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Choice between 1- and 2-furrow cytokinesis in 
Caenorhabditis elegans embryos with tripolar 
spindles

ABSTRACT  Excessive centrosomes often lead to multipolar spindles, and thus probably to 
multipolar mitosis and aneuploidy. In Caenorhabditis elegans, ∼70% of the paternal emb-
27APC6 mutant embryonic cells contained more than two centrosomes and formed multipolar 
spindles. However, only ~30% of the cells with tripolar spindles formed two cytokinetic 
furrows. The rest formed one furrow, similar to normal cells. To investigate the mechanism via 
which cells avoid forming two cytokinetic furrows even with a tripolar spindle, we conducted 
live-cell imaging in emb-27APC6 mutant cells. We observed that the chromatids were aligned 
on only two of the three sides of the tripolar spindle, and the angle of the tripolar spindle 
relative to the long axis of the cell correlated with the number of cytokinetic furrows. Our 
numerical modeling showed that the combination of cell shape, cortical pulling forces, and 
heterogeneity of centrosome size determines whether cells with a tripolar spindle form one 
or two cytokinetic furrows.

INTRODUCTION
The centrosome is a major microtubule-organizing center in animal 
cells. Each centrosome contains a pair of centrioles, which duplicate 
only once during a cell cycle. Therefore, the number of centrosomes 
in a cell is strictly regulated (Nigg and Holland, 2018). Normally, 
dividing cells possess two centrosomes that become the two poles 
of the bipolar mitotic spindle to segregate the sister chromatids into 
two daughter cells after mitosis. Centrosomes use the microtubules 
elongating from them to act as a hub that aggregates forces acting 

on the microtubules (Mogilner et al., 2006). These forces move the 
centrosomes to drive translational and rotational movements of 
the mitotic spindle. The position and orientation of the mitotic spin-
dle is critical for the size asymmetry and direction of cell division 
(Gönczy, 2008; Siller and Doe, 2009; Morin and Bellaïche, 2011).

The mechanics controlling the configuration (i.e., position and 
orientation) of the bipolar spindle is well studied. In contrast, the 
mechanisms controlling the configuration of the mitotic spindle with 
three or more poles (i.e., a multipolar spindle) are not well known. 
Multipolar spindles are formed when cells possess more than two 
centrosomes owing to defective regulation of their numbers (Pihan 
et al., 1998; Godinho and Pellman, 2014). The forces controlling 
configuration should be similar for both multipolar and bipolar spin-
dles. Therefore, multipolar spindles might provide a good example 
to test the feasibility of the theories proposed for the regulation of 
bipolar spindles. In addition, the configuration of multipolar spin-
dles might be important to understand the viability of cancer cells. 
Supernumerary centrosomes are frequently observed in cancer cells 
and are expected to induce multipolar spindles, and subsequently 
aneuploidy and cell death (Lingle et al., 1998; Brinkley, 2001; Boveri, 
2008; Holland and Cleveland, 2009). However, cancer cells are 
known to proliferate efficiently, which presents a paradox (Godinho 
et al., 2009). One mechanism to overcome the paradox is to cluster 
supernumerary centrosomes into two to form a bipolar spindle 
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FIGURE 1:  Number of centrosomes and furrows in the paternal 
emb-27 mutant embryos. Frequency of the two patterns of the first 
cell division in control and emb-27 paternal embryos. For emb-27, 
frequency of total and cells with the designated number of 
centrosomes are shown. In the cells with one centrosome (“1cent. 
(n = 3)”), the cell failed cytokinesis for the initial cell cycle, but 
duplicated the centrosome in the next cell cycle and then divided into 
two daughter cells.

(Kwon et al., 2008). However, little is known regarding spindle be-
havior once multipolar spindles are formed.

In this study, we investigated the configuration of tripolar spin-
dles and consecutive cell-division pattern in the Caenorhabditis 
elegans embryo. The configuration of bipolar spindles is well estab-
lished in the C. elegans embryo (Gönczy and Rose, 2005), and 
hence it is a good system to analyze the configuration of tripolar 
spindles. To induce reproducibly tripolar spindles in C. elegans 
embryos, we focused on an emb-27APC6 mutant. C. elegans emb-27 
encodes a subunit of anaphase-promoting complex (APC) that is 
required for the initiation of chromosome segregation and other 
events at anaphase (Golden et al., 2000). Sperm from emb-27 
mutants do not contain chromosomes, but can fertilize eggs (Sadler 
and Shakes, 2000). After fertilization, some embryos divide into 
three cells by forming two cytokinetic furrows at the first cell division, 
possibly by forming tripolar spindles (Sadler and Shakes, 2000). In 
this study, we have named the cytokinesis that forms two cytokinetic 
furrows and divides the cell into three daughter cells as “2-furrow 
cytokinesis,” whereas “1-furrow cytokinesis” refers to usual cytoki-
nesis with one cytokinetic furrow that divides the cell into two. We 
have recently shown that the paternal emb-27 mutant embryo 
possesses three or more centrosomes (Kondo and Kimura, 2018) as 
expected from the previous report (Sadler and Shakes, 2000). An 
unexpected result was that the frequency of cells with three or more 
centrosomes in the mutant embryos was ∼70% (Kondo and Kimura, 
2018). This high frequency is seemingly inconsistent with the defec-
tive mitosis observed only in one-third of the embryos (Sadler and 
Shakes, 2000). In this study, we investigated the mechanism via 
which some cells with three centrosomes avoid 2-furrow cytokinesis 
in the paternal emb-27 mutant embryo. This investigation provides 
insight into how centrosomes (spindle poles) behave under normal 
and abnormal conditions.

