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Organisms that reproduce sexually utilize a specialized form of

cell division called meiosis to reduce their chromosome number

by half to generate haploid gametes. Meiosis in females is

especially error-prone, and this vulnerability has a profound

impact on human health: it is estimated that 10–25% of human

embryos are chromosomally abnormal, and the vast majority of

these defects arise from problems with the female reproductive

cells (oocytes). Here,wehighlight recent studies thatexplore how

these important cells divide. Although we focus on work in the

model organism Caenorhabditis elegans, we also discuss

complementary studies in other organisms that together provide

new insights into this crucial form of cell division.
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Introduction
Oocytes have several features that differentiate them from

mitotically dividing cells and, therefore, necessitate the use

of unique mechanisms. First, meiotic cells undergo a spe-

cialized cell division program with one round of DNA

replication followed by two rounds of division to halve their

chromosome number. Segregation during the first meiotic

division depends on recombination (crossing over) between

paternally and maternally derived homologous chromo-

somes. In Caenorhabditis elegans, there is only one crossover

per homolog pair that is typically formed off-center, leading

to the formation ofcruciform bivalents in Meiosis I (MI) with

long and short arms (reviewed in Ref. [1]) (Figure 1). At

Anaphase I, sister chromatid cohesion is released along the

short-arm axis of the bivalent, allowing the crossover to be

resolved and homologous chromosomes to segregate away

from one another. This is followed by a second division,

where sister chromatids separate, resulting in haploid
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gametes. Execution of this complex set of chromosomal

events requires mechanisms to precisely pattern meiotic

chromosomes such that they can align on the spindle and be

faithfully segregated during each division.

Another distinguishing feature of oocytes of many species

is that they lack centriole-containing centrosomes, which

nucleate microtubules and act as structural cues to define

and organize the spindle poles during mitosis and male

meiosis (thus, oocyte spindles are ‘acentriolar’). Conse-

quently, oocyte spindles assemble using a different path-

way and are morphologically distinct from spindles con-

taining centrosomes; acentriolar spindles are smaller and

lack astral microtubules at the poles (Figure 2). How

these spindles form and then subsequently mediate chro-

mosome segregation are important questions.

The model organism C. elegans has emerged as a powerful

system to address these questions. These worms are

transparent and the oocyte meiotic divisions are rapid,

allowing visualization in live, intact animals. Moreover,

they are amenable to a wide variety of experimental

manipulations, facilitating combined genetic, genomic,

and cytological approaches. Recent studies in this system

coupled with complementary work in other organisms

have deepened our understanding of how acentriolar

oocyte spindles form and how chromosomes congress

and segregate on these spindles.

Acentriolar spindle assembly and organization
Recent work has shed light on some of the mechanisms

by which oocytes organize microtubules into a bipolar

spindle in the absence of centrosomes. One major path-

way was discovered through studies of mouse oocytes. In

this system, small microtubule asters called microtubule

organizing centers (MTOCs) start out dispersed in the

cytoplasm and then cluster together near the chromo-

somes and reorganize into a bipolar spindle, suggesting

that self-organization of these structures drives acentriolar

spindle assembly [2]. In contrast, live imaging of human

oocytes has demonstrated that spindle assembly proceeds

without MTOCs, demonstrating the existence of other

mechanisms [3]. Interestingly, work in C. elegans oocytes

has demonstrated that its pathway of spindle assembly

looks similar to human [4], suggesting that it could be a

powerful model for uncovering these mechanisms.

As the meiotic divisions are initiated in C. elegans, a diffuse

haze of tubulin initially appears within the nucleus as the

nuclear envelope begins to break down [5]. Then,
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Figure 1
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Chromosome organization during C. elegans meiosis.

