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The centrosome is a major microtubule organizing center in animal cells. The position of the 
centrosomes inside the cell is important for cell functions such as cell cycle, and thus should be 
tightly regulated. Theoretical models based on the forces generated along the microtubules have 
been proposed to account for the dynamic movements of the centrosomes during the cell cycle. 
These models, however, often adopted inconsistent assumptions to explain distinct but successive 
movements, thus preventing a unified model for centrosome positioning. For the centration of 
the centrosomes, weak attachment of the astral microtubules to the cell cortex was assumed. In 
contrast, for the separation of the centrosomes during spindle elongation, strong attachment was 
assumed. Here, we mathematically analyzed these processes at steady state and found that the 
different assumptions are proper for each process. We experimentally validated our conclusion 
using nematode and sea urchin embryos by manipulating their shapes. Our results suggest the 
existence of a molecular mechanism that converts the cortical attachment from weak to strong 
during the transition from centrosome centration to spindle elongation.

1. Introduction

Cell cycle is a vital and dynamic phenomenon for all living organisms, during which the cell itself and its components change their 
shapes and positions. Physical forces generated through the activities of macromolecules play central roles in these dynamics [1,2]. 
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In addition to uncovering the molecules involved in the processes, many researchers have attempted to understand the mechanisms 
of cell cycle by using dynamic models based on mechanical forces.

The positioning of the centrosomes is one of the key processes to define the spatial dynamics of animal cells during cell cycle [3]. 
In the case of newly fertilized embryos, the centrosomes first move with sperm- and oocyte-derived pronuclei to the cell center [4,5]. 
After the formation of the mitotic spindle, the centrosomes, which act as the two poles of the spindle, move toward the two poles of 
the cell to elongate the spindle and separate the chromosomes into the daughter cells. The process of spindle elongation occasionally 
takes place simultaneously with the displacement of the spindle from the cell center, for example in the nematode embryo, which 
results in asymmetric cell division [6]. Major key forces driving the correct positioning of the centrosomes are generated along 
microtubules, which are nucleated from the centrosomes and grow and shrink dynamically in the cell [7]. A number of proteins have 
been identified that regulate the microtubule-based forces (for example [8–10]), and the mechanisms underlying force generation 
and centrosome movements have been revealed [11,12].

These molecular and mechanical analyses of centrosome positioning produced the data to create numerical simulations to explain 
the observed phenomenon. Previous studies proposed a simulation model based on cytoplasmic pulling forces on microtubules 
[3,5,13,14] during the movement of the centrosome, together with the nucleus, toward the cell center [15–18]. These models agree 
quantitatively with the actual movements of the centrosomes in the one-cell-stage embryos of the nematode Caenorhabditis elegans

[15] and of sea urchins [18]. The precise mechanism for the force generation (i.e., whether the force is generated at the cortex 
or in the cytoplasm, the microtubules mediate pulling or pushing forces) is still under debate and may differ among the species 
[19–21]. In principle, however, for the microtubule-dependent centration process, the forces should be dependent on the length 
of the microtubules, with a larger pulling force or smaller pushing force for longer microtubules. In this study, we focused on 
length-dependent pulling forces, but our conclusion should not depend on the precise mechanism of microtubule-dependent force 
generation.

Another process we focused on in this study is the elongation of the mitotic spindle. After the centrosomes bring the nucleus to 
the cell center and the mitotic spindle is formed at the center, the centrosomes move toward the cell periphery to elongate the spindle 
and separate the sister chromatids. The process is also well studied in the C. elegans embryo. We have constructed a numerical model 
for the process previously [22]. Forces pulling the microtubules at the cortex are thought to play major roles in spindle elongation, 
and G𝛼 and related proteins at the cell cortex are required [9–11]. Our previous model agreed well with the extent and speed of 
spindle elongation, which correlated with the cell size, of both wild-type and G𝛼-knockdown C. elegans embryos [22]. In the model, 
we assumed that microtubules are attached to the cell cortex strongly, so that the angles between the cortex and the microtubules, 
and the angle between the neighboring microtubules around the centrosomes, change dynamically.

These studies were informative to separately understand the dynamic behaviors of nuclear centration and spindle elongation. 
Placing these successive processes in a unified framework, however, is difficult because these models assumed different attachment 
strengths of the microtubules with the cell cortex and thus different angle configurations of the microtubules (Fig. 1). The model 
for nuclear centration assumed a weak attachment of microtubules to the cell cortex, and thus the angles between the neighboring 
microtubules around the centrosomes were fixed (Fig. 1A, [15,18]). We name this configuration of the microtubule (MT) as ‘MT-
Fixed’. MT-Fixed configuration, in which the microtubules elongate from the centrosome with a uniform angle distribution at the 
initial configuration and these angles are fixed during the centrosome centration, seems natural unless there is a specific mechanism 
to bias the angle. In contrast, the model for spindle elongation assumed a strong attachment of microtubules to the cortex, and thus 
the angles were flexible (Fig. 1B, [22]). We name this configuration ‘MT-Variable’. The strong attachment of microtubules to the 
cortex during the spindle elongation in the C. elegans embryo is supported by the observation of Kozlowski et al. Cell (2007). Because 
multiple microtubules form a bundle, even if a single microtubule is dynamically attaching and detaching with the cortex, some of 
the microtubules in the bundle remain attaching to the cortex. In this way, the contact point of the MT bundle can be maintained. 
Live cell imaging of microtubules in embryos appears consistent with the differences in the attachment strength at each stage and 
angular configuration of microtubules [15,23]. The observation implies that the dynamics of the microtubules is switching between 
these two processes. However, the details remain unclear.

In this study, we examined the switching between these two processes during centrosome centration and spindle elongation, 
which account for the movement of the centrosome-nucleus complex and elongated pole-to-pole distance. To do so, we compared 
simulation results of models in which the angular configuration of microtubules (MTs) changes dynamically (MT-Variable model) 
or is fixed (MT-Fixed model). Using theoretical analyses and experimental measurements in nematode (C. elegans) and sea urchin 
(Scaphechinus mirabilis), we showed that MT-Variable does not account for centration and MT-Fixed does not account for spindle 
elongation.