RESULTS
Abnormal centrosome number does not always result in 
excessive furrows
We have previously quantified the number of the centrosomes in 
paternal emb-27 mutant embryos and observed that ∼70% of the 
mutant embryos possessed three or more centrosomes (Kondo and 
Kimura, 2018). This did not agree with the number of mutant embryos 
with defective mitosis, which was only one-third of that reported 
previously (Sadler and Shakes, 2000). To investigate the relationship 
between the extra centrosomes and mitotic defect, we quantified 
the number of cell-division furrows in the paternal emb-27 mutant 
embryos. About 30% of the paternal emb-27 embryos at one-cell 
stage formed two cell-division furrows and divided into three cells 
(“2-furrow cytokinesis”; Figure 1). This was in agreement with the 
result of a previous study (Sadler and Shakes, 2000), where one-third 
of the cells underwent 2-furrow cytokinesis. Furthermore, ∼20% of 
the cells with four centrosomes still underwent 1-furrow cytokinesis. 
We did not observe 3-furrow cytokinesis for cells with four centro-
somes during the course of this study (Figure 1). Therefore, the extra 
centrosomes do not always induce multipolar mitosis.

Only two of the three sides of the tripolar spindle are 
occupied by chromosomes
To understand the mechanism that determines the choice between 
1-furrow and 2-furrow cytokinesis, we focused on the one-cell stage 
embryo with three centrosomes. Observations of centrosomes and 
chromosomes in these cells revealed that cells with three centro-
somes always formed a tripolar spindle (n = 32; Figure 2) instead of 
multiple centrosomes merging to form a bipolar spindle (Ring et al., 

1982; Quintyne et al., 2005). Interestingly, we noted that the chro-
mosomes resided on only two of the three sides of the tripolar spin-
dle in every cell (n = 32; Figure 2). Chromatids residing on two of the 
three sides of a tripolar spindle have been observed in other cell 
types (Wilson, 1925; Wheatley and Wang, 1996; Eckley et al., 1997); 
however, to our knowledge, this is the first report showing that such 
a spindle is always observed. Currently, the mechanism underlying 
this event is not known. Nonetheless, this feature regarding chroma-
tid positioning may be important to understand the difference 
between 1-furrow and 2-furrow cytokinesis because chromatids are 
considered critical for the formation of cleavage furrows by position-
ing signaling molecules such as chromosome passenger complex 
and centralspindlin to the spindle midzone (Wilson, 1925; Earnshaw 
and Cooke, 1991; Margolis and Andreassen, 1993; Wheatley and 
Wang, 1996; Eckley et al., 1997; Glotzer, 2005).

Cell geometry correlates with the furrowing patterns in 
embryos with three centrosomes
Why does the tripolar spindle induce 1-furrow cytokinesis in some 
case (Figure 2A) and 2-furrow ones in others (Figure 2B)? We specu-
lated that cell geometry, together with the above-mentioned 
feature that two of the three sides are occupied by the chromatids, 
is critical for determining the number of cytokinesis furrows based 
on the following observations. We observed that the choice be-
tween 1-furrow or 2-furrow cytokinesis correlated with the angle re-
lationship between the tripolar spindle and cell shape at metaphase 
(Figure 3). The one-cell stage of the C. elegans embryo is ellipsoidal 
in shape with a long axis of ∼50 μm (i.e., the anterior-posterior [AP] 
axis) and two short axes of ∼30 μm. We quantified the angle rela-
tionship between the tripolar spindle and the cell by focusing on the 
angle of the side without chromatids (“nonchromosome side”) 
against the long axis of a cell (Figure 3A). A cell tends to undergo 
1-furrow cytokinesis when the angle of the nonchromosome side 
was close to −90°, whereas a cell tends to undergo 2-furrow cytoki-
nesis when the angle was close to 0° (Figure 3B).
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The observed correlation in this study is well explained by the 
current knowledge on cleavage furrow formation by the mitotic 
spindle (Figure 3A). The cleavage furrow is induced at the midway of 
the two spindle poles and at the position of chromatids, which coin-
cides in normal cells with the bipolar spindle (Rappaport, 1961; 
Mishima, 2016). In the C. elegans embryo, the furrow induced at the 
midway of the poles but without chromatids is not completed, 
whereas that at the position of chromatids is completed (Bringmann 