During Meiosis I, homologous partner chromosomes (depicted in light and dark blue) pair and recombine to form bivalents. In C. elegans, there is

one crossover per homolog pair that tends to form off-center; the recombined chromosomes then reorganize around this crossover (depicted with

blue arrows), resulting in cruciform bivalents with long and short arms. These bivalents then condense further before the meiotic divisions, such

that the short arms are largely indistinguishable. Kinetochore proteins form cup-like structures (purple) that surround the two ends of the bivalent,

and a multi-protein ring complex (RC; red) forms around the short arm axis.
microtubules nucleate and assemble into a cage-like struc-

ture located inside the disassembling envelope; the circular

shape of this array is thought to arise from constraints on the

microtubules by the nuclear envelope remnants. Subse-

quently, microtubules are reorganized such that the minus

ends are sorted to the periphery of the structure, and then

these ends are organized into multiple nascent poles that

coalesce to form the bipolar spindle (Figure 3a) [4]. These

steps then repeat during Meiosis II (MII), although the cage-

like structure does not form since there is no disassembling

nuclear envelope; instead microtubules appear to nucleate in

the vicinity of the chromosomes, suggesting that there may

be different mechanisms for microtubule formation in MI

and MII [4].

Currently, it is not known how microtubules are initially

nucleated in the early stages of spindle assembly. g-tubu-
lin is present in vicinity of the disassembling nuclear

envelope, but depletion of this protein does not lead to

obvious spindle defects [6,7]. Moreover, the Ran path-

way, which has been shown to be important for spindle

assembly in mouse, Drosophila, and human oocytes

(reviewed in Ref. [8]) has been reported to be dispensable

for chromosome segregation in C. elegans oocytes [9],

although a detailed characterization has not been per-

formed. Given this gap in knowledge, uncovering factors

facilitating microtubule nucleation during the two mei-

otic divisions is an important area of future study.

In contrast, some factors mediating later steps of acentriolar

spindle assembly have been uncovered. KLP-18 (a kinesin-

12 family motor) and MESP-1 (an auxiliary protein) are

required for sorting microtubule minus ends to the periphery

of theassemblingspindle[4,10–12].Moreover, several factors

have been implicated in focusing spindle poles, including the
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MEI-1/2microtubuleseveringcomplex(katanin) [13,14], the

microtubule minus-end binding protein ASPM-1 [12], and

dynein [15,16]. Finally, the kinesin-13 family member

MCAK (KLP-7) is required for proper pole organization

and for regulating microtubule length [5,17,18,19��]. Investi-

gating how these factors collectively work to promote both

initial pole formation and also the coalescence of multiple

poles into a bipolar spindle will be important to understand

these critical aspects of acentriolar spindle assembly.

Another keyquestion is how microtubuleswithin the bipolar

spindle are organized into a functional array that can drive

chromosome congression and segregation. In some species

(e.g. Xenopus and Drosophila), acentriolar spindles lack long

microtubules thatextendfrom thepoles to thechromosomes

and instead are composed of short microtubules organized

into a tiled array [20–23]. This is also likely in C. elegans
oocytes, as a partial electron microscopy reconstruction of a

metaphase spindle revealed the presence of numerous short

microtubules [24]. Upon depletion of MEI-1/2, the spindle

was composedoffewer, longermicrotubules, suggestingthat

katanin’s severing activity produces short microtubules that

can be arranged by other factors into a bipolar spindle of the

correct length [24]. The highly homologous minus-end-

directed kinesins KLP-15 and KLP-16appear to be required

for this function; upon depletion of these proteins, micro-

tubules cannot reach the multipolar stage and instead col-

lapse into a dense array of short microtubules. Thus, these

factors may organize short microtubules into longer bundles

that can facilitate chromosome dynamics [25��].

Chromosome congression is mediated by
lateral microtubule interactions
C. elegans meiotic chromosomes have a number of unique

features that facilitate their congression and segregation.
www.sciencedirect.com
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Comparison of spindle morphology with and without centrosomes.

Shown are C. elegans spindles in oocyte meiosis (top) compared to

the mitotic one-cell stage embryo (bottom); microtubules are in green

and DNA in blue. Acentriolar oocyte spindles are much smaller and

lack astral microtubules at the poles. Bar = 10 mm.
First, C. elegans chromosomes are holocentric, which means

that kinetochore proteins load along the entire chromo-

some and, therefore, appear to cup each half of the bivalent

in Meiosis I (Figure 1) [26]. Interestingly, while in sper-

matocytes these cup-like kinetochores form end-on micro-

tubule attachments, in oocytes microtubules instead run

along the sides of the bivalents and appear to predomi-

nantly form lateral associations [11,19��]. However, despite

the lack of end-on attachments, depletion of kinetochore

components causes defects in chromosome orientation on

oocyte spindles, suggestingthat kinetochoreshelp align the

bivalents within the lateral bundles [27].

