The interphase array of microtubules

must be remodeled into a dynamic bipolar mitotic array

that can segregate chromatids and position the site of the

future cytokinesis furrow [30, 31]. This microtubule reor-

ganization requires changes to individual microtubule

dynamics as well as to the rate of microtubule nucleation

(for a review on regulators of microtubule dynamics, see

[32]).

A number of microtubule stabilizing proteins have been

identified through biochemical purification methods,

including early efforts [33–38], as well as the more recent

mass spectrometry approaches using microtubule pellets

from Drosophila embryos [39]. Since their identification,

many of these microtubule-associated proteins (MAPs)

have turned out to be important regulators of microtubule

behavior during spindle assembly (for a review of MAPs,

see [40]). One well-studied MAP that promotes microtu-

bule growth is the microtubule polymerase XMAP215. In

vitro work suggests that these conserved proteins bind

a/b-tubulin heterodimers and assist in supplying them to

the growing microtubule end [41–43]. Curiously, in vivo,

XMAP215 homologues are most prevalent at spindle poles,

but the protein is not often detectable on growing micro-

tubule plus ends further away from the spindle poles. It

could be that microtubule plus-end growth requires

XMAP215 for polymerization near the surface of the

centrosome, but not further away from it. Future work with

new probes and advanced imaging techniques may shed

light on this seemingly contrary result. In C. elegans, the

XMAP215 homologue ZYG-9 (zygote-defective) is

required for meiotic and mitotic spindle assembly [44], and

for normal microtubule polymerization rates [45].

Although the stabilization of microtubules is clearly

important for the assembly of structures such as the spin-

dle, equally important is the controlled removal of tubulin

subunits. In contrast to microtubule polymerases, the

kinesin-13 family of microtubule depolymerases has been

shown to induce microtubule shrinkage [46, 47]. These

kinesins do not exhibit traditional motor movement along

microtubules, but seem to be specialized for regulating

microtubule growth behavior [48–50]. In vitro, MCAK

accumulates at both the plus and the minus ends of

microtubules. Interestingly, this pattern is mirrored in vivo,

with prevalent location of the protein at spindle poles as

well as chromosomes during mitosis. One of the roles for

kinesin-13 proteins is to correct mis-attached chromatids

during spindle assembly [51–56]. When microtubules from

the same pole attach to both sister chromatids (syntelic

attachment), or when microtubules from opposite poles

attach to one chromatid (merotelic attachment), chromo-

somally located kinesin-13 induces microtubule

depolymerization to allow re-attachment of each sister to

microtubules from opposite poles. Another role for these

kinesins is in regulating microtubule outgrowth from the

centrosome [45, 57, 58]. When the C. elegans kinesin-13

member KLP-7 (kinesin-like protein) is depleted, the cen-

trosomes exhibit a twofold increase in the number of astral

microtubules [57]. Separate chromatin- and centrosome-

located kinesin-13 members are used in Drosophila to

modulate the dynamics of microtubules during spindle

assembly and the shortening of spindle microtubules in

anaphase A [59]. The activities of both microtubule poly-

merases and depolymerases can be balanced such that

microtubule dynamics are tuned to fit the needs of a highly

dynamic bipolar spindle array [60].

The centrosome: a primary generator of microtubules

In vitro experiments performed 25 years ago indicated that

microtubules can spontaneously polymerize from purified

components if the concentration of tubulin is sufficiently

high (*14 lM) [22]. However, in many cells microtubules

rarely spontaneously polymerize in the cytoplasm, rather

they emanate from specific microtubule organizing centers

(MTOCs) [61]. Indeed, microtubules polymerize in vitro at

a much lower concentration (*3 lM) when centrosomal

MTOCs are present [22]. In the early one-cell embryo of

C. elegans, one can detect individual microtubules growing

in random directions throughout the cytoplasm, in the absence

of obvious MTOCs [45]. Spontaneous polymerization of

microtubules at this stage is perhaps due to a generous

maternal contribution of tubulin present in the early

embryonic cytoplasm. However, this population of micro-

tubules completely disappears by metaphase of mitosis,

concomitantly with the maturation of the centrosomes,

which rapidly take over the role of nucleating microtu-

bules. From a combination of live imaging and electron

tomography, we estimate that over 2,000 microtubules

(representing both growing and shrinking populations) can

emanate from a single centrosome in one-cell C. elegans

embryos.

The size, position, composition and function of MTOCs

can vary greatly between different cells or different

2198 T. Müller-Reichert et al.



organisms. The major MTOC in most animal cells is the

centrosome, composed of a pair of centrioles surrounded

by pericentriolar material (PCM). An analogous structure

in budding yeast is the spindle pole body (SPB) [62].

However, unlike the spherical centrosome, this multi-lay-

ered structure is embedded in the nuclear membrane. Both

the SPB and the centrosome provide a nucleating surface

from which microtubules emanate. Microtubules growing

out from these MTOCs arrange with a typical polarity:

microtubule minus ends are anchored to the nucleating

surface, and the plus ends grow away from it. In S. cere-

visiae, nuclear microtubules grow towards chromosomes

from the nuclear SPB surface (the nuclear envelope does

not break down during mitosis), whereas cytoplasmic

microtubules grow out from the cytoplasm-facing surface

[63]. In higher eukaryotes, centrosomal microtubules have

the potential to grow out radially in all directions, although

different systems display varying levels of symmetry in the

microtubule arrays that form.