and Hyman, 2005). For the tripolar spindles in this study, the 
chromatids reside on two of the three sides (Figure 2) and thus the 
two furrows that potentially complete the cleavage are eventually 
formed. When the angle of the nonchromosome side was close to 
−90° or +90° (Figure 3A), the two potential furrows might be in close 
proximity and might merge, resulting in 1-furrow cytokinesis. In 
contrast, when the angle was close to 0°, the two potential furrows 
are distant and cannot merge. This idea is supported by our live 
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FIGURE 2:  1-furrow cytokinesis and 2-furrow cytokinesis in embryos with three centrosomes. Representative time-lapse 
images of an embryo with three centrosomes during the first cell division. Top panels show the embryos that expressed 
GFP-tagged γ-tubulin (centrosome, arrows), PHPLCδ1 (cell membrane), and histone H2B (nucleus) in utero. Bottom planes 
show the quantified position of centrosomes (blue) and nucleus/chromatids (red). In 1-furrow cytokinesis (A), a cleavage 
furrow (arrowheads) was observed between separated chromatids, which are similar to normal embryos. In 2-furrow 
cytokinesis (B), two cleavage furrows (arrowheads) were observed. For both patterns, the chromatids are localized on 
only two of the three sides of the tripolar spindle. Times (hr:min:sec) are with respect to NEBD. Bars, 10 µm.
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FIGURE 3:  Characterization of tripolar spindles in embryos with three centrosomes. (A) Definition of the angle of the 
side without chromatid (nonchromosome side) with respect to the anterior–posterior axis. Cleavage furrows are 
expected to form and complete at the light-blue area where metaphase chromosomes are positioned (top panel). If this 
is the case, 1-furrow or 2-furrow cytokinesis will be observed (bottom panel). For 2-furrow cytokinesis, two of the 
three daughter cells inherit only half the set of the chromosomes (blue), resulting in aneuploidy. (B) Frequency of 
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Time (T) is normalized as follows: Trelative = (T − TNEBD)/([Tfurrowingonset − TNEBD] − [Tpronuclear meeting 
− TNEBD]). (B) Length of the designated side of a tripolar spindle at the designated cellular event. 

Bars represent mean of all data shown by 
circles. (C) Scheme of the proposed model 
showing how 1-furrow and 2-furrow 
cytokinesis are determined depending on 
the angle of the tripolar spindle. The top 
panel is the same as that in Figure 3A, 
showing the angle of the tripolar spindle at 
NEBD to metaphase. The middle panel 
shows the elongation of the tripolar spindle. 
We assumed that only the chromosome sides 
(blue) elongate actively, whereas the length 
of the nonchromosome side (orange) 
depends on the movements of the two ends. 
The forces pulling the pole (centrosome) 
depend on the ellipsoidal geometry of the 
cell (red arrows), and the angle between the 
chromosome sides close (green arrows) or 
open (purple arrows) depending on the 
direction of forces. Cleavage furrows are 
expected to form and complete at the light 
blue area where metaphase chromosomes 
are positioned. The opening or closing 
induces 1-furrow or 2-furrow cytokinesis, 
respectively (bottom panel).

imaging of the 1-furrow and 2-furrow cyto-
kinesis (Figure 2).

“Open” or “closed” tripolar spindle 
depending on cell geometry
In the preceding section, we proposed that 
the 1-furrow cytokinesis is induced by the 
merging of two potential furrows formed at 
the two chromosome sides of the tripolar 
spindle. Our live-cell imaging revealed that 
the tripolar spindle “flattens” during meta-
phase and anaphase in a distinct manner 
between 1-furrow and 2-furrow cytokinesis. 
Taking advantage of live-cell imaging, we 
were able to “back-track” the centrosomes 
and identify which pair of centrosomes 
forms the chromosome side and nonchro-
mosome side even before the centrosomes 
capture the chromosomes. Upon nuclear 
envelope breakdown (NEBD), the triangle 
formed by the three centrosomes is almost 
equilateral, that is, the lengths of the three 
sides are comparable (Figure 4, A and B). 
After the NEBD, the lengths of the chromo-
some sides and nonchromosome side 
became nonuniform, resulting in flattening 
of the tripolar spindle. Our quantification 
revealed that in the case of 1-furrow cytoki-
nesis, the nonchromosome side became 
shorter than the chromosome sides (Figures 
2A and 4, A(i) and B(i)), whereas in the case 
of 2-furrow cytokinesis, the nonchromo-
some side became longer than the chro-
mosome sides (Figures 2B and 4, A(ii) and 
B(ii)). We called the former case “closing” 
of the tripolar spindle, as the angle be-
tween the two chromosome sides de-
creased, whereas the latter case is termed 
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FIGURE 5:  Numerical model for “open” and “closed” tripolar 
spindles. (A) Our numerical 3D model to calculate the forces acting on 
each of the three poles that pull a pole (e.g., red circle) with a 
geometry-dependent force and cortical pulling forces (e.g., orange 
arrow, from force generators at the orange region). To calculate 
geometry-dependent force, we adopted cytoplasmic pulling force 
(e.g., blue arrow, from force generators at the light-blue region) as the 
underlying mechanism for ease of calculation. Other mechanisms 
should give similar results as long as they are approximately 
proportional to the length of microtubules (see main text for details). 
Because we focus on the angle of the tripolar spindle, we fixed the 
length of the chromosome sides in the model. (B) Calculation of the 
torque to open or close the angle between the chromosome sides 
depending on the angle of nonchromosome side with respect to the 
anterior–posterior axis (Figure 4C, middle panel).

“opening” as the angle increased (Figure 4C). The closing draws the 
two potential furrows closer, resulting in 1-furrow cytokinesis, 
whereas the opening separates the two furrows further and results 
in 2-furrow cytokinesis. In summary, the distinct forms of the flat-
tened tripolar spindle determine the choice between 1-furrow and 
2-furrow cytokinesis.