2. Results

2.1. The MT-Fixed—but not the MT-Variable—configuration accounts for centrosome centration

In the previous studies, the “MT-Fixed” was assumed for centrosome centration [15,24,17]. In contrast, whether the “MT-
Variable” could account for centrosome centration had never been examined. We ran simulations with both the MT-Fixed and 
MT-Variable assumptions by using microtubules that stochastically elongate and shrink, as done before for the C. elegans embryo 
[15,17,24].

In C. elegans embryos, in addition to the center-directed translational movement of the centrosome-nucleus complex, the axis con-
2

necting two centrosomes rotates from perpendicular to parallel to the major axis [12,24]. The MT Fixed assumption has reproduced 
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Fig. 1. Schema of the configuration of microtubules during spindle elongation in the MT-Fixed and the MT-Variable models. A: The schematic view of the 
model assuming MT-Fixed. The angle configuration of microtubules is fixed regardless of centrosome migration. B: The schematic view of the model assuming MT-
Variable. The configuration of microtubules is changed by centrosome migration, because the ends of the microtubules are fixed on the cell cortex. Also, in spindle 
elongation, the two centrosomes are controlled independently.

Table 1

Parameter values in centrosome centration.

Standard state Range Measured value Ref.

Cell size (long axis) [×10−6 m] 25
Cell size (short axis) [×10−6 m] 15
Radius of nucleus-centrosome complex [×10−6 m] 5

Microtubules
Growing velocity (𝑉𝑔) [×10−6 m/s] 0.25 0.118 - 0.328 0.118 - 0.328 ∗
Shrinking velocity (𝑉𝑠) [×10−6 m/s] 0.3 0.157 - 0.537 0.157 - 0.537 ∗
Catastrophe frequency (𝑓𝑐𝑎𝑡) [/s] 0.02 0.0115 - 0.046 0.0115 - 0.046 ∗
Rescue frequency (𝑓𝑟𝑒𝑠) [/s] 0.07 0.0113 - 0.133 0.0113 - 0.133 ∗
The number of microtubules (𝑁) 208 30 - 550 >30 [15]

Motor protein
Length-dependent pulling model
Pulling force (𝐹𝑠𝑡𝑎𝑙𝑙) [×10−12 N] 1.1 0.5 - 1.5 0.78 - 1.1 ∗∗
Maximum velocity (𝑉𝑚𝑎𝑥) [×10−6 m/s] 2.0 0.5 - 5.0 1.1 - 2.0 [53,54]
Density on microtubule (𝐷) [×103/m] 100 20 - 500

Drag of nucleus (fluid resistance)
Viscosity of cytosol (𝜂) [Ns∕m2] 1 0.001-10 0.0018-3 [46]
Stoke’s radius (𝑟) [×10−6m] 10 5-15 5-15

Time step [s] 0.05 0.01-0.1 [55]

∗ [56–59]
∗∗ [60,53,61]

this rotational movement [24]. We used these observed results to compare two assumptions, focusing on the position of the nucleus-
centrosome complex and the rotation angle of nucleus-centrosome complex from an initial state, 𝜙 (Fig. 2A). In the simulation, 
parameter values were set based on the previous studies [15,17,24] and are called the standard state in this study (Table 1).

First, we performed simulation of centrosome centration with MT-Fixed and MT-Variable model and evaluated the converged 
position of the nucleus-centrosome complex in the simulation of centrosome centration (Fig. 2B, Supplementary Movie S1 and S2). 
The nucleus-centrosome complex moved to the center, 50% of the cell size, in the MT-Fixed model, but moved only 25% of the cell 
size in the model with the MT-Variable assumption.

Next, we compared the rotation angle of the nucleus-centrosome complex (Fig. 2C). In the MT-Fixed model, the complex rotated, 
3

whereas in the MT-Variable model its rotation did not occur and the angle remained nearly 0◦ .
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Fig. 2. The MT-Fixed—but not the MT-Variable—configuration accounts for centrosome centration. A: Schematic of centrosome centration. We defined migra-
tion length normalized to cell size as the position of the nucleus-centrosome complex and defined the angle of nucleus-centrosome complex rotation from an initial 
state as 𝜙. B: Migration length normalized to cell size, 15 minutes after centrosome centration started (𝑛 = 50). There was a significant difference between the models 
(Wilcoxon rank-sum test p < 2.2 × 10−16). C: Angle of nucleus-centrosome complex rotation, 15 minutes after centrosome centration started (𝑛 = 50). There was a 
significant difference between the models (Wilcoxon rank-sum test, p = 1.39 × 10−14).

These results indicate that the MT-Variable assumption does not account for centrosome centration, and the MT-Fixed assumption 
is critical for centration.

2.2. Centrosome centration is achieved by the model assuming MT-Fixed regardless of any initial position, angle, or cell shape

The simulation result of the previous section showed that the nucleus-centrosome complex moved to the center of the cell and 
rotated approximately 90◦ in the model assuming MT-Fixed with a specific initial position and angle of the nucleus-centrosome 
complex. We next investigated the robustness of the converged position and angle of the nucleus-centrosome complex against its 
initial position and angle using phase-plane analysis (Fig. 3A) [25]. This result showed one stable fixed point (the point where all 
arrows are attracted) at the center of the cell and 90◦ of rotation and two unstable fixed points (the point where some arrows are 
attracted and others are repulsed) at the center and 0◦ and 180◦ of rotation angle. This indicated the model assuming MT-Fixed can 
explain the movement to the center of cells and the 90◦ rotational angle independent of the initial position and rotational angle of 
the nucleus-centrosome complex.