Centrioles: at the heart of the centrosome

By electron microscopy the centrosome appears as an

electron-dense region from which microtubules radiate. At

the center of the centrosome is a centriole pair, consisting

of a mother centriole and a daughter centriole arranged

orthogonally to each other (Fig. 4a). In animal cells the

centriole is required for both the formation of centrosomes

and cilia/flagella [64]. Each centriole is a cylindrical

structure that can range in diameter from 100 to 250 nm,

and in length from 100 to 400 nm, depending on the

organism (for a review, see [65]). Ultrastructural studies

have shown that the embryonic centriole in C. elegans is

‘simple’ in structure, with a central tube surrounded by

nine singlet microtubules arranged parallel to the long axis

of the tube [17, 66–68]. Centriolar microtubules are com-

posed of a/b-tubulin heterodimers but, unlike their

cytoplasmic counterparts, they are extremely stable [69].

The ninefold symmetry of centriolar microtubules is

widespread in nature. However, the Drosophila embryo has

nine doublet microtubules, and mammalian centrosomes

have nine triplet microtubules [65]. The doublet or triplet

microtubules are thought to be due, in part, to d- and

e-tubulin subunits, both of which are absent in C. elegans

[70].

In C. elegans, the mother centriole is positioned at the

center of the centrosome, and the daughter centriole is

slightly off-center [71]. The daughter centriole does not

appear to be necessary for PCM accumulation or organi-

zation. For instance, when centriole duplication is blocked,

centrosomes containing only a mother centriole still

accumulate wild-type levels of PCM, nucleate wild-type

numbers of microtubules, and the cell cycle proceeds

normally through the first round of mitosis [45, 72].

Genetic and genome-wide RNAi screens have shown

that centriole duplication in C. elegans is dependent on at

least five components of the centrosome: the conserved

protein SPD-2 (spindle defective) [73, 74], the kinase

ZYG-1 [67] and the coiled-coil proteins SAS-4 (spindle

assembly) [72, 75], SAS-5 [76] and SAS-6 [77, 78]

(Fig. 4b). Electron tomography of the C. elegans one-cell-

stage embryo through the first mitotic division revealed

that daughter centriole assembly begins with the formation

and elongation of a hollow tube, which forms in close

proximity and orthogonal to the mother centriole. The

peripheral assembly of the nine singlet microtubules

around the central tube then completes the daughter cen-

triole [68] (Fig. 4c). Coupling of electron tomography with

RNAi-based depletions of centriole components revealed

that SPD-2 and ZYG-1 are required for the initiation of

centriole duplication. In a ‘second wave,’ SAS-6 and SAS-5

are required for central tube formation and elongation,

and finally, SAS-4 is required for the assembly of the nine

singlet microtubules onto the central tube [68]. Centriolar

SAS-4 has been reported to be in a dynamic equilibrium

with the cytoplasmic pool until late prophase, when it is

stably incorporated in a step that requires c-tubulin and

microtubule assembly [79]. With the exception of SAS-5,

counterparts of these centriole proteins have been found in

other species [80–89]. Specifically, Chlamydomonas SAS-6

(bld12p) is a component of the pinwheel/cartwheel in the

proximal end of the centriole, establishing the ninefold

symmetry [87]. Furthermore, the central hub of the cart-

wheel was not detected in bld12p mutants. Likewise,

DSAS-6 organizes a tube-like centriole in Drosophila [85].

An analogous central tube has not been identified yet in

human centrioles, at any stage of the duplication process.

From centrioles to centrosomes

Through largely unknown mechanisms, centrioles provide

a blueprint for centrosome assembly and centriole dupli-

cation. These two functions limit centrosome numbers to

two per cell, each of which forms a spindle pole [65, 90].

SPD-2 and SAS-4 localize both to the centriole and to the

pericentriolar area. While spd-2(RNAi) results in a centri-

ole duplication defect, it also results in smaller, immature

and mis-positioned centrosomes [73, 74]. This suggests

that SPD-2 is likely a part of the molecular machinery

linking centrioles to PCM recruitment.

Depletion of SAS-4 also results in a centriole duplica-

tion defect, which is visible as a monopolar spindle array in

each cell of the two-cell-stage embryo [72]. Interestingly,

weak sas-4(RNAi) results in asymmetric spindles in the

Spindle assembly in C. elegans 2199



two-cell-stage embryo, such that each half of the spindle is

a different length. By electron microscopy these asym-

metric spindles also have differently sized centrosomes.

The larger centrosome contains a single ‘complete,’

paternally derived centriole, and the smaller centrosome

contains a single incomplete centriole with centriolar

microtubules missing. Furthermore, these smaller centro-

somes with incomplete centrioles were shown by light

microscopy to contain less SAS-4 and c-tubulin. Thus,

SAS-4 levels in the cell contribute to centriole structure

and PCM size. The effect on PCM seems to be directly

related to the centriolar microtubule defect because the

paternally derived centrioles have normal PCM recruit-

ment, despite sharing the same cytoplasm with their

defective daughter, which has lower levels of PCM [72].

Another link between the centriole and centrosome is the

recently described RNA-binding protein SZY-20 (sup-

pressor of ZYG-1) [91]. szy-20 was identified in a screen for

genetic suppressors of a temperature-sensitive (ts) mutation

in the zyg-1 gene [92]. Depletion of SZY-20 results in larger

centrosomes that nucleate more microtubules and an

increase in the level of ZYG-1 at the centrosome [91]. This

latter result is likely responsible for the suppression of the

temperature-sensitive zyg-1 mutant. Interestingly, artifi-

cially increasing the size of PCM in vertebrate somatic cells

can also stimulate the overproduction of centrioles [93] in a

manner reminiscent of de novo centriole assembly in cul-

tured cells [94]. It could be that the PCM itself positively

reinforces centriole assembly by bringing the necessary

factors closer to the centriole [77]. Centriole enlargement or

over-duplication was not observed in the szy-20 mutant

[91], suggesting that centriole duplication could be regu-

lated through a number of distinct pathways, depending on

the tissue-type or organism.