A numerical model for “open” and “closed” tripolar spindles
To examine whether existing concepts on the forces acting on the 
bipolar spindle account for “opening” and “closing” of the tripolar 
spindle, we constructed a numerical model and examined whether 
the tripolar spindle in the model opens or closes depending on the 
cell geometry (i.e., the angle of the tripolar spindle against the long 
axis of the cell). Our model is based on two forces.

Force 1.  At anaphase, all three poles are pulled outward because 
the pulling forces act on astral microtubules, as demonstrated for the 
usual elongation of bipolar spindles (Grill et al., 2001; Hara and 
Kimura, 2009), depending on the activity of heterotrimeric G proteins 
and their regulators (Gotta and Ahringer, 2001; Colombo et al., 
2003; Srinivasan et al., 2003). The direction of the forces depends on 
the cell geometry—stronger along the long axis of the cell, which is 
likely the general property of cells known as “Hertwig’s long-axis 
rule” (Hertwig, 1885; Minc et al., 2011). Several mechanisms have 
been proposed for the generation of geometry-dependent pulling 
force, such as limited number of cortical force generators (Grill et al., 
2003; Grill and Hyman, 2005; Hara and Kimura, 2009), cytoplasmic 
pulling (Hamaguchi and Hiramoto, 1986; Kimura and Onami, 2005; 
Minc et al., 2011), or the density of retraction fibers (in the case of 
adhesive cells; Théry et al., 2007). Irrespective of the mechanisms, 
the strength of the forces can be modeled as they are approximately 
proportional to the length of microtubules (Grill and Hyman, 2005; 
Théry et al., 2007; Hara and Kimura, 2009; Kimura and Kimura, 
2011a; Minc et al., 2011; Matsumura et al., 2016). In this study, we 
adopted cytoplasmic pulling force as geometry-dependent force for 
ease of calculation (Figure 5A).

Force 2.  Among the three sides of the tripolar spindle, two chromo-
some sides resist the elongation, whereas the nonchromosome side 
does not. While modeling the rotation of the bipolar spindles, the 
lengths of chromosome sides are fixed to resist the outward pulling 
forces (Théry et al., 2007; Minc et al., 2011). The resistance against the 
outward forces is considered to be generated by the cohesion of sis-
ter chromatids and the bundling of antiparallel microtubules (Mogilner 
et al., 2006). As the length of the chromosome side of the tripolar 
spindle is similar to that of the wild-type (bipolar) spindle (Figure 4, A 
and B), and as we were interested in the angle of the tripolar spindle, 
we fixed the length of the chromosome sides in our model to resist 
the outward pulling forces. In contrast, we did not assume any restric-
tion on the length of the nonchromosome sides in our model, as the 
length of the nonchromosome side varied compared with that of the 
chromosome sides in our study (Figure 4, A and B).

In our three-dimensional (3D) model, these two types of forces 
moved the poles of the tripolar spindle. As the initial condition, we 
placed an equilateral triangle, which corresponds to the tripolar 
spindle, at the center of a prolate ellipsoid, corresponding to the 
cell. The three vertices of the triangle were pulled outward depend-
ing on the geometry of the cell (Figure 5A and Materials and 
Methods). The torque to open or close the angle between the two 
chromosome sides was calculated under the condition that the non-
chromosome side does not resist elongation or compressive forces. 

The tripolar spindles with near 0° configuration tend to “open,” 
whereas those with near −90° or +90° configuration tend to “close,” 
leading to the induction of 2-furrow and 1-furrow cytokinesis, re-
spectively (Figure 5B). Therefore, the angle of tripolar spindles 
against the long axis of the cell is responsible for the opening or 
closing of the tripolar spindle during spindle elongation, which de-
termines the choice between 1-furrow and 2-furrow cytokinesis.

Mechanisms controlling the initial angle of tripolar spindles: 
Experimental observations
As proposed above, the choice between 1-furrrow and 2-furrow 
cytokinesis can be traced back to the angle of tripolar spindles 



2070  |  T. Kondo and A. Kimura	 Molecular Biology of the Cell

against the long axis of a cell. Hence, we next examined how the 
initial angle of the spindle before elongation is determined. We first 
determined when this critical angle is established. As mentioned 
above, we back-tracked the chromosome sides and nonchromo-
some side before the centrosomes captured the chromosomes. The 
asymmetry in the length of the three sides of tripolar spindles was 
not evident at NEBD (Figure 4B). In contrast, the angle of the future 
nonchromosome side was already biased between 1-furrow and 
2-furrow cytokinesis at NEBD, but not at the earlier stage of 
pronuclear meeting (Figure 6, A and B; 2-furrow [purple] vs. 1-furrow 
[green]). At pronuclear meeting, the frequency of observing 1-furrow 
or 2-furrow cytokinesis at each angle range was not statistically 
biased (p > 0.05) compared with the overall frequency of observing 
1-furrow or 2-furrow cytokinesis. We propose that the angle of 
the triangle made by the three centrosomes at NEBD, but not 
earlier (i.e., meeting), is critical for the choice between 1-furrow and 
2-furrow cytokinesis.