The previous studies demonstrated that nucleus-centrosome centration is consistently achieved in sea urchins even though the 
cell shape varies in terms of the aspect ratio [13,18], the ratio of the short axis length to the long axis length of the cell, which 
represents the degree of roundness. To verify this robustness, we performed phase-plane analyses for cells with various aspect ratios 
(Fig. 3B, C). Cells that were either ellipsoidal or spherical in shape, i.e., aspect ratios larger or smaller than that of the standard state, 
showed one stable and two unstable fixed points—entirely the same as the result from the standard state (Fig. 3B, green, red). The 
result of phase-plane analysis for spherical cells showed that the center of cells was always stable (Fig. 3C), but the dynamic rotation 
of the nucleus-centrosome was prevented based on the MT-Fixed assumption. We also tested whether the rotation of the centrosome 
in these spherical cells could be reproduced by the MT Variable model (Fig. S1). The results showed that the MT Variable model did 
not induce any change from the initial angle (Fig. S1A), and also showed only an inadequate shift to the center with respect to the 
convergence position (Fig. S1B).

2.3. Quantification of MT distribution during spindle elongation suggested that the competition for the cortical force generator between the 
two spindle poles is not critical for spindle elongation

After the achievement of correct nucleus-centrosome centration, the cell cycle proceeds to enter the process of spindle elongation. 
Our previous model of spindle elongation in the C. elegans embryo assumed the MT-Variable configuration [22] and accounted for 
4

the converged length of the elongated spindle and its cell-size dependency observed experimentally in vivo [22]. In the current study, 
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Fig. 3. Centrosome centration is achieved by the model assuming MT-Fixed regardless of any initial position, angle, or cell shape. A: Vector field about the 
movement of the nucleus-centrosome complex plotted against its position and angle. On the horizontal line, we used position normalized to the major axis. The vector 
field has a stable fixed point at the center and angle 90◦, and two saddle points at the center and angles 0◦ and 180◦ . The standard states (Table 1) were used as 
parameter values in this simulation. B: More ellipsoidal shape (green: the length of minor axis = 10 × 10−6 m) produced more torque (vertical length of arrows) and 
rotation than the standard state (red). C: In spheres (major axis = 25 × 10−6 m, minor axis = 25 × 10−6 m), the cell center was stable regardless of angle.

we asked whether the MT-Fixed configuration could also account for the spindle elongation process. If so, switching from MT-Fixed 
at the centrosome centration to MT-Variable at spindle elongation would not be necessary.

Before comparing the MT-Variable and MT-Fixed models for spindle elongation, we evaluated the feasibility of the “Stoichiometric 
model”, another model proposed for spindle elongation [26]. The critical mechanism for the spindle elongation in the stoichiometric 
model is the competition between the two centrosomes for the cortical force generators [26]. If each of the cortical force generator 
pulls only the nearest centrosome, the anterior centrosome is pulled selectively by the anterior cortical force generators and thus 
moves to the anterior direction until it reaches to the center of the anterior half of the cell, and vice versa. This model explains 
well experimental observations, such as the elongation independence of the initial length of the spindle [26]. Notably, the limited 
number of cortical force generators has been proposed as a potential mechanism to explain the centration of the centrosomes [27,28]. 
Therefore, the stoichiometric model is a potential model to explain both the centration and the spindle elongation.

We questioned whether the competition for the cortical force generators, which is critical for the stoichiometric model, really 
5

takes place during the spindle elongation in the C. elegans embryo. The MTs growing from the anterior centrosome toward the 
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Fig. 4. MT distribution during the spindle elongation. A: Scheme of MT distribution in a uniform case (i, left) and in a case where MTs are focused toward the 
spindle and do not grow over the mitotic chromosomes (ii, right). Red and green lines indicate MTs from the left and right centrosome, respectively. Yellow indicates 
the mitotic chromosomes. In the case of (ii), there will be MT-sparse regions next to the MT-dense region because the MTs are focused toward the chromosomes, and 
also because the MTs from the farther centrosome do not elongate across the chromosomes. The dotted lines in (ii) indicate expected MTs of the uniform distribution. 
This will be reflected as the two valleys next to the largest peak when we quantify the MT intensity along a circumference whose center is one of the centrosome 
(blue circles) as drawn in the lower panels. In the lower panels, the angle of 0 is toward the other centrosome. B: A representative example of the 𝛽-tubulin::GFP 
image of the C. elegans embryo (AZ244 strain) during spindle elongation. See Supplemental Movie S3 for other frames of this embryo. C: A representative plot of the 
MT intensity within each angle window for 15 to 20 pixel length from the center of the left centrosome in (B). Red circles and bars represent mean and S.E.M. of the 
intensity of the angle window. Yellow, orange, and purple lines show the best fit lines with uniform, single peak von Mises, and double peak von Mises distribution, 
respectively. D: Distribution with respect to the number of frames for a better fit to a two-peak distribution for a frame-by-frame one-peak distribution in each sample.

posterior direction appears not to reach the posterior cortex (Fig. 4A(i)), but to be used as spindle MTs to capture the chromosomes 
and not reach to the posterior cortex, and vice versa (Fig. 4A(ii), B). If this is the case, the competition is not taking place. The 
anterior centrosome can monopolize the anterior force generators without competition. However, it was difficult to demonstrate 
whether the MTs from the anterior pole grow beyond the chromosome to reach the posterior cortex, because the MTs from the 
anterior and posterior centrosomes cannot be distinguished. To overcome this difficulty, we examined the angle distribution of the 
MTs before they reach the chromosomes (Fig. 4B, Supplemental Movie S3). If the MTs involved in the formation of the spindle do 
not reach the cell cortex, there should be MT sparse regions at the both sides of the spindle due to the focusing of the MTs for 
the spindle from the nearer centrosome, and also due to the limited elongation over the chromosome from the farther centrosome 
(Fig. 4A(ii)). This was actually the case. When we quantify the signal intensity of the 𝛽-tubulin for every 10°of the distance 3 to 4 μm, 
we detected MT-sparse regions next to the MT-dense region (Fig. 4C). This feature was supported in a statistical manner that a fitting 
with a double-peak distribution was more likely than that with a single-peak distribution (Fig. 4D). The experimental observations 
demonstrated that the competition of the cortical force generators is minor and thus the stoichiometric model is not necessary to 
explain the spindle elongation (see also Discussion).