Centrosome size increases during the course of mitosis.

During this centrosome maturation process, additional

proteins are recruited to promote robust microtubule out-

growth and assemble the bipolar spindle. Like other PCM

components, the worm aurora-A kinase, AIR-1 (Aurora and

Ipl1-related), localizes to the centrosome throughout the

cell cycle, but its levels increase significantly at the onset

of mitosis, reaching a maximum around anaphase [95].

While many PCM components have been identified in

various systems, the picture is still unclear as to how the

centrosome assembles in terms of the protein-protein

interactions and protein modifications involved [96]. In

C. elegans, the core PCM components required for the

recruitment of all other factors are SPD-2 [73, 74] and

SPD-5 [10]. These proteins are required for centrosome

growth and maturation. Concomitant with centrosome

maturation, many proteins required for spindle assembly

accumulate at the centrosome, such as those required for

microtubule nucleation, growth and shrinkage.

c-Tubulin: supporting microtubule outgrowth

from the centrosomal surface

The outer surface of the PCM provides a platform for the

nucleation of microtubules and a point of attachment for

their minus ends [97]. One factor that is thought to promote

the nucleation and/or stabilization of microtubule minus

ends is c-tubulin. This protein was identified through work

in the fungus Aspergillus and is widely conserved through

evolution (for reviews, see [98, 99]). In Aspergillus

depletion of c-tubulin resulted in a reduction in the number

and length of microtubules, and had severe effects on

mitotic spindle assembly [100]. In all organisms examined

so far, c-tubulin is part of a heteromeric complex that

contains two members of the Spc97/Spc98 protein family

conserved from Drosophila to humans [101, 102]. Both

proteins contain two gamma ring protein (grip) domains, a

characteristic shared by many c-tubulin interacting proteins

[101]. Depletion of CeGrip1 leads to the inability to recruit

c-tubulin to the centrosome [103]. This complex, termed

the ‘‘small’’ c-tubulin complex (c-TuSC), is a subunit of a

larger complex referred to as the c-tubulin ring complex

(c-TuRC) [104, 105]. The c-TuRC has the shape of an open

ring with a diameter of approximately 25 nm, similar to a

microtubule. Within this ring each c-tubulin molecule is

thought to be positioned at the end of each protofilament

[106–108], although an alternative model has been pro-

posed [109]. The c-TuRC possesses microtubule capping

and nucleating activity in vitro [105, 110]. Electron

microscopy studies looking at the structure of microtubules

assembled from c-tubulin in vitro revealed a cap-like

structure at microtubule minus ends [106–108]. Similar

cone-shaped structures have also been observed at the

minus ends of microtubules nucleated from SPBs of bud-

ding yeast [63, 111–113] and centrosomes from Drosophila

[114] and C. elegans [71].

Although c-tubulin appears to provide kinetically dom-

inant sites for microtubule nucleation, it is apparently not

absolutely necessary for the formation of centrosomal

microtubules in vivo. Surprisingly, c-tubulin-depleted early

C. elegans embryos contain extensive microtubule arrays,

but fail in chromosome segregation and cytokinesis [103,

115]. In addition, the overall organization of the centro-

some appears to be disrupted in tbg-1(RNAi) embryos, such

that microtubules extend into the core of the centrosome

rather than abutting near the outer surface [103, 115].

Electron tomography of centrosomes in tbg-1(RNAi)

embryos reveals that centrioles lose their central position

within the centrosome (O’Toole, Srayko and Müller-

Reichert, unpublished results). Also the end morphology of

the microtubule minus ends is altered. Upon depletion of

c-tubulin, the cone-shaped structure as seen in wild-type

embryos is lost, and the majority of the microtubule ends

2200 T. Müller-Reichert et al.



are open as observed by electron tomography (O’Toole,

Srayko, and Müller-Reichert, unpublished results). There-

fore, centrosomal c-tubulin could function primarily in

anchoring and organizing of microtubules at the centro-

some, rather than in their nucleation per se.

Structurally, the nature of the PCM remains one of the

biggest mysteries of the centrosome field, and we have only

a rudimentary knowledge about this ‘filamentous network’

that can carry out all the functions of the animal spindle

pole.

Acentrosomal spindle assembly: female meiosis

in C. elegans

Although most animal cells use centrosomes to nucleate

microtubules when building the bipolar spindle apparatus,

one exception is widespread: the female meiotic spindle

[7, 116–118]. The prevalence of acentrosomal spindles in

female meiosis and higher plant cells poses the question:

are centrosomes absolutely necessary for spindle assembly

in mitotic animal cells? A growing number of experiments

suggest that alternative non-centrosomal pathways indeed

exist in vertebrate cells [119, 120] as well as in Drosophila

[82, 121–123]. For C. elegans, it appears that a non-cen-

trosomal pathway is either not present or not sufficient for

the first mitotic division, despite its use during female

meiosis. The absence of centrosomal MTOCs in female

meiosis has a profound impact on microtubule nucleation,

spindle assembly and the mechanism of chromosome

segregation, yet it does not seem to affect the overall

fidelity of the process. We next discuss the loss of cen-

trosomes from the female germline and the consequences

of this loss on meiotic spindle assembly.