We also observed that the angle distribution of tripolar spindles 
at NEBD was not symmetric against the AP axis (Figures 3B and 5A). 
The −90° configuration was more favorable than the +90° configura-
tion. In the C. elegans embryos, the centrosomes are known to 
be pulled by the force generators residing at the cortex via the 
microtubules (Grill et al., 2001). The strength of the cortical pulling 
force is asymmetric along the AP axis, which results in asymmetric 
positioning of the spindle and cell-division plane. The cortical 
pulling forces are dependent on gpr-1/2 gene products (Colombo 
et al., 2003; Srinivasan et al., 2003). If the asymmetry of the angle of 
tripolar spindles is regulated by the asymmetric cortical pulling 
force, such asymmetry should be lost by gpr-1/2 knockdown, and in 
fact, this was the case (Figure 6C). Therefore, the cortical pulling 
forces affect the angle of tripolar spindles to generate its asymmet-
ric distribution along the AP axis.

A numerical model to predict favorable angles of tripolar 
spindles at NEBD
We next asked whether the 3D force calculation model constructed 
to calculate the opening or closing of the tripolar spindles during 
spindle elongation (Figure 5A) can also account for the angle distri-
bution of the tripolar spindles before the elongation (i.e., NEBD; 
experimental observations: Figure 6, A and C). By using this frame-
work, the favorable angle was predicted based on a method devel-
oped previously to calculate the orientation of bipolar spindles in 
mammalian cultured cells (Théry et al., 2007; Matsumura et al., 
2016). When only the ellipsoidal geometry of a cell was considered, 

the distribution of the angle of the nonchromosome side was 
uniform (Figure 7A). The consequence of the model was consistent 
with the experimental observation using gpr-1/2 RNA interference 
(RNAi) embryos, which is defective for asymmetric cortical pulling 
force and no specific angle was favored (Figure 6C).

This model condition was axially symmetric with respect to the 
long axis of the cell, and thus did not discriminate between the chro-
mosome and nonchromosome sides (Figure 7A). In contrast, in vivo, 
the distributions of the nonchromosome side and chromosome side 
were not equivalent even in gpr-1/2 (RNAi) embryos (Figure 7B). 
Close to +90° or −90°, the nonchromosome side was favored over 
the chromosome side, whereas the chromosome side was favored 
over the nonchromosome side near 0° for gpr-1/2 (RNAi) (Figure 
7B). The difference in the angle distribution of nonchromosome and 
chromosome sides was statistically significant for control embryos 
(Figure 7C; p < 0.05 as per Mardia−Watson−Wheeler test). The 
disagreement between the model and the experiments indicated 
that the nonchromosome side needs to be determined nonran-
domly using an uncharacterized mechanism.

Heterogeneity in centrosome size explains the angle of 
tripolar spindles
Our observation that chromosomes reside on two out of three sides 
of a tripolar spindle implies that the three poles (centrosomes) of the 
spindle are not equivalent. Among the three poles, only one is con-
nected to two sides with the chromosomes, whereas the remaining 
two poles are connected to the chromosome and nonchromosome 
sides each. We call the former “chromosome poles” and the latter 
“nonchromosome poles.” We observed that the chromosome poles 
tended to be larger in size than the nonchromosome ones at NEBD 
(Figure 7D). In binary comparison, where a chromosome pole is 
compared with each of the nonchromosome poles, the chromo-
some poles were larger with statistically significant frequency (n = 
43/64 [p < 10−7] for control, and n = 33/46 [p < 10−6] for gpr-1/2 
[RNAi]). The chromosome pole was not always the largest among 
the three poles, but it was rarely the smallest (n = 1/32 [p < 10−4] for 
control, and n = 1/23 [p < 10−2] for gpr-1/2 [RNAi]). As the measured 
sizes of the centrosomes depend on their position relative to the 
focal planes of microscopy (2 μm intervals in this measurement), size 
measurement might involve some experimental errors. Considering 
the above-mentioned statistically significant tendency of the chro-
mosome pole to be large and the possible experimental error, we 
concluded that one of the large poles (centrosome), possibly the 
largest, is selected to become the chromosome pole.
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Large centrosomes have been reported to be associated with a 
greater number of microtubules (Greenan et al., 2010). Therefore, 
we modified our numerical simulation by assuming the number of 
microtubules growing from the chromosome pole to be larger than 
that growing from the other two poles. As the magnitude of the 
asymmetry was obscure, we searched for parameters that allowed 
the model to recapitulate the experimental results. This simulation 
reproduced the alignment of the tripolar spindle in gpr-1/2 (RNAi) 
experiments, in which the nonchromosome side tends to assume 
+90° or −90° configuration, whereas the chromosome sides tend to 
have 0° configuration (Figure 7, B–experiment and E–simulation). 
The simulation result together with the experimental observation 
are indicative of the heterogeneity in the size of the centrosomes, 
and the largest centrosome captures chromosomes on two sides, 
whereas the other centrosomes capture chromosomes only on one 
side. This heterogeneity in centrosome size accounts for the align-
ment of the tripolar spindle.

To reproduce the situation in control embryos, we added an 
asymmetry in forces pulling the centrosomes to the simulation 
(Kimura and Onami, 2007; 2010). The simulation reproduced the 
asymmetry along the AP axis of the alignment of the tripolar spindle 

(Figure 7, C–experiment and F–simulation). This allowed the non-
chromosome side to be concentrated near −90°, but not at +90°.

The results collectively support the model, in which the arrange-
ment (i.e., the angle with respect to the long axis) of the tripolar 
spindle is determined by three factors: forces that pull the spindle 
poles depending on the cell geometry, heterogeneity of the centro-
some size, and asymmetric pulling forces. This angle of the tripolar 
spindle determines whether a cell undergoes 1-furrow or 2-furrow 
cytokinesis, which leads to the inheritance of normal chromo-
some number or aneuploidy, respectively. The determination of the 
spindle arrangement depending on the three factors should not be 
limited to the tripolar spindle, but can be generally applied to all 
types of spindles.