2.4. The experimentally obtained MT distribution was consistent with MT-Variable configuration during spindle elongation in the nematode 
C. elegans embryo

To directly evaluate whether the MTs are fixed or variable, we tried to quantify the angle of MTs during spindle elongation 
(Fig. 5A, B). This was difficult because the filamentous signals of 𝛽-tubulin::GFP were not reliable enough to quantify the change 
6

in the angle of single filament over time. Nevertheless, we could quantify the angle distribution as we did for Fig. 4 and found 
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Fig. 5. MT distribution is consistent with MT-Variable model during the spindle elongation. A: Scheme of MT distribution for MT-Variable case. As the spindle 
elongates, the distance between the two valleys across the major peak (blue two-headed-arrows in left and right schematics) will decrease. The colors in the schema 
(left) are same as in Fig. 4A. B: Plots of the MT intensity at the initial time frame (frame 0) of the elongation and the final time frame (frame 13) before the onset 
of spindle rocking. The MT intensity was quantified using the 𝛽-tubulin::GFP expressing strain (AZ244). The major peaks became sharper, consistent with the MT-
variable model. C: The change in angle for 6 centrosomes. The angle between the two valleys were plotted against time-frame normalized to the onset of the spindle 
elongation.

that the angle for the MT-sparse region decrease as the spindle elongates (Fig. 5B, C). This experimental observation supported the 
MT-variable model over MT-fixed model.

2.5. The MT-Fixed and the MT-Variable reproduced the converged length of the spindle after elongation and its cell-size dependency

To investigate which of the two configurations, MT-Fixed or MT-Variable, is more suitable for the spindle elongation from an 
independent approach, we constructed simulation models to compare the MT-Variable and MT-Fixed configurations for the spindle 
elongation based on our previous study (Fig. 1) [22]. For simplicity, in the current study, we considered only the force-generator-
limited mechanism assumed for the G𝛼-dependent force but not the mechanism for the G𝛼-independent force, because the former 
plays the major role [22].

We performed simulation of spindle elongation with MT-Fixed and MT-Variable model and evaluated the converged position 
of centrosomes in the simulation of spindle elongation in cells of various sizes (Fig. S2, Supplementary Movie S4 and S5). Both 
the MT-Fixed and the MT-Variable configurations reproduced the converged length of the spindle after elongation and its cell-size 
dependency (Fig. S2) quantified in the previous experiments of the C. elegans embryo (Fig. S2, red line) [22]. Thus, the spindle length 
and its cell-size dependency are insufficient to distinguish between the validity of the MT-Fixed and MT-Variable configurations.

2.6. The MT-Fixed and MT-Variable configurations predict distinct aspect-ratio dependency of the spindle elongation

Next, we focused on the effect of cell shape on the length of spindle elongation, focusing on the aspect ratio as an index of 
7

cell shape. The models based on the MT-Fixed and MT-Variable configurations predicted distinct aspect-ratio dependency of the 
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Fig. 6. The MT-Variable—but not the MT-Fixed—configuration accounts for the experimentally obtained aspect-ratio dependency of spindle elongation 
in the nematode C. elegans. A: Example of aspect ratio and elongated pole-to-pole distance measurements for C. elegans embryos. B: Blue and green lines show the 
simulation results of the MT-Fixed and MT-Variable models, respectively. The positions of the spindle poles were visualized using 𝛾 -tubulin::GFP expressing strains. 
Each point refers to a result measured experimentally for C. elegans. The distinct shapes of the points represent the distinct strains and gene knockdowns of C. elegans. 
Strains used are TH27, TH32 and CAL1628 (see Method).

converged length of the elongated spindle (Fig. 6). In the MT-Fixed model, the elongation length increased gradually as the aspect 
ratio increased (Fig. 6, blue line). In contrast, in the MT-Variable model, the elongation length slightly decreased as the aspect ratio 
increased (Fig. 6, green line).

2.7. The MT-Variable—but not MT-Fixed—configuration accounts for the experimentally obtained aspect-ratio dependency of spindle 
elongation in the nematode C. elegans embryo

To investigate which of the two configurations, MT-Fixed or MT Variable, is more suitable for the spindle elongation process, 
we experimentally measured the aspect-ratio dependency of the spindle elongation in the C. elegans embryo. We decreased the 
aspect ratio of C. elegans embryos by knocking down the dpy-11 gene or increased it by knocking down the C27D9.1 gene in a lon-1

mutant [29]. We visualized the centrosomes using strains expressing 𝛾 -tubulin fused to green fluorescent protein (GFP) (Fig. S3) and 
measured the converged length of the elongated spindles (Fig. 6A). The experimental data aligned along the line predicted by the 
MT-Variable—but not the MT-Fixed—model, supporting the involvement of the MT-Variable configuration for the spindle elongation 
process (Fig. 6B).

Our present models contained parameters whose values were not clear in the previous research, such as the initial angle and 
the density of the microtubules. To evaluate the effect of their uncertainty, we conducted simulations in which the values of these 
parameters were widely changed (Figs. S4, S5). These parameters did not affect the trends of the aspect-ratio dependency of the 
spindle elongation, further supporting MT-Variable for spindle elongation. Interestingly, this analysis also revealed that the elongation 
length did not change markedly when we changed the values of the parameters in the MT-Variable configuration, indicating that the 
MT-Variable configuration enables more robust elongation than the MT-Fixed configuration.