No centrosomes? No problem! (…at least not for female

meiosis)

Centriole elimination resulting in sex-specific dimorphism

of the female and male meiotic spindles is prevalent

throughout the animal kingdom, suggesting that this system

has evolved to ensure that the first mitosis of the zygote

proceeds only when both male and female genetic material

is present. Centriole elimination from the oocyte rather

than the sperm appears to be more common. For many

organisms, the centriole plays an important role as a basal

body for flagellar production and motility [64, 124].

However, C. elegans sperm are amoeboid and crawl

towards the oocyte using the contractility of a unique

cytoskeletal polymer known as the MSP (major sperm

protein) [125]. Centriole elimination from the oocytes as

opposed to the sperm, therefore, could be advantageous,

because the acentrosomal spindles lack robust astral

microtubules, which might help limit the amount of cyto-

plasm lost upon polar body extrusion [7].

The process by which centrioles are eliminated from the

oocyte cytoplasm is largely mysterious. In C. elegans,

centrioles disappear during oocyte maturation, which

occurs within the reflexed region of the gonad arm [7, 126].

Although the mechanism is unclear, one gene implicated in

centriole elimination is the cyclin-dependent kinase

inhibitor cki-2, which negatively regulates the cyclin

E-Cdk1 complex [126]. As electron tomography has been

used successfully to visualize the structural pathway of

centriole assembly in the early C. elegans embryo [68], it is

likely that this technique could also be applied to document

structural changes to the centrosome throughout the elim-

ination process in oocytes.

With the centrioles eliminated from the cytoplasm,

oocytes must use non-centrosomal mechanisms to build a

bipolar spindle for the two ensuing meiotic divisions. One

important feature of acentrosomal spindle assembly is that

chromatin, rather than centrosomes, seems to promote the

formation of microtubules. Indeed, early work in centro-

some-free Xenopus extracts revealed that even plasmid

DNA-coated beads can stabilize and organize microtubules

into a bipolar spindle-like structure [127]. At least one

factor that is required for the stabilization of microtubules

near chromatin in many systems is the small GTPase Ran,

which can bind to either GDP or GTP (reviewed in [128].

The chromosomal guanine exchange factor RCC1 is

responsible for generating Ran-GTP [129]. Ran-GTP con-

centration is therefore high near chromatin, but low

elsewhere in the cell. Ran-GTP then releases/activates a

number of proteins that help to stabilize microtubules near

chromatin. In this elegant mechanism, microtubules

become stabilized only if they polymerize near chromo-

somes, but remain dynamic if the plus ends grow away

from chromatin. Of note, ran-1 in C. elegans is required for

mitotic spindle assembly, but is not required for female

meiotic spindle assembly [130, 131]. This is somewhat

surprising, given that a microtubule network forms rapidly

around the female meiotic chromatin during nuclear

envelope breakdown. Instead, C. elegans Ran seems to be

specifically required for mitotic spindle assembly (see

below).

Katanin and the generation of microtubules by severing

As discussed above, the centrosomes provide a powerful

nucleating center for the production of microtubules, but

chromatin can also be used to generate microtubules.

However, when centrosome function is removed in

C. elegans, mitotic chromatin is a poor substitute for the
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centrosome, suggesting that chromatin-based pathways of

microtubule nucleation are under-utilized in the mitotic

environment [10, 45, 77]. Therefore, how are microtubule

arrays generated to build the acentrosomal meiotic spindle?

Surprisingly, microtubule severing by the enzyme katanin

has been implicated in the generation of microtubules

near female meiotic chromatin during spindle assembly

[8, 132].

The existence of microtubule-severing activity was first

reported in mitotically active Xenopus egg extracts [133].

This activity was not found in the interphase extract, sug-

gesting that the component(s) responsible might

disassemble interphase microtubules in preparation for

mitosis. Subsequent work identified a single heterodimeric

protein that exhibited ATP-dependent microtubule severing

activity. This complex was named katanin, after the Japa-

nese samurai sword, katana [134, 135].

The C. elegans MEI-1/MEI-2 katanin complex is

required specifically for the assembly of the acentrosomal

female meiotic spindles [136, 137]. After meiosis is com-

plete, katanin is degraded by ubiquitin-mediated

proteolysis; if it is not degraded, mitotic spindle function is

severely perturbed (reviewed in [138]. In the absence of

katanin, microtubules form around meiotic chromatin, but

they fail to assemble a bipolar spindle [136, 137, 139].

Polar bodies are often not generated due to the failure to

segregate chromosomes, and those that do form are usually

extremely large.

Electron tomography and 3D modeling, used to compare

female meiotic spindles in wild-type and katanin-depleted

embryos, revealed some interesting structural features of

the spindle microtubules [132]. The wild-type spindles are

composed of many short microtubules, most of which are

aligned and oriented along the spindle axis. As such, most

of the microtubules do not span the entire chromatin-to-

pole distance, and many of the pole–proximal microtubule

ends are distributed throughout the volume of the spindle.

The majority of the microtubule ends in the spindle display

a flared or open morphology, indicating that they are likely

either growing or transiting between dynamic states.

Consistent with this observation, fluorescence speckle

microscopy of spindles created in Xenopus extracts also

suggests that most microtubules are shorter than the pole-

chromatin distance [140]. In addition, mature Drosophila

meiosis I spindles could contain microtubules of mixed

polarity, based on anti-parallel trajectories of the microtu-

bule plus-end marker EB1::GFP within the spindle [141].

Therefore, meiotic spindle assembly/function might not

depend on individual microtubules making a connection

between chromatin and the poles. Such a connection may

not be required, if, for instance, chromosomes are pushed

rather than pulled apart during anaphase. Alternatively,

many microtubules of different lengths could become

closely associated or bundled in order to form the bipolar

array (Fig. 3e).