In the absence of canonical kinetochore attachments,

chromosome congression relies on a protein complex that

forms a ring around the center of each bivalent (or around

the sister chromatid interface in Meiosis II) [11], called

the ring complex, or ‘RC’. This complex has been shown

to exhibit an unusual behavior in oocytes experimentally
www.sciencedirect.com 
arrested in metaphase, with the complex stretching away

from the chromosomes towards microtubule plus ends,

suggesting that it can generate plus-end-directed forces

[15]. One component of the RC that could provide this

activity is the kinesin-4 family member KLP-19, which

has been proposed to ‘walk’ chromosomes along the

lateral bundles to the center of the spindle [11]. However,

it is possible that other RC components could also provide

plus-end forces that promote congression.

In addition to KLP-19, the RCs are composed of many

other conserved cell division proteins including the

kinase BUB-1, the CENP-F homologs HCP-1/2, the

CLASP homolog CLS-2 [27], MCAK [17,18], condensin

I component CAPG-1 [28], and the Chromosomal Pas-

senger Complex (CPC) [11], which contains AIR-2/

Aurora B kinase. RC assembly occurs during early pro-

metaphase, concurrently with nuclear envelope break-

down. The CPC first rearranges from what appears to be a

linear localization along the short arm axis [29], to a ring-

like structure encircling this region [11]. Then, other

proteins are progressively recruited, with the CPC

required for the targeting of all other known components

[11,27,30,31��]. Additionally, the RC appears to be orga-

nized in layers, with AIR-2 close to the DNA, BUB-1, and

KLP-19 in a middle layer, and HCP-1/2 and CLS-2 on the

outside [27], suggesting that the RC is structured as layers

of subcomplexes. The small ubiquitin-like modifier

SUMO plays an important role in RC assembly [31��].
SUMO and its conjugating enzymes UBC-9 and GEI-17

(E2 and E3 enzymes, respectively) localize to the RC, and

GEI-17 depletion prevents the targeting of most other

RC components, causing chromosome congression

defects. Moreover, multiple RC components have been

shown to be SUMOylated in vitro and/or in vivo while

others contain SUMO interaction motifs (SIMs) [31��].
Thus, a network of SUMO-SIM interactions appears to

drive the assembly of the RC during prometaphase,

ultimately building a structure that can mediate chromo-

some congression.

Multiple mechanisms coordinate to drive
chromosome segregation
Interestingly, depletion of kinetochore components does

not slow chromosome movement during anaphase, dem-

onstrating that chromosome segregation is also driven by

a non-canonical mechanism [27]. At the metaphase-to-

anaphase transition, the protease separase relocalizes

from the kinetochores to the RCs, where it is thought

to cleave cohesin on the short arm axis of each bivalent

[15]. This release of cohesion enables the chromosomes

to separate and is also coordinated with the removal of the

RCs from the chromosomes [15,27]. Concomitantly, the

spindle shortens and the spindle poles broaden [32,33].

Then, chromosomes move on this shortened spindle

towards the poles, representing Anaphase A-like pole-

ward movement. Subsequently, the spindle elongates in a
Current Opinion in Cell Biology 2019, 60:53–59
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Figure 3
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Models for spindle assembly and chromosome segregation during oocyte meiosis.

(a) Shown are oocytes expressing GFP::tubulin and GFP::histone (to mark microtubules and chromosomes, respectively), at the major stages of

acentriolar spindle formation (top), adapted from Ref. [4]. Corresponding cartoons are shown below each image. Microtubules first form a cage-

like array inside the disassembling nuclear envelope. The minus ends are then sorted to the periphery of the array where they are organized into

nascent poles that coalesce until bipolarity is achieved. (b) Models for chromosome segregation. During Anaphase A, chromosomes are subjected

to pulling forces (arrows in cartoon on the left), facilitating poleward movement along laterally associated microtubule bundles. RCs (red) are

removed from chromosomes and remain intact in the center of the spindle, wedging open the microtubule bundles and therefore creating wide

microtubule ‘channels’. In Anaphase B, the spindle elongates from the center (arrows in the middle/right cartoons), driving chromosomes further

apart. During this stage the RCs elongate and disassemble, so the microtubule bundles are no longer wedged open and move closer together,

causing the center of the spindle to narrow.
process analogous to Anaphase B, driving the chromo-

somes further apart [34]. The mechanisms driving chro-

mosome segregation during these two phases of anaphase

have recently been the subject of much interest.

