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Microtubule search-and-capture model evaluates the effect of chromosomal volume
conservation on spindle assembly during mitosis
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Variation in the chromosome numbers can arise from the erroneous mitosis or fusion and fission of chromo-
somes. While the mitotic errors lead to an increase or decrease in the overall chromosomal substance in the
daughter cells, fission and fusion keep this conserved. Variations in chromosome numbers are assumed to be a
crucial driver of speciation. For example, the members of the muntjac species are known to have very different
karyotypes with the chromosome numbers varying from 2n = 70 + 3B in the brown brocket deer to 2n = 46
in the Chinese muntjac and 2n = 6/7 in the Indian muntjac. The chromosomal content in the nucleus of these
closely related mammals is roughly the same and various chromosome fusion and fission pathways have been
suggested as the evolution process of these karyotypes. Similar trends can also be found in lepidoptera and yeast
species which show a wide variation of chromosome numbers. The effect of chromosome number variation on
the spindle assembly time and accuracy is still not properly addressed. We computationally investigate the effect
of conservation of the total chromosomal substance on the spindle assembly during prometaphase. Our results
suggest that chromosomal fusion pathways aid the microtubule-driven search and capture of the kinetochore
in cells with monocentric chromosomes. We further report a comparative analysis of the site and percentage
of amphitelic captures, dependence on cell shape, and position of the kinetochore in respect to chromosomal

volume partitioning.
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I. INTRODUCTION

The process of cell division is one of the most complex
and widely studied cell biological phenomena. More often
than not, the mitotic spindle, primarily a microtubule-based
self-assembling cellular machine, facilitates the process of
cell division where the genetic material encoded in the chro-
mosomes is segregated and passed on to the progeny cells
from the mother [1,2]. In general, during centrosomal spindle
assembly, microtubule minus ends are anchored at two cen-
trosomes serving as two spindle poles. During prometaphase,
highly dynamic microtubule plus ends progressively establish
physical linkage with kinetochores—a complex multiprotein
structure associated with the centromere region of the chro-
mosomes, through a proposed search-and-capture process.

The concept of search-and-capture quite naturally entails
a searcher combing through the space for a target to be
captured. The microtubule search-and-capture hypothesis is
fundamentally based on the microtubule dynamic instability
[3-8]. According to this, microtubules growing in random
directions repeatedly toggle between growth and shrinkage
phases. The stochastic transition from growth to shrinkage
is known as a catastrophe, whereas the reverse transition
is known as a rescue. Microtubule nucleation in random
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directions together with dynamic instability inherently en-
able the microtubules to search for ‘“targets” within the
cellular geometry [4,9,10]. In the proposed microtubule
search-and-capture model, when a microtubule plus end en-
counters a kinetochore, a microtubule-kinetochore connection
is established—in other words, that particular kinetochore is
captured. This model, in particular, elucidated two key as-
pects of mitotic spindle assembly: (a) microtubule-mediated
capture of chromosomes and (b) the nature of microtubule-
kinetochore attachments. The model, to a large extent,
explained the rapid establishment of physical connections
between all the chromosomes and spindle poles (chromo-
some capture) within minutes as assessed via experiments
[9]. In this article, we termed the time elapsed in captur-
ing all the kinetochores via centrosomal microtubules as the
total capture time. However, mere capture of the chromo-
somes is a necessary but not sufficient condition for the
progression of spindle assembly—the nature and accuracy of
the microtubule-kinetochore attachments determine the fate
of faithful, error-free chromosome segregation [11]. Since
microtubules from both the spindle poles can attach to kine-
tochores, multiple types of attachments are possible [12].
Interestingly, barring one, all the other types are incorrect
kinetochore-microtubule attachments which give rise to segre-
gation defects. The biologically correct attachment is termed
amphitelic attachment where each sister kinetochore is at-
tached to microtubules extending solely from one of the
two opposite spindle poles. On the other hand, the incorrect
attachments are (a) syntelic attachments where both sister
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kinetochores are linked to the same spindle pole and there
exists no connection between the other spindle pole and the
sister kinetochores, (b) monotelic attachments where only a
single kinetochore is connected to just one spindle pole and
the other kinetochore remains unattached from both the spin-
dle poles, and (c) merotelic attachments where at least one
kinetochore is attached to microtubules emanating from both
the spindle poles. By definition, the formation of merotelic
attachments requires more than one microtubule binding site
on a kinetochore. Due to the complexity of the spindle as-
sembly process, computational modeling is proven to be
a useful tool to complement and support the experimental
research focusing on various aspects of spindle dynamics
across organisms [13-27]. To understand the speed and ac-
curacy of the spindle assembly process, several variants of
search-and-capture models incorporating microtubules and
kinetochores in two-dimensional (2D) and three-dimensional
(3D) geometries have been utilized to quantitatively identify
the conditions and mechanisms that facilitate error-free segre-
gation [9,10,28-36].