A close look at the microtubule polymers in the meiotic

spindle also revealed lateral defects in the microtubule

wall, which likely represent the initial severing process by

katanin; these defects were not observed in spindles from

mei-1(null) mutants [132]. Furthermore, in mei-1(null)

mutant embryos only a few long microtubules were found

around the chromatin as compared to wild-type spindles.

Thus, katanin-induced severing likely involves an initial

perforation of the microtubule lattice followed by complete

severing of the laterally attacked microtubules [132, 135].

In an acentrosomal environment where chromatin is a

relatively inefficient microtubule nucleator [10, 45, 77],

katanin-induced severing likely functions to increase the

total number of microtubules [132]. Interestingly, double-

mutant analysis has indicated that microtubule severing

and c-tubulin-dependent nucleation may provide redundant

mechanisms for increasing microtubule number [8]. A

useful analogy to this increase in microtubule number is the

Scotch� tape dispenser: from a single role of tape, one can

pull out a long strip or, with periodic tearing, any number

of shorter fragments that can be used for a multitude of

tasks. Therefore, the meiotic chromatin does not need to be

efficient at generating microtubules if length is not an

issue. Severing of a few long polymers generates many

short fragments and likely facilitates their incorporation

into a bipolar spindle array.

Organizing the microtubules into a bipolar array

After the microtubules form around chromatin, an acentr-

osomal spindle begins to take shape as microtubules

organize into a recognizably bipolar array [7, 116, 142–144].

Depletion/inactivation of specific microtubule-motor pro-

teins from Xenopus extracts and analysis of mutations that

affect the assembly of acentrosomal spindles in Drosophila

have shed light on the question of how such microtubule

arrays can be converted into a bipolar spindle [19, 145, 146].

Microtubule bundling and sorting is most likely achieved by

plus-end directed motor proteins, implicated in pushing

microtubule minus ends away from the chromatin [145,

147–149] and non-motor MAPs, such as PRC1 and CLASP

families [150]. The resulting radially symmetric microtu-

bule array is then focused into two opposing poles, likely by

minus-end directed motors with microtubule tethering

properties [145, 151]. Interestingly, electron tomography of

meiotic spindles in C. elegans showed no characteristic pole

structure or electron-dense material [132].

The chromatin is the most likely location for microtu-

bule-organizing factors required during the early stages of

acentrosomal spindle assembly. In meiosis I, the six
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bivalent chromosomes are oriented in an end-to-end man-

ner [7, 152], and the six bivalents usually adopt a

characteristic rosette pattern when viewed down the

spindle axis in metaphase (Fig. 3a). As noted from electron

micrographs of C. elegans meiotic chromatin (Fig. 3b),

microtubules appear to embed directly into the surface of

Fig. 3 Acentrosomal spindle organization in C. elegans female

meiosis. a Schematic representation (above) of the first meiotic

division (b-tubulin::GFP; lower panels). Microtubules form around

the chromatin and become organized into a bipolar array (only three

bivalents are drawn). At this stage, KLP-18 is required for microtu-

bule bundling and pole focusing. Chromosomes align on the

metaphase plate in a rosette pattern (shown above), and KLP-19

(red strip) is implicated in providing an anti-poleward force that could

exert a torque on the paired chromosomes to ensure their proper

alignment (yellow arrows). The redistribution of microtubules in

metaphase-anaphase and telophase is represented schematically. By

telophase, microtubules begin to accumulate around chromatin to

assemble the second meiotic spindle. b Electron micrographs showing

the formation of the first polar body with an enlarged view of a

kinetochore region (mid panel). c Three-dimensional reconstruction

of one half of a meiotic wild-type spindle (microtubules in red, pole–

proximal ends as white spheres, pole–distal ends as blue spheres,

chromatin in green; p is spindle pole, from [132]). d Tomographic

slice showing lateral disruption of the lattice of a spindle microtubule

(arrows). e Model explaining the role of katanin (shown as stars) in

female meiotic spindle assembly. One half spindle is shown;

chromatin is green. Katanin converts a few long microtubules into

many short microtubule fragments that may become bundled and

arranged into the bipolar array. f Gallery of microtubule pole–distal,

and g gallery of microtubule pole–proximal ends showing a variety of

open, flared morphologies. Scale bars are 5 lm in a, 500 nm in c, and

50 nm in d
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the uniformly electron-dense structure. Furthermore, these

sites lack any obvious structural features that mark them as

kinetochore versus non-kinetochore regions. Despite this,

kinetochore proteins clearly decorate the outer pole-facing

surface of the condensed meiotic chromatin [153]. The

C. elegans chromosomes are holocentric, with the kinetochore

spanning the entire length of the chromosome [7, 154]. The

holocentric kinetochore presents an important challenge to

the fidelity of chromosome segregation because it is a large

target for multiple microtubules. This property suggests

that merotelic attachment could occur readily [17, 71, 155].