One idea is that chromosome movement is driven by a

population of microtubules that polymerizes between the

separating chromosomes and pushes on their inside sur-

faces to drive them apart [27,35�]. However, a number of

studies have provided evidence that microtubule pushing

cannot be the only force mediating segregation and is

unlikely to operate as proposed. Specifically, analysis of

Anaphase A spindle organization using both light [15,34]

and electron [19��] microscopy failed to reveal a population

of microtubules contacting the inside surfaces of
Current Opinion in Cell Biology 2019, 60:53–59 
chromosomes; instead microtubules were shown to run

along the sides of separating chromosomes, forming

‘channels’ that the chromosomes reside in as they move

towards the poles (Figure 3b). Thus, this type of pushing

mechanism is unlikely to operate during Anaphase A.

Alternatively, since the RCs are removed from chromo-

somes as they separate [27] and remain within the channels

[15], another model is that removal of the plus-end forces

generated by the RCs enables minus-end-directed pole-

ward movement along the laterally associated microtubule

bundles; this would represent a ‘pulling’ rather than a

‘pushing’ force. However, it is not known what generates

this force. Although dynein inhibition causes lagging chro-

mosomes and was thus proposed to facilitate poleward

movement [15], a number of more recent studies have
www.sciencedirect.com
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demonstrated that dynein inhibition does not alter chro-

mosome segregation rates, calling this idea into question

[34,35�]. However, since full dynein inhibition causes

spindle defects [15,16], it is unclear whether the reported

depletion/inhibition conditions fully inactivated dynein

function, so this question has not been conclusively

resolved. Identifying the factors generating poleward

forces during Anaphase A is, therefore, an important area

of future study.

Once chromosomes reach the poles, the spindle elongates

in Anaphase B (Figure 3b) [34]. Unlike Anaphase A, it is

possible that this phase of segregation could be driven by

pushing forces coming from the center of the spindle; in

this view, chromosomes that have already reached the

spindle poles are pushed further apart as the spindle

lengthens from the middle due to microtubule polymeri-

zation [19��,34]. This idea is supported by laser ablation

experiments, where severing microtubules between sep-

arating chromosomes during Anaphase B was shown to

halt chromosome movement [35�]. The mechanisms driv-

ing this spindle elongation are not completely under-

stood, but they have been shown to rely on the double-

cortin homolog ZYG-8 [34]. Moreover, the anaphase

spindle is stabilized during the elongation phase by

complementary mechanisms involving the microtubule

crosslinking protein SPD-1 (PRC1) and the minus-end-

directed kinesins KLP-15 and KLP-16 [25��].

During Anaphase B, the RCs begin to disassemble, the

channels become less apparent, and the center of the

spindle narrows (Figure 3b). Different components leave

the RCs at different times, and as Anaphase B proceeds, the

RCs appear to lose structural integrity, first flattening

before they disappear [15,36�]. RC disassembly has been

shown to be dependent on the SUMO protease ULP-1,

suggesting that removal of SUMO from an RC component

(or components) is required to disassemble the structures

[36�]. Interestingly, RC disassembly is delayed following a

variety of experimental perturbations that cause chromo-

some segregation errors, suggesting that the disassembly

process is regulated [37��]. Under these conditions, RCs

remain intact and the channels remain wide as the spindles

elongate during Anaphase B. This suggests that the chan-

nel narrowing that normally occurs during Anaphase B is

not an active part of the mechanism that drives spindle

elongation and chromosome segregation. Instead this

change in spindle morphology may simply be a conse-

quence of RC disassembly; as the RCs break down, the

microtubule bundles that form the channels are not held

apart and, therefore, move closer together.