2.8. The MT-Variable configuration also accounts for the aspect-ratio dependency of spindle elongation in the sea urchin embryo

We conducted similar experiments in the sea urchin S. mirabilis. The manipulation of the aspect ratio for S. mirabilis was realized 
by embedding the fertilized eggs into a fabricated microdevice containing cylinders with various aspect ratios (Fig. S6), as devel-
8

oped previously [13]. During the spindle elongation in S. mirabilis, microtubules reached the cell cortex, and astral microtubules 
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Fig. 7. The MT-Variable—but not MT-Fixed—configuration accounts for the experimentally obtained aspect-ratio dependency of spindle elongation in the 
sea urchin S. mirabilis. A: Example of aspect ratio and elongated pole-to-pole distance measurements for S. mirabilis embryos. B: Blue and green lines show the 
simulation results of the MT-Fixed and MT-Variable model, respectively. The points refer to the results measured experimentally for S. mirabilis.

appeared dominant over interpolar microtubules [30,31], suggesting the importance of cortical pulling forces. The converged length 
of the elongated spindle was measured from Nomarski DIC microscope images (Fig. 7A). The aspect-ratio dependency of the spindle 
elongation in S. mirabilis also agreed with the prediction from the MT-Variable model, indicating generalizability of the MT-Variable 
configuration during spindle elongation in metazoans (Fig. 7B).

3. Discussion

3.1. The angle configuration of microtubules in centrosome centration and spindle elongation

Previous research assumed the MT-Fixed configuration for the centration of the nucleus-centrosome complex, whereas the MT-
Variable configuration was assumed for spindle elongation [15,22]. The current study investigated whether the different assumptions 
for the successive processes were appropriate, or whether one of the two configurations could account for both processes. We 
conducted simulations with both models, for both centrosome centration and spindle elongation. By comparing the model prediction 
with the experimental measurements, we clarified that the MT-Variable does not account for centrosome centration, and the MT-
Fixed does not account for spindle elongation (Figs. 2, 3, 6B, 7B). The results support the idea that the cell switches from the 
MT-Fixed to the MT-Variable configuration upon the transition from centrosome centration to spindle elongation.

The dependency of the spindle elongation length on aspect ratio of the cell did not change much when we changed the values 
of the parameters in the MT-Variable configuration, indicating that the MT-Variable configuration enables more robust elongation 
than the MT-Fixed configuration. The main reason of the robustness based on this mechanical point of view is that the length of 
microtubules reaching the cortex from the spindle toward the long axis with the increase in aspect ratio is considered to be important. 
In the MT-Fixed model, the microtubule angles are fixed from beginning to end, so an increase in the aspect ratio directly leads to 
an increase in the length of the microtubules, which in turn leads to an increase in the forces that each microtubule pulled. This 
induces a strong pulling force on the spindle in the cortical direction, which is thought to lead to a large increase in the distance 
between spindles as the aspect ratio increases. In the case of MT-Variable, on the other hand, such an extreme increase in force 
can be tolerated by changing the angle of microtubules. In other words, by fixing the junction point between the microtubule and 
cortex, the angle of the microtubule changes with the movement of the spindle in a manner that reduces the long-axis component, 
thus allowing the change in aspect ratio to remain somewhat tolerant without producing the extreme change in elongated spindle 
9

distance seen in MT-Fixed. This is the reason why the aspect ratio of the spindles is somewhat tolerant to its change. Considering 
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the importance of cell division processes, including spindle elongation, using mechanisms that can withstand parameter fluctuations, 
such as the MT-Variable configuration, is preferable for robust spindle elongation. We also quantified the difference between the 
initial angle and the angle at convergence of each microtubule based on simulation results for C. elegans and S. mirabilis in order 
to verify how much of this angular change actually occurs is sufficient for the achievement of spindle elongation (Fig. S7). As a 
result, we observed a change in angle of approximately 20 degrees, independent of the species, as well as the aspect ratio. This result 
suggests that a large angular change is not required for spindle elongation to occur and that the change from microtubule angle 
fixation in centrosome centration is not so dramatic.

In previous studies, the force on microtubules has been formulated as proportional to the length of the microtubule or the square 
of the length of the microtubule, and has been extensively verified [3,27,13,16,19]. In this study, we assumed a force proportional 
to the length of the microtubule for centrosome centration and to its square for spindle elongation. Therefore, we replaced each of 
these assumed forces and verified the position of the centrosomes, its angle of rotation, and the pole-to-pole distance at the point 
of convergence (Fig. S8 and S9). As a result, there was no significant difference in the position of convergence in the centrosome 
centration and the distance between the poles in the spindle elongation for either force assumption (Figs. S8A and S9). On the 
other hand, a tendency for significantly slower rotation was confirmed by making the force proportional to the square of the 
microtubule length with respect to the angle of rotation in the centrosome centration (Fig. S8B). These results generally indicated 
that the mechanism that determines the convergence position is not the force generation mechanism but the angular distribution of 
the microtubules that we have shown in this study. The rotation of the centrosomes only moderates the speed based on the force 
proportional to the square of the microtubule length, indicating that the angular distribution of the microtubules is important in 
determining the state of convergence.

3.2. Possible mechanisms of the switch from the MT-Fixed to the MT-Variable configuration

We propose that the angle configuration of microtubules switches from MT-Fixed to MT-Variable when the cell transits from cen-
trosome centration to spindle elongation. What is the mechanism underlying this switch? In MT-Variable, the interaction between the 
microtubules and the cell cortex should be strong to allow changing of the angles between the microtubules around the centrosomes. 
In contrast, in MT-Fixed, the interaction is weak, so that the cortical end of the microtubule can move, allowing the original angle 
around the centrosomes to remain unchanged. We speculate that the strength of the interaction between the microtubules and the 
cell cortex is controlled by two pathways. First, for the strong interaction, the microtubules should reach the cell cortex frequently. 
Second, the proteins involved in the interaction should be abundant at the cell cortex.

Concerning the first pathway, in anaphase, when the spindle elongates, astral microtubules are known to be longer than they 
are in the other phases, which allow the microtubules to reach to the cell cortex in S. mirabilis [30]. For the second pathway, the 
localization dynamics of dynactin proteins is informative. Dynactin is a protein complex working with the molecular motor dynein 
to pull the microtubules. Dynactin associates with the G proteins GPR-1/2 and LIN-5 at the cell cortex. These proteins localize near 
the anterior pole during centrosome centration and gradually move to the cell cortex in the C. elegans embryo [32]. In MDCK cells (a 
canine cell line), dynactin shows strong localization to the nuclear periphery at prophase and relocates to the cell cortex at anaphase 
[33]. These findings support that the interaction between the microtubule and the cell cortex can become stronger when spindle 
elongation occurs, and thus the microtubule configuration can switch from MT-Fixed to MT-Variable.