KLP-19 is a kinesin-like protein that might help to limit

merotelic attachment in both meiosis and mitosis by pro-

viding a constant anti-poleward force on chromosomes

[155]. KLP-19, closely related to motors of the kinesin-4

family, locates to a specific region of non-kinetochore

chromatin, circumferentially between bivalents in meiosis I

and sister chromatids in meiosis II [155, 156]. Therefore,

the two kinetochore regions of the paired chromosomes

flank an internal KLP-19 zone. Provided lateral contact

with microtubules occurs, this internal zone would tend to

pull the chromosome pair along microtubules in an anti-

poleward direction towards the metaphase plate. The

kinetochore region adjacent to the KLP-19 zone would pull

the chromosome in the opposite direction. This could

generate torque on the chromosomes and result in their

alignment on the metaphase plate, with the two paired

kinetochore regions facing opposite poles [155]. In vivo

imaging of meiotic spindles with GFP::b-tubulin revealed

that prominent microtubule bundles run along the sides of

the chromatin [156]. The microtubule bundles are proposed

to aid in the orientation and alignment of chromosomes.

Some association between the lateral surfaces of microtu-

bules and the chromatin has been observed in EM

tomograms of the meiotic spindle (E. O’Toole, unpub-

lished observation). Further observations of microtubule

ultrastructure should reveal more information about the

nature of the microtubule–chromatin interface.

Another kinesin-like protein that is involved in orga-

nizing microtubules is KLP-18 (kinesin-12 family member)

[142]. During meiotic prometaphase, metaphase and ana-

phase, KLP-18 becomes concentrated at the poles.

Depletion of KLP-18 by RNAi prevents parallel bundling/

bipolar organization of the microtubules that accumulate

around the female meiotic chromosomes, leading to chro-

mosome mis-segregation [142, 156]. A similar role in

promoting the bipolar arrangement of microtubules has

also been ascribed to the mesp-1 (meiotic spindle) gene

[156]. Although the molecular mechanism is not clear,

these proteins could participate in microtubule cross-link-

ing, as has been suggested for the kinesin-5 proteins

(formerly BimC) in other organisms [157, 158]. The sole

C. elegans kinesin-5 member BMK-1 seems to provide a

resistance force against pole separation during anaphase of

mitosis [159]; otherwise, obvious defects are not apparent

in meiosis in the null mutant [160].

Throughout the assembly process, the meiotic spindle

also exhibits a stereotypical translocation to the cortex

accompanied by a rotational movement [7, 161]. The fact

that these anastral spindles exhibit rotational movement

suggests an interaction between the cortex and at least one

of the poles. At the start of the process, the spindle trans-

locates to the cortex in a parallel orientation. This

movement requires the kinesin-1 microtubule plus-end

directed motor protein UNC-116 and the microtubule

minus-end directed motor protein dynein [161, 162]. The

90� rotation of the spindle and final juxtaposition of one

pole to the cortical surface requires LIN-5 (Mud/NuMA-

related), ASPM-1 (abnormal spindle-like, microcephaly-

associated) and CMD-1 (calmodulin), which form a com-

plex that is concentrated at the spindle poles [163]. One

function for this complex is to localize dynein. Dynein

could in turn provide a pulling force to maintain contact

between the spindle and the cortex [163].

During the metaphase-to-anaphase transition, the dis-

tribution of microtubules in the spindle rapidly transforms

from a prominent chromatin-to-pole location to a primarily

inter-chromosomal, or midzone location (‘inside-out’

spindle) [7, 8]. In telophase, chromosomes separate to a

maximal distance of 4 lm, and microtubules are detected

only in the midzone. In this extremely asymmetric cell

division, the bivalent chromosome set that is closest to the

cortex becomes packaged into a small polar body that is

extruded. After a brief interphase, the process reiterates in

meiosis II. Interestingly, a similar pattern of microtubule

reorganization is observed in the mouse oocyte [164]. The

predominance of inter-chromosomal microtubules during

anaphase suggests that segregation of the chromosomes in

C. elegans is achieved by a pushing mechanism. During

the anaphase-telophase transition, further remodeling of

the microtubules occurs. The cytokinesis furrow bisects the

midzone between the separated chromosomes, and the

microtubules rapidly disappear as the polar body is formed.

An analysis of a weak katanin mutant indicated that

microtubule severing is also required for the redistribution

of microtubules at this stage [8]. However, other microtu-

bule regulators could also play a role. As with the weak

katanin mutant, when the microtubule-depolymerizing

kinesin KLP-7 is reduced, large polar bodies are often

created during meiosis (M. Srayko, unpublished observa-

tions). Although there could be many different reasons for

this phenotype, a simple explanation based on the expected

biochemical activity of both KLP-7 and katanin is that their

inhibition prevents the normal removal of microtubules

from the polar regions during the anaphase-telophase

transition, when polar bodies are being extruded.
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Centrosome-based spindle assembly in the one-cell

embryo of C. elegans

At the end of meiosis, the centrosomes begin to nucleate

microtubules in preparation for mitosis. In addition to

being a center for microtubule production, the centrosome

also provides a platform from which modulators of

microtubule dynamics and stability can act (for a review,

see [65]. Several proteins have been identified that play key

roles in spindle assembly in mitosis, and most of them

locate to the centrosome or the spindle microtubules. Near

the top of the hierarchy for regulators of mitotic spindle

assembly are the Aurora kinases. These kinases are

required for many mitotic processes, including centrosome

maturation, spindle assembly, chromosome segregation

and cytokinesis [165–168]. Metazoans have two distinct

Aurora kinases, Aurora A and Aurora B (i.e., AIR-1 and

AIR-2 in C. elegans) [169, 170]. Aurora B kinases behave

as ‘‘chromosomal passengers’’ in meiosis and mitosis by

associating with kinetochores until anaphase, whereupon

they translocate to central spindle microtubules (for a

review on chromosomal passengers, see [171]). Aurora B

in C. elegans is also required for the release of chromo-

some cohesion in meiosis. Aurora A kinases, however,

locate to the centrosome and spindle microtubules, and

have at least three major roles in C. elegans: (1) centro-

some maturation and microtubule nucleation [45, 95, 103,

169], (2) bipolar spindle formation and stability of spindle

microtubules [172], and (3) nuclear envelope breakdown

[173]. It is still largely unknown how Aurora kinases

facilitate these important steps in mitotic spindle assembly.