One important outstanding question is the relative impor-

tance of Anaphase A and B mechanisms to chromosome

segregation. Since the spindle shortens at the metaphase to

anaphase transition, Anaphase A normally occurs over a

short distance, and thus the majority of chromosome
www.sciencedirect.com 
movement occurs during Anaphase B [34]. This suggests

that during wild type anaphase, this second phase of the

segregation process may be more critical. However, in

katanin mutants where the spindles do not significantly

shorten, chromosomes are still able to move poleward [6],

suggesting that Anaphase A mechanisms are capable of

mediating segregation over greater distances. Moreover, it

is possible that the reason oocytes delay RC disassembly

under error conditions is to keep Anaphase A mechanisms

active throughout anaphase (i.e. facilitating chromosome-

to-pole movement through wide channels as the spindle

elongates) [37��]; if this conjecture is correct, it would imply

that there is an advantage to having these mechanisms

active. Finally, a recent study demonstrated that when

chromosomes lag in the center of the spindle during the

Anaphase B phase of segregation, they appear stretched

and elongated, suggesting that they are subjected to pulling

rather than pushing forces [38]. This result could either

suggest that Anaphase B is not solely driven by pushing

forces, or it could be another example of a condition in

which Anaphase A ‘pulling’ mechanisms remain active

throughout anaphase. Regardless of which of these inter-

pretations is correct, these findings reaffirm that anaphase is

not solely driven by pushing forces and, therefore, it will be

important to investigate how the different forces operating

on chromosomes are generated and coordinated.

Complementary work in other systems
Altogether, important questions still remain about how

acentriolar spindles form and mediate chromosome con-

gression and segregation, and it will be important to test

the models generated using C. elegans in other organisms.

Notably, in both mouse and Drosophila oocytes, end-on

kinetochore attachments are suppressed until after bipo-

lar spindles assemble, suggesting a role for other types of

chromosome-microtubule interactions before this stage

[39–41]. Thus, findings generated in C. elegans, which do

not have canonical kinetochore attachments, could poten-

tially inform future studies in these organisms.

Conversely, discoveries in other organisms are also gen-

erating new hypotheses that in the future can be tested in

C. elegans. Notably, recent studies in Drosophila have

provided insights into how microtubules are nucleated

in oocytes. It has been shown that augmin, which parti-

cipates in microtubule nucleation in mitosis by recruiting

g-tubulin onto spindle microtubules [42–44], is not

required for bulk nucleation in oocytes [45,46]. However,

careful analysis has demonstrated that a stable population

of augmin at the spindle poles promotes full microtubule

assembly [46]. Additionally, a complementary nucleation

pathway has been identified, where the kinesin-6 family

motor Subito recruits the g-tubulin complex to the spin-

dle equator; this Subito-g-tubulin interaction is sup-

pressed away from chromosomes [47]. Thus, spatial reg-

ulation of multiple microtubule nucleation pathways

promotes acentriolar spindle assembly in Drosophila.
Current Opinion in Cell Biology 2019, 60:53–59
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Additionally, there have also been recent discoveries

about spindle organization in Drosophila oocytes. It has

been demonstrated that the activities of multiple families

of kinesin motors (kinesin-5, kinesin-6, kinesin-12, and

kinesin-14) are coordinated to promote spindle symme-

try, and that disrupting this balance causes asymmetric

spindles with misaligned chromosomes [48]. Moreover,

there have been new insights into the spatial regulation of

one of these motors. It was discovered that 14-3-3 proteins

interact with Ncd (kinesin-14), and that this interaction

prevents Ncd from binding to microtubules. However,

this interaction is antagonized by phosphorylation of Ncd

by Aurora B, thus enabling Ncd to bind microtubules and

promote spindle assembly in the vicinity of chromosomes

[49�].

There has also been rapid progress in understanding

mammalian meiosis in recent years, including studies

of both mouse and human oocytes. These discoveries

have been highlighted in a number of recent reviews,

focusing on topics such as the regulation of the meiotic

divisions [50], the assembly and positioning of the meiotic

spindle [51,52], chromosome segregation [53], meiotic

drive [54], and causes of aneuploidy [55]. Altogether, it

is clear that oocyte meiosis is becoming a topic of much

interest, suggesting that we may soon begin to unlock the

mysteries of how these important cells divide.
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