3.3. Some notes for the stoichiometric model

The stoichiometric model is a nice model to explain spindle elongation in the C. elegans embryo [26]. In the present study, we 
showed that the competition of the cortical force generators by the two centrosomes, which is the critical driving mechanism in 
the stoichiometric model, is unlikely to take place during the spindle elongation simply because the cortical regions covered by MT 
from each of the centrosome overlap little (Fig. 4). We did not deny the possibility of competition in cases where such overlap is 
evident. The stoichiometric model will thus be a good back-up mechanism to assure the proper spindle elongation even when the 
MT distribution is mis-regulated.

The stoichiometric model is reported have higher capability over the MT-variable model [22] to explain the spindle elongation 
[26]. Specifically, the final spindle length after elongation is sensitive to the initial spindle length in the MT-variable model, but not 
in the stoichiometric model. This dependency is not so evident in vivo supporting the stoichiometric model over MT-variable model 
[26]. The examined “independency” has not been examined in the wide range of the initial length and thus we do not think this is a 
strong evidence to deny the MT-variable model. Further investigations are required. It will be interesting to search for a new model 
unifying both MT-variable and stoichiometric model, rather than denying one of them. The stoichiometric model has a potential to 
explain both the centration and the spindle elongation as we discussed in the result section. Such investigation will lead to a unified 
model for the centrosome movement.

3.4. Applicability of the present models to other mechanisms and cell systems

For the centrosome centration, we adopted the cytoplasmic pulling forces as the underlying force generation mechanism. This 
mechanism assumes that the force is generated on the microtubule throughout the cytoplasm [5,15]. However, the mechanism for 
the force generation driving the centrosome centration is still under debate and may differ among species. The pulling force may 
10

be generated at the cortex but not at the cytoplasm. In addition, the centration may be driven not by pulling forces but by the 
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pushing forces generated when the microtubules grow against the cell cortex [19,20,34,35]. Regardless of the detailed mechanism, 
for microtubules to accomplish centration, longer microtubules must generate or mediate stronger pulling forces or weaker pushing 
forces. We expect that the conclusions of our modeling studies do not depend on the details of the force generation mechanisms.

Our model of spindle elongation assumes forces pulling the two centrosomes from the cell cortex via the astral microtubules. 
This assumption is consistent with previous models and experiments [36], including those from C. elegans [37] and sea urchins 
[30,31,38,39]. Another popular driving force for spindle elongation is kinesin motors in the spindle microtubules pushing the two 
centrosomes apart. In the embryo of Drosophila melanogaster, spindle elongation is completely suppressed by inhibition of kinesin-
5 (KLP61F), which controls the movement of interpolar microtubules [36]. In contrast, in C. elegans, the kinesin ortholog is not 
required for spindle elongation [40]. Our modeling results for the spindle elongation may be limited to cell types or organisms where 
the pulling forces from the outside of the spindle are dominant. The universality of this ability to switch the angle configuration of 
microtubules needs the further investigation in other species whose spindle elongation is controlled by pushing forces mediated by 
interpolar microtubules.

4. Star + methods

4.1. Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
Deposited data
Raw and analyzed data This paper https://github.com/funalab/MTSim
Experimental models: Organisms/strains
C. elegans: Strain AZ244 [unc-119(ed3) III; 
ruIs57.], TH27 [unc-119(ed3) III; ddIs6 V.], 
CAL1628 [lon-1(e185) III; ddIs6 V.], TH32 
[unc-119(ed3);ruIs32 III; ddIs6 V.]
Software and algorithms
ImageJ
MATLAB

5. Resource availability

5.1. Lead contact

Further information and any related requests should be directed to and will be fulfilled by the lead contact,
Prof. Akira Funahashi (funa @bio .keio .ac .jp).

5.2. Materials availability

This study did not generate new unique reagents.

5.3. Data and code availability

• The datasets generated and/or analyzed during the current study are available in the github repository, https://github .com /
funalab /MTSim.

• The custom analysis codes created in this study are freely available through github (https://github .com /funalab /MTSim).

6. Experimental model and subject details

6.1. C. elegans sample preparation

The C. elegans strains used in this study were AZ244 [unc-119(ed3) III; ruIs57.] TH27 [unc-119(ed3) III; ddIs6 V.], CAL1628 
[lon-1(e185) III; ddIs6 V.], and TH32 [unc-119(ed3); ruIs32 III; ddIs6 V.]. ruIs57 contains pie-1p::GFP::tubulin, ddIs6 contains pie-

1p::tbg-1::GFP and ruIs32 contains pie-1p::GFP::H2B. CAL1628 was constructed in this study by crossing TH27 and CB185 [lon-1(e185) 
III.]. TH27, TH32, and CB185 were provided by the Caenorhabditis Genetics Center. C. elegans strains were maintained using a 
standard procedure [41].

The aspect ratio of the eggshell was changed by knocking down dpy-11 (to make the cell round) or by using a lon-1 mutant 
with or without knocking down C27D9.1 (to make the cell elongated), as established previously [29]. They generated spherical and 
elongated embryos with the aspect ratio of 1.5 ± 0.2 (mean ± SD) for knockdown of dpy-11 and 2.3 ± 0.3 for knockdown of C27D9.1

against the lon-1 mutant, respectively, compared to wild type (1.6 ± 0.1). The knockdown of dpy-11 and C27D9.1 was established as 
11

described previously [29,42] by feeding RNAi using the C. elegans RNAi library (Source BioScience, Nottingham, UK) [43].

https://github.com/funalab/MTSim
mailto:funa@bio.keio.ac.jp
https://github.com/funalab/MTSim
https://github.com/funalab/MTSim
https://github.com/funalab/MTSim
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6.2. S. mirabilis sample preparation

Gametes of S. mirabilis were collected by intracoelomic injection of 1 mM acetylcholine in artificial seawater. Sperm were collected 
dry from the aboral surface and kept in the refrigerator at 4 ◦C. Unfertilized eggs were shed into a large volume of artificial seawater, 
rinsed three times in fresh artificial seawater, and stored settled at 15 ◦C in an incubator until use.