Part of the difficulty in studying Aurora kinase functions

(particularly Aurora A) is that their complete depletion

results in pleiotropic defects, thus limiting insight into any

single function within a related process (for a review on

Aurora A’s many functions at the spindle pole, see [174]).

One protein, TPXL-1, has been implicated in a subset of

Aurora A’s functions during C. elegans spindle assembly

[172]. TPXL-1 is a worm orthologue of the well-charac-

terized microtubule-stabilizing protein TPX2 [175–177].

Strikingly, in tpxl-1(RNAi) embryos, the assembling mito-

tic spindle collapses soon after nuclear envelope break-

down, because the centrosomes are pulled towards the

chromatin [172]. TPXL-1 activates and localizes the Aurora

A kinase to spindle microtubules. This targeting likely

facilitates Aurora A-dependent phosphorylation of down-

stream substrates required for microtubule stability [172].

One candidate is the TAC-1 (transforming acidic coiled-

coil-like) protein. TAC-1 is a targeting component of the

XMAP215 homologue ZYG-9, and both proteins are

required for microtubule plus-end growth [178–181]. Fur-

thermore, TAC-1 homologues are Aurora A substrates

[182]. Because TPX2 is also a microtubule binding protein

[183], it is possible that phosphorylation of TPXL-1 by

Aurora A also contributes to stabilization of the spindle

microtubules. It is likely that the identification of other

Aurora A substrates will provide further insights into the

mechanisms of spindle assembly.

The protein phosphatase complex RSA (regulator of

spindle assembly) is also important for centrosome-based

microtubule functions, but unlike Aurora A, it is not

required for centrosome maturation per se [57]. This PP2A

phosphatase complex includes RSA-1 (a regulatory B

subunit) and RSA-2 (a putative structural component),

which are specifically required for microtubule outgrowth

from centrosomes and for spindle microtubule stability

during mitotic spindle assembly. The RSA complex is

localized to the centrosome through an RSA-2-mediated

physical interaction with the core PCM component SPD-5

[57, 96]. Furthermore, RSA seems to mediate spindle

assembly functions in part by down-regulating the micro-

tubule depolymerase KLP-7 (to allow robust microtubule

growth) and up-regulating the microtubule-stabilizing

protein TPXL-1 (to stabilize these microtubules during

spindle assembly) [57]. A direct interaction between the

RSA complex and TPXL-1 suggests that this protein could

be a substrate of the phosphatase; RSA is required for the

proper targeting of TPXL-1 to the centrosome. Therefore,

RSA could coordinate the activities of at least two different

microtubule regulators to facilitate spindle assembly.

Early spindle assembly: making contact

with the kinetochore

After nuclear envelope breakdown, a subset of microtu-

bules makes contact with kinetochores on chromosomes to

begin the process of spindle assembly. In some organisms,

a subset of microtubules that grow toward chromatin do not

establish connection with kinetochores, but instead interact

with microtubules from the opposite pole. These interpolar

microtubules could supply pushing forces to help separate

chromatids during anaphase, or help to regulate the sepa-

ration of chromatids by resisting pulling forces on the

spindle poles. Depending on the organism or cell type, a

varying proportion of non-kinetochore (or astral) microtu-

bules also grows out from the centrosome.

Many organisms seem to utilize chromatin-based path-

ways to help generate kinetochore microtubules during

spindle assembly, even when centrosomes are present. In

Drosophila the production of kinetochore microtubules

during spindle assembly is facilitated by a protein complex

called augmin. Kinetochore microtubules are initially

generated via the centrosome or chromatin pathway; these

microtubules are then targeted by augmin, which in turn

recruits and activates c-TuRC for further microtubule
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nucleation [184]. A human augmin-like complex (HAUS)

that regulates centrosome and spindle integrity has also

been reported [185].

In many systems, the Ran-GTP gradient also contrib-

utes to the production and stabilization of microtubules

around chromatin, even if centrosomes are present [128].

However, the role of Ran in C. elegans spindle assembly

might not involve chromatin-based production of micro-

tubules. In ran-1(RNAi) embryos, robust microtubule

growth from centrosomes is observed during spindle

assembly, but the centrosomes gradually drift apart, and

chromosome separation fails in anaphase despite relatively

normal separation of centrosomes [45, 130]. A sensitive

assay that measures the numbers of microtubule plus ends

over time revealed that more microtubules grow towards

chromatin than away from chromatin during the early

stages of mitotic spindle assembly [45]. When Ran is

depleted, microtubule nucleation and outgrowth rates are

no longer anisotropic. The reason for this anisotropy in

C. elegans is not clear, but Ran is also required for nuclear

envelope formation [130], and it has been suggested that

the nuclear envelope might contribute to microtubule

growth anisotropy [45]. Unlike many higher eukaryotic

systems, spindle assembly in C. elegans begins with the

nuclear envelope largely intact, except for two fenestrae,

through which microtubules grow towards chromatin [72].

Eventually, the envelope breaks down completely, but the

delay could be important for efficient spindle assembly in

at least two ways. First, the nuclear membrane could

simply force all microtubules within the nuclear environ-

ment to grow towards the chromatin, thus increasing the

probability of contact with the kinetochores. Second, if

microtubules within this region do not contact a kineto-

chore, they would continue to grow past chromatin and be

directed into the opposite pole, where they would be

depolymerized, perhaps by KLP-7. In this way, the chro-

matin would be surrounded by a highly dynamic

population of microtubules constantly growing from the

centrosomes and quickly shrinking again if contact with

the kinetochore is not achieved.