DISCUSSION
In this study, we investigated the patterns of cytokinesis induced after 
the formation of a tripolar spindle. To induce tripolar spindles in the 
C. elegans one-cell stage embryonic cell, we used a paternal emb-
27(g48ts) mutation. This enabled the determination of the effect of 
multipolar spindles in a cell using the maternal, wild-type emb-27 
gene product. Therefore, the phenotypes observed for the cells were 
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determined to be the consequence of the defects in the sperm. No-
tably, the emb-27 sperm not only has multiple centrosomes, but is 
also anucleated (Sadler and Shakes, 2000). Thus, the resultant zy-
gotes are haploid, and we cannot exclude the possibility that ploidy 
affected the angle of the spindle and the pattern of cytokinesis. At 
low frequency, we obtained emb-27 mutant sperm with multiple 
centrosomes but nucleated. Observation of embryos created after 
fertilization with such sperm might help in excluding the possibility.

As extra centrosomes were delivered into a zygote with an emb-
27 sperm, the mitotic spindle formed in the one-cell stage embry-
onic cell was multipolar (Figure 1). In this study, we focused on the 
tripolar spindle, because it is the simplest form of multipolar (more 
than two poles) spindles. When a tripolar spindle is formed, it does 
not always divide into three cells, with each daughter cell possess-
ing one centrosome (i.e., 2-furrow cytokinesis); instead, division into 
two cells (i.e., 1-furrow cytokinesis) was more frequent. A daughter 
cell contains extra centrosomes, but the chromosomes are equally 
segregated with 1-furrow cytokinesis (Figure 3A). Therefore, induc-
tion of 1-furrow cytokinesis in a cell with a tripolar spindle can be a 
mechanism for avoiding aneuploidy. The decision of adopting 1-fur-
row or 2-furrow cytokinesis was likely dependent on the angle of the 
tripolar spindle against the long axis of the ellipsoidal cell (Figure 3). 
Unexpectedly, in the tripolar spindle of this study, only two of three 
sides were occupied by chromosomes. Currently, we cannot put for-
ward any good hypothesis to explain this observation. It is notewor-
thy that the paternal emb-27 mutant cell used in this study does not 
contain paternal chromosomes (Sadler and Shakes, 2000); hence, 
the chromosomes from the maternal genome are separated to two 
sides of the tripolar spindle. A hint may come from our observation 
that the two sides correlated with the position of the large centro-
some (Figure 7D). As the size difference was observed at NEBD, 
which occurs before the centrosomes capture the chromosomes via 
microtubules, the large size of the centrosome is not the conse-
quence of being connected with two chromosome sides. It should 
be noted that the size difference among the centrosomes is not 
drastic and thus may not explain the occupation of two of the three 
sides of the tripolar spindle in all-or-none manner. A novel mecha-
nism might exist to regulate the occupation of chromosomes in a 
mitotic spindle, which requires investigation in the future.

We observed that the major determinant of the decision be-
tween 1-furrow and 2-furrow cytokinesis is the angle of the tripolar 
spindle at NEBD: if it is close to 0°, the cell undergoes 2-furrow cy-
tokinesis, whereas if it is close to −90° or +90°, the cell undergoes 
1-furrow cytokinesis (Figure 3). The link between the angle and the 
patterns of cytokinesis was explained numerically by assuming that 
forces pull the poles of the spindle in a geometrical manner (Figure 
5). Furthermore, we succeeded in explaining the tendency in the 
distribution of the angle at NEBD using the same theoretical frame-
work by adding asymmetric pulling forces and considering the 
heterogeneity in the size of the three centrosomes (Figure 7). In 
conclusion, we propose that the angle of the tripolar spindle and 
the patterns of cytokinesis are regulated by three factors: cell geom-
etry-dependent forces, cell polarity-dependent pulling forces, and 
heterogeneity in centrosome size. These mechanisms suggest why 
the majority of cells with tripolar spindles avoid aneuploidy in the 
one-cell C. elegans embryos.

Application of this mechanism to other cells/organisms might 
not be straightforward. The C. elegans embryonic cell is unique in 
terms of its ellipsoidal shape and the feature where only two of the 
three sides of the tripolar spindle are occupied by chromatids. How-
ever, our results clearly indicate the possible contribution of cell 
geometry to the behavior of multipolar mitotic spindles, and 

thus might provide a new insight when considering abnormal cell 
division induced by extra centrosomes, such as in the case of cancer. 
Further, the present study characterized the forces involved in the 
positioning of normal bipolar spindle, which are important for 
symmetric and asymmetric cell divisions.

MATERIALS AND METHODS
Worm strains and maintenance
The strains used in this study are listed in Supplemental Table S1 
and were generated previously for another study (Kondo and 
Kimura, 2018). The strains were maintained under standard condi-
tions (Brenner, 1974). To obtain paternal emb-27 mutant embryos, 
temperature shift and mating were conducted as follows: 10 gravid 
hermaphrodites of CAL0051 were placed on a fresh 60-mm plate 
and allowed to lay eggs at 16°C. After 21−28 h, the adults were re-
moved from the plate, and the plate was incubated for another 
26−30 h at 16°C. Next, the plate was transferred to 25°C and incu-
bated for another 13−18 h. Subsequently, 30 males from the plate 
were moved to a new 35-mm plate with 10 hermaphrodites of 
CAL0182 (fem-1ts), which were grown at 25°C from L1/L2 stage to 
prevent self-fertilization, and for 13−18 h to induce mating, and the 
embryos from the hermaphrodites were observed.