S. mirabilis eggs were fertilized by the addition of sperm diluted around 1:10,000 in artificial seawater. After 30 seconds, a large 
volume of 1 M urea in artificial seawater was added to the watch glass. Fertilized eggs were collected in the center by gentle shaking 
and moved to a new plate containing Ca2+-free artificial seawater. To remove the jelly coat and fertilized membrane, fertilized eggs 
were pipetted several times. The eggs were rinsed twice in Ca2+-free artificial seawater and moved into artificial seawater on an 
agar-coated plate.

7. Method details

7.1. Mathematical modeling

7.1.1. Centrosome centration

In this study, centrosome centration was modeled based on a length-dependent pulling model [15]. In our simulation, cell 
boundaries were considered to be ellipsoids, the nucleus-centrosome complex was considered to be a sphere, and microtubules 
elongating from the centrosomes associated with the cell nucleus were considered to be straight rods reaching the cortex. Migration 
of the nucleus-centrosome complex is driven only by the pulling force of microtubules pulled by motor proteins. In this length-
dependent pulling model, it is assumed that microtubules are pulled by a minus-end-directed motor protein that exists uniformly in 
the cytoplasm [3] and that the number of motor proteins attaching to the microtubules is proportional to its length. Thus, the pulling 
force of a microtubule is proportional to its length. The pulling force of each microtubule, 𝐹pull , is

𝐹pull =𝐷 ⋅𝐿 ⋅ 𝐹motor

𝐷 is the density of motor proteins on the microtubule, 𝐿 is the length of the microtubule, and 𝐹motor is the force pulled by one motor 
protein. In this model, the effect of membranes on microtubules is considered as negligibly small. The migration of the nucleus-
centrosome complex was disturbed by viscous force during migration. As in our previous study, inertial force is neglected because 
the Reynolds number is low, and viscous force is dominant inside the cell [15,44]. Because the viscous force is proportional to the 
velocity of an object, translational movement of the nucleus and centrosome is expressed by the following equation:

𝐹total = 𝛤𝑉trans
where 𝐹total is the force from microtubules to the nucleus-centrosome complex, 𝛤 is the viscosity constant, and 𝑉trans is the velocity 
of nuclear translational movement. Because the nucleus was considered a sphere, the viscosity constant 𝛤 is 6𝜋𝑟𝜂 by Stoke’s Law. 
Thus, 𝑉trans is

𝑉trans =
𝐹total
6𝜋𝑟𝜂

where r is the Stoke’s radius and 𝜂 is the viscosity of the cytoplasm.
Force by microtubules also rotates the nucleus-centrosome complex. As with translational movement, the complex is approximated 

as a sphere, and the rotational moment 𝐓total is

𝐓total = 8𝜋𝑟3𝜂𝐖rot

𝐖rot is the vector of angular velocity. By summing the force of each microtubule, 𝐓total is written as

𝐓total =
∑

𝐹𝑖(𝐫𝑖 × 𝐮𝑖)

𝐹𝑖 is force by microtubule, 𝐫𝑖 is the vector of direction from microtubule to nucleus or centrosome, and 𝐮𝑖 is the unit vector of 
microtubules.

In centrosome centration, parameter values were set based on those in a previous study (Table 1).

7.1.2. Spindle elongation

Our previous study proposed a G𝛼-dependent force (force-generator-limited model) and a G𝛼-independent force (constant-pulling 
model) for spindle elongation [22]. In particular, this study showed that the G𝛼-dependent force is stronger than the independent 
force in terms of cell-size dependence, i.e., the effect size on the extent of elongated spindle length relative to cell size (mean =
0.069 for knockdown of G𝛼 subunit protein coding genes, 0.18 for wild type). Therefore, in the current study, we modeled spindle 
elongation based on the force-generator-limited model, given that this dominant G𝛼-dependent force is sufficient for examining the 
effect of different angular distributions on spindle elongation. In our simulation, cell boundaries were considered to be ellipsoids, and 
microtubules elongating from the centrosomes were considered to be straight rods reaching the cortex. We considered that interpolar 
microtubules have no effect [22,45] because spindle elongation in the embryos of C. elegans is not inhibited by cutting interpolar 
12

microtubules during anaphase [37]. Centrosome migrations are driven only by the pulling force of microtubules provided by motor 
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Table 2

Parameter values in spindle elongation (C. elegans).

Values Ref.

Drag of centrosome (fluid resistance)
Viscosity of cytosol (𝜂) [Ns∕m2] 1 [46]
Stoke’s radius (𝑟) [×10−6 m] 1.5 [47]

Microtubules
Density of microtubules [∕90◦] 6 [22]

MT-Fixed MT-Variable
Initial angle of microtubules [◦] 126 97

Force-generator-limited model
MT-Fixed MT-Variable

Pulling force constant [×10−3 N∕m2] 2.5 0.9

Table 3

Parameter values in spindle elongation in S. mirabilis.

Values Ref.

Cell size (aspect ratio 1.0) [×10−6 m] 120 This study
Cell height [×10−6 m] 65 This study
Metaphase spindle length [×10−6 m] 25 This study

Drag of centrosome (fluid resistance)
Viscosity of cytosol (𝜂) [Ns∕m2] 1 [46]
Stoke’s radius (𝑟) [×10−6 m] 10 [38]

Microtubules
Density of microtubules [∕90◦] 20

MT-Fixed MT-Variable
Initial angle of microtubules [◦] 138 123

Force-generator-limited model
MT-Fixed MT-Variable

Pulling force constant [×10−4 N∕m2] 3.7 1.5

proteins [22]. In the force-generator-limited model, microtubules are assumed to be pulled by dynein anchored to the cortex, and 
the number of dyneins is limited [22]. This assumption means that the pulling force from microtubules is proportional to the area 
of the cell membrane, and that is proportional to the squared length of the microtubule. In this model, the effect of membranes 
on microtubules is considered to be negligibly small. Centrosomes are affected by viscous force during migration. The relationship 
between centrosomes and viscous force is the same as the relationship between the nucleus-centrosome complex and viscous force 
in centrosome centration [22].