Maintaining stable microtubules during spindle

assembly

After microtubules make contact with kinetochores on

chromosomes, these microtubules can exhibit some addi-

tion and subtraction of tubulin subunits from either the plus

ends or the minus ends. In many types of interphase cells,

microtubule minus ends in the centrosome tend to be sta-

ble; they do not lose or gain tubulin subunits, and most of

the tubulin turnover takes place at the plus ends. In mitosis,

however, while much of the microtubule turnover is still at

the plus ends, the dynamics of minus ends becomes more

complex (for a review on microtubule minus ends, see

[186]). Photobleaching and fluorescence speckle micros-

copy used to follow the movement of polymers have

revealed that spindle microtubules slowly lose subunits

from their minus ends, but gain subunits at the plus ends, a

process termed microtubule flux. This could contribute to

the regulation of spindle length and chromosome move-

ment towards the centrosome in anaphase A [59, 187, 188].

However, similar photobleaching experiments have so far

not detected any significant flux within C. elegans spindle

microtubules in anaphase [189]. This suggests that once

formed, the kinetochore microtubules are relatively stable

during anaphase. This may explain why anaphase A-spe-

cific chromosome segregation in the C. elegans one-cell

embryo is relatively subtle [154].

EM tomography has also been used to study the minus

ends of microtubules near the centrosome. The kinetochore

microtubule minus ends near the centrosome often display

an open morphology [71], which suggests that these

microtubules could be in a dynamic state (Fig. 4d, e). This

is in contrast to the photobleaching experiments mentioned

above; however, it could be that the amount of flux is

below the limit of detection via light microcopy tech-

niques. One hint for a potential source of the open

microtubule minus ends comes from the study of tpxl-

1(RNAi) embryos. Electron tomography of the tpxl-

1(RNAi) collapsed spindle phenotype revealed a drastic

shortening of the kinetochore microtubules. Compared to

wild-type spindles, these microtubules exhibited more open

minus ends near the centrosome [172]. Therefore, the tpxl-

1(RNAi) embryos provide support for the idea that micro-

tubule instability manifests as an open, pole-proximal end

morphology. It is also possible, however, that the open

ends arise as a consequence of excessive pulling forces

from the kinetochore microtubules.

Pulling forces on microtubules during anaphase

Astral microtubules are able to make contact with the cell

cortex and thus provide a mechanism to orient and position

the mitotic spindle relative to cortical polarity cues [30,

190]. The mitotic spindle in the one-cell C. elegans embryo

provides a particularly striking example of extensive astral

microtubule arrays. Pulling forces, likely located at the

cortex, act on astral microtubules to separate the two

centrosomes during anaphase [189–193]. Unlike many

other systems, most of the mitotic anaphase chromosome

movement in the C. elegans embryo is due to the separa-

tion of the two centrosomes (anaphase B), rather than by

decreasing the distance between the centrosomes and the

chromosomes (anaphase A) [154].
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With a shift of the first mitotic spindle towards the

posterior of the embryo, both daughter cells end up with a

copy of the replicated diploid genome, but the anterior cell

(AB) is slightly larger than the posterior one (P0). At this

point polarization and chromosome segregation during the

first mitotic division is achieved, and the early embryo

continues with its developmental program.

Conclusions

The nematode worm develops in an amazingly stereotyp-

ical manner [194]. This feature has been a critical

advantage for the study of cell fate patterns, and this is

mirrored in the cell biology of the one-cell embryo.

Complicated morphological changes to the microtubule

cytoskeleton are required for spindle assembly, and cell

division and these changes occur in each individual embryo

with almost perfect reproducibility. This aspect of C. ele-

gans biology contributed to the success of the first genome-

wide RNAi screen, which allowed a classification of

cellular defects from a collection of over 100,000 videos

[195]. Moreover, this genome-wide screen has stimulated

systematic structure and function analyses by electron

tomography [57, 68, 71, 132, 172]. The predictable nature

of the cellular events will continue to be a compelling

Fig. 4 Mitotic spindle organization in the C. elegans embryo.

a Schematic representation of the C. elegans centrosome, with a pair

of centrioles surrounded by pericentriolar material (PCM) and minus-

end nucleated/anchored microtubules. b Functional levels of the

centrosome. Cartoon illustrating core proteins responsible for centri-

ole duplication (first level) and PCM assembly (second level).

Proteins of the third level influence microtubule nucleation, poly-

merization and depolymerization. The aurora kinase AIR-1 is

involved at multiple steps, in both the maturation of the centrosome

and the regulation of downstream effectors. c Ultrastructural pathway

of centriole duplication in C. elegans early embryos (modified from

[68]). d Partial reconstruction of a metaphase half-spindle. Microtu-

bules that contact the chromosomes (green) are designated

kinetochore microtubules (shown in yellow). Other microtubules are

displayed in red. Microtubule ends in the spindle pole, surrounding

the centriole pair (blue cylinders), are indicated by white spheres.

e Kinetochore microtubules have an open, flared plus-end morphol-

ogy (upper row). About 80% of the microtubules in the centrosome

(lower row) have closed, capped minus ends (arrowhead), although

some microtubules with open ends (arrows) are observed (modified

from [71])
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reason to use the early C. elegans embryo to study

assembly and 3D architecture of centrosomal and acentr-

osomal spindles.
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