Live-cell imaging microscopy
For observation of embryos in utero, anesthetized adult worms were 
placed on 2% agar pad and gently sealed with a coverslip (Kimura 
and Kimura, 2012). The samples were observed using a spinning-
disk confocal system (CSU-X1; Yokogawa Electric, Tokyo, Japan) 
mounted on a microscope (IX71; Olympus). Images were acquired 
every minute for the thickness of 30 µm with 2-μm z-intervals at 20 
ms exposure using a UPlanSApo 60× 1.3 NA objective (Olympus) 
equipped with an EM-CCD camera (iXon; Andor, Belfast, UK) 
controlled by the Metamorph software (Molecular Devices, 
Sunnyvale, CA).

Image processing and analysis
For the measurement of distance L between centrosomes in Figure 4, 
the coordinates of each centrosome in 3D (x, y, and z) were obtained 
manually from the images using ImageJ and the Euclidean distance 
was calculated. For the computation of angle in Figures 3, 4, and 7, 
the coordinates of centrosomes and AP poles in 3D were measured 
manually from the images, and the angle against the AP axis was 
calculated using a custom-written code in MATLAB (MathWorks, 
Natick, MA). In control cells, the angle θwt was calculated using the 
formula θwt = abs(−[acos{dot(BI, AP)/norm(BI) × norm(AP)} × 180/π] + 
90), where BI and AP are the unit vectors connecting the two poles of 
the bipolar spindle and the unit vector of AP axis, respectively. In the 
emb-27 mutant embryos with a tripolar spindle, the angle of the non-
chromosomal side to the AP axis, θtri, was calculated using the for-
mula θtri = acos{dot(TRI, AP)/norm(TRI) × norm(AP)} × 180/π, where 
TRI is the unit vector of the nonchromosome side. If θ ≥ 90°, the value 
was subtracted from 180° and replaced with the original θ.

Measurement of centrosome size using γ-tubulin::GFP fluores-
cence (Figure 7D) was conducted at NEBD as described in our other 
study (Kondo and Kimura, 2018).

Numerical simulation to calculate the torque to open or 
close the tripolar spindle at anaphase (Figure 5B) or to 
calculate stable angles of the tripolar spindle at NEBD 
(Figure 7)
We constructed a 3D simulation assuming the cell to be an ellipsoid, 
with one major axis of 25 μm radius and two minor axes of 15 μm 
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radius, which is similar to the actual cell (Figure 5A and Supplemen-
tal Table S2). As we focused on the angle of the entire tripolar 
spindle (Figure 7) or the angle of the chromosome sides (Figure 5B), 
we fixed the center of the spindle at the center of the cell and only 
considered rotational movements around the center of the spindle 
(Figure 7) or the center of the chromosome sides (Figure 5B). 
We also assumed the tripolar spindle to be an equilateral triangle 
inscribed in a circle of radius 5 μm on a plane (x-y plane in Figure 
5A), including the AP axis, which is similar to the situation from 
NEBD to metaphase in the actual cell when the rotation occurs.

Forces acting on the spindle poles.  We assumed two kinds of forces 
to act on the spindle pole (Kimura and Onami, 2007, 2010). First is the 
geometry (cell shape)-dependent force. In this study, we adopted the 
cytoplasmic pulling force, which pulls the astral microtubules growing 
from the pole outside the spindle toward the cytoplasm (Hamaguchi 
and Hiramoto, 1986; Kimura and Onami, 2005; Kimura and Kimura, 
2011b; Wühr et al., 2010; Tanimoto et al., 2016). Other mechanisms 
account for the geometry-dependent force, and should give similar 
results as long as they are approximately proportional to the length of 
microtubules (see main text for details). In this study, we assumed that 
the astral microtubules from one pole cover the entire region of the 
cytoplasm opposite to the spindle (Figure 5A, light-blue region). The 
direction and magnitude of the cytoplasmic pulling force acting on 
the pole were calculated by summing up all the unit vectors heading 
from the pole to each of the “force generation points” evenly distrib-
uted in the cytoplasm as the tetragonal lattice points with 0.5 + N(0, 
10−6) μm interval (Figure 5A, cross), where N (0, 10−6) is a random 
number following normal distribution with mean at 0 and SD of 0.001 
μm to minimize artifacts caused by the regular interval of the lattice. 
This setting is consistent with the cytoplasmic pulling force propor-
tional to the length of each microtubule (Kimura and Onami, 2005; 
Kimura and Kimura, 2011a; Minc et al., 2011).