In spindle elongation, the values of cytosol viscosity, Stoke’s radius, and microtubule density were set based on those in previous 
studies [22,46,47]. However, there are no direct measurements for the values of the initial angle of microtubules and the pulling 
force constant. Therefore, these values were estimated by manual parameter fitting of the simulation results to previously extracted 
experimental results [22]. These parameters were called the standard state in this study (Tables 2, S1). Parameters related to spatial 
configuration of microtubules were density of microtubules and initial angle of microtubules. The density of microtubules was the 
number of microtubules existing in a two-dimensional region 90◦ from centrosomes. The initial angles of the microtubules were lim-
ited to the angles at which microtubules grow from the centrosome to the center of the cell. These parameters allowed microtubules 
to grow evenly in three dimensions. These parameters were manually fitted for each in the MT-Fixed and MT-Variable models to 
best match the elongated spindle length in P0 cells. For the simulation for S. mirabilis, the parameter values were determined based 
on direct measurements or previous studies (Table 3).

8. Quantification and statistical analysis

8.1. Image processing

For Figs. 4 and 5, the center coordinates of the centrosomes were quantified using the SpotTracker plugin of ImageJ/FIJI [48]
(http://bigwww .epfl .ch /sage /soft /spottracker/). Fluoresent intensity of soluble 𝛽-tubulin was determined by the peak intensity of 
the cytoplasm. After subtracting the intensity of the soluble 𝛽-tubulin, the fluoscent intensity of 𝛽-tubulin, which should correspond 
to that from MTs, were extracted for the arc-shaped region of 15 to 20 pixels for every 10°. The mean and S.E.M. of the intensity 
in the region were calculated (‘normalized intensity’ in Figs. 4C and 5B). The resultant intensity-vs-angle plot was fitted either to a 
uniform distribution 𝑓 (𝜃) = 𝐶 , a von Mises distribution with single peak 𝑓 (𝜃) = 1

2𝜋𝐼0(𝜅)
exp{𝜅 cos(𝜃 −𝜇)}, or a von Mises distribution 

with two peaks at the opposite angle 𝑓 (𝜃) = 1
2𝜋𝐼0(𝜅)

[exp{𝜅1 cos(𝜃 − 𝜇)} + exp{𝜅2 cos(𝜃 − 𝜇 − 𝜋)}]. We also tested wrapped Cauchy 
13

distribution instead of von Mises distributions and obtained similar trends. The fitting was conducted with a maximum likelihood 

http://bigwww.epfl.ch/sage/soft/spottracker/
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method assuming the error is distributed with the normal distribution of 𝑁(𝑚𝑒𝑎𝑛, 𝑆.𝐸.𝑀.2). The feasibility of the models were 
evaluated using AIC (Akaike’s Information Criterion) [49,50]. The analyses were conducted using MATLAB software using the 
optimization toolbox for the fitting.

For Figs. 6 and 7, C. elegans embryos were observed by using a fluorescence microscope, and S. mirabilis embryos were observed by 
using a differential interference microscope. First, the major axis of the embryos in each microscopic image were visually determined. 
Then, a minor axis was determined by drawing an axis perpendicular to the major axis and of maximum length to a cell boundary. 
Finally, spindle length and cell size were manually measured using line tools in Fiji [51].

8.2. C. elegans sample preparation

For imaging of the C. elegans, embryos were cut out from adult worms in 0.75× egg-salt buffer at 22 ◦C. For Figs. 4 and 5, 
fluorescence signals excited with a 488-nm laser were visualized using a spinning-disk confocal system (CSU-MP; Yokogawa, Tokyo, 
Japan) mounted on an inverted microscope (IX71; Olympus, Tokyo, Japan) equipped with a 40×, 1.25 N.A. objective (UPlanSApo; 
Olympus) and a 2× intermediate magnification. For about 6 min, including the entire process of spindle elongation at the 1-cell-stage 
embryo, digital images were acquired every 10 s with an EM-CCD camera (iXon; Andor Technology, Belfast, UK) controlled by NIS 
elements software with an exposure time of 804 ms.

For Fig. 6, fluorescence signals excited with a 488-nm laser were visualized using a spinning-disk confocal system (CSU-X1; 
Yokogawa, Tokyo, Japan) mounted on an inverted microscope (IX71; Olympus, Tokyo, Japan) equipped with a 100×, 1.40 N.A. 
objective (UPLSAPO; Olympus). For about 6 min, including the entire process of spindle elongation at the 1-cell-stage embryo, 
digital images were acquired every 2 s with an EM-CCD camera (iXon; Andor Technology, Belfast, UK) controlled by Metamorph 
software (version 7.7.10.0) with an exposure time of 30 ms.

8.3. S. mirabilis sample preparation

S. mirabilis embryos were deformed using a microchamber [13,52]. We made the microchamber of polydimethyl-siloxane (SILPOT 
184, Toray, Japan) with a mold made by using SU-8 negative photoresist. The chambers were columns of height 60 μm. The bottoms 
of the chambers were ellipses, and the aspect ratio ranged from 1.0 to 8.0. Also, the diameters of the bottom ranged from 138 μm to 
153 μm in six stages. Embryos packed in the chamber were visualized by using a microscope (BX51; Olympus) equipped with a 20 
× objective (UPlanFLN, Olympus). From the end of fertilization to the end of the first division, digital images were acquired every 
1 s with a CCD camera (ORCA-ER C4742-80- 12AG, Hamamatsu Photonics KK, Shizuoka, Japan) controlled by IP Lab software (BD 
Biosciences, San Jose, CA).
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