The other force is the cortical pulling force, which pulls the poles 
from the cortex via astral microtubules (Grill et al., 2001). In this 
study, the direction and magnitude of the cortical pulling force act-
ing on the pole were calculated by summing up all the unit vectors 
heading from the pole to each of the “force generation points” 
evenly distributed as the tetragonal lattice points in the cortical re-
gion (Figure 5A, crosses in the orange region, which is 2 μm thick). 
This setting is consistent with the cortical pulling force acting on the 
pole proportional to area the cortical covered by the astral microtu-
bules (Grill et al., 2003; Grill and Hyman, 2005; Hara and Kimura, 
2009; Kimura and Kimura, 2011a). In the present simulation, we set 
the force generated by one force generation point in the cytoplasm 
to be 1 arbitrary force unit (AFU), whereas that in the cortical region 
to be kf, and 1.5 × kf (AFU) for anterior and posterior cortexes, re-
spectively. The kf parameter was selected from among {0.2, 0.4, 0.6, 
0.8, 1, 2, 3}, and we observed kf = 2 to yield the best result resem-
bling the experimentally obtained angle distribution (Supplemental 
Table S2). The asymmetry in cortical pulling force was assumed to 
be 1.5-fold stronger at the posterior half based on an experimental 
estimation (Grill et al., 2003). When we introduced asymmetry in the 
centrosome size, we increased the forces generated by cytoplasmic 
force generators pulling the large pole to be l-fold. This number was 
selected from among {1.05, 1.1, 1.15, 1.2, 1.25}, and we observed l 
= 1.1 to yield the best result resembling the experimental distribu-
tion (Supplemental Table S2).

Calculation of torque to open or close the tripolar spindle at 
anaphase.  For this, we calculated the torque to rotate the two chro-
mosome sides individually by summing up all the forces acting on 

the two centrosomes located at the ends of the side. The torque to 
open the spindle (i.e., increase in the angle between the two 
chromosome sides) was assigned the plus sign, and that to close 
(decrease the angle) was assigned the minus sign. The torque 
calculated for each side was summed to yield the total torque in 
Figure 5B.

Calculation of the torque to rotate the tripolar spindle at 
NEBD.  We predicted the stable angle of the tripolar spindle against 
the long (AP) axis of the embryo by calculating the potential energy 
landscape as developed by Théry et al. (2007) and that used in our 
previous study (Matsumura et al., 2016). By summing up all the 
forces acting on each pole and summing up the forces acting on the 
three poles, we calculated the torque acting on the center of the 
tripolar spindle (Figure 7). The torque was always acting to rotate 
the spindle around the z-axis, which was reasonable considering the 
symmetry in the geometry of the spindle.

Calculation of energy and probability.  By summing up the 
torque acting against the attempt to rotate the spindle from 0° 
configuration (Figure 5A) to the degree of interest with 1° intervals, 
we calculated the potential energy landscape as described previ-
ously (Théry et al., 2007). The unit of the energy (W(θ)) is [AFU × 
μm]. The probability to observe a particular angle was calculated 
as P(θ) = Nexp(−W(θ)/d), where N is a normalization factor and d is 
a coefficient to convert energy to probability (Théry et al., 2007). In 
this study, d was chosen among {10n × π/180}, where n = {4, 4.5, 5, 
5.5, 6, 6.5, 7}; we found d = 5500 (n = 5.5) to yield the best 
result resembling the experimental distribution (Supplemental 
Table S2).

Likelihood to explain the experimental results with the simula-
tion.  To select the best set of parameters (kf, l, d) in the simulation, 
we calculated the log-likelihood according to the following 
equation: [log-likelihood] = Σi

6
=1 log{Cns(i)Pns(i)}+ Σi

6
=1 log{Ccs(i)Pcs(i)}. 

Here, Cns(i) and Ccs(i) are the experimental counts of observing 
the nonchromosome side and the chromosome side, respectively, in 
the ith angle distribution class. The ith angle distribution class is the 
angle between −90 + 30(i−1) and −90 + 30i [°]. Pns(i) and Pcs(i) are 
the probability in the simulation of observing the nonchromo-
some side and the chromosome side, respectively, in the ith angle 
distribution class.

Statistical analyses
To determine whether the chromosome pole is significantly larger 
than the nonchromosome poles (Figure 7D), we conducted the bi-
nomial test. We tested whether the probability of the chromosome 
pole being larger than each of the other two centrosomes is signifi-
cantly larger than half. We also tested whether the probability of 
the chromosome pole being the smallest among the three was 
significantly smaller than one-third.

The statistical difference of angle distributions (Figures 3B, 6, 
and 7, B and C) was tested in two ways: a binomial test and the 
Mardia−Watson−Wheeler (MWW) test. In the binomial test, we first 
calculated the expected probability of observing each group to 
compare (i.e., 1-furrow [as group A] vs. 2-furrow [as group B], or 
chromosome side [group A] vs. nonchromosome side [group B]) as 
PA and PB ( = 1 − PA). Next, we calculated the probability of observ-
ing group A or B for nA or nB times or more within nA + nB trials at 
the angle range of interest (e.g., −90 to −60°, −60 to −30°) under the 
assumption that the probability of observing A and B is PA and PB. 
The calculation was conducted using Microsoft Excel software.
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The MWW test is a nonparametric test to compare the angle 
distribution of the two groups. The calculation was performed both 
with “hand calculation” using Excel following the procedure de-
scribed in Mardia (1967), as well as with the “wason.wheeler.test” 
function of R software. The results obtained from both methods 
were in agreement with each other. For the comparison between 
1-furrow and 2-furrow in gpr-1/2 (RNAi), we did not use chi-square 
test, but referred to a table by Mardia (1967) as the sample size was 
small (n = 15).
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