Our aim in this study is to examine the relationship be-
tween chromosome number and the partitioning of the total
chromosomal content in the light of search and capture.
Chromosome number varies widely across different species.
For example, Drosophila melanogaster (fruit fly) has only
four pairs of chromosomes, whereas Caenorhabditis elegans
(worm), Saccharomyces cerevisiae (yeast), Homo sapiens
(humans), and Canis familiaris (dog) have 6, 16, 23, and
39, respectively. Of note, the females of the Indian muntjac
(Muntiacus muntjak), a placental mammal, commonly known
as barking deer, contains the lowest known diploid chro-
mosome number (2N = 6) with large kinetochores among
mammals [37-40]. Muntjac species are thought to have de-
scended from a common ancestor but their karyotypes are
vastly different in each species. Intriguingly, while the Indian
muntjac has a diploid number of 6 in the female and 7 in
the male, the Chinese muntjac has a diploid number of 46
and the brown brocket deer has a diploid number of 70 +
3B. Chromosome painting experiments have suggested that
the chromosomal substance of the 46 chromosomes of the
Chinese muntjac is condensed into the 6/7 chromosomes of
the Indian muntjac [41]. It is likely that the members of the
muntjac species have evolved from their common ancestor
through three plausible mechanisms: (a) chromosome fission,
(b) chromosome fusion, and (c) redistribution of the chro-
mosomal substance. Experimentally, reducing chromosome
numbers through chromosome fusion has been achieved by
karyotype engineering in yeast cells leading to reproductive
isolation [42,43]. Chromosome fission requires the formation
of a new centromere on the newly formed chromosome arm.
Generation of synthetic chromosomes by fission has been re-
ported in literature [44,45]. These observations in the context
of the muntjac species led us to frame the following question:
What is the effect of the condensation of chromosomal content
from multiple chromosomes into fewer chromosomes or vice
versa on spindle assembly? In other words, what happens
to the spindle assembly process when the total chromoso-
mal substance is conserved but redistributed or partitioned
among a varying number of chromosomes? In what follows,
we term this conservation of total chromosomal substance

as chromosomal volume conservation. Herein, we utilize a
general framework of in silico search and capture to determine
the effect of chromosomal volume conservation at the initial
stages of the spindle assembly process.

Our in silico study indicated that, in the absence of chro-
mosomal volume conservation, the total capture time changes
monotonically with chromosome number and cell size. How-
ever, introducing the total chromosomal volume conservation
significantly alters the characteristics of chromosome capture.
Our simulations with chromosomal volume conservation fur-
ther delineated that larger cell size and larger chromosomes
promote higher chromosome biorientation in the absence of
any error correction mechanism. Utilizing this agent-based
in silico framework in 3D, we also tested the effect of cell
shape on the spindle assembly time and statistics. Changes
in cell shape keeping cellular volume conserved were also
found to lower the total capture time, when they led to
a reduction in the intercentrosomal distance (pole-to-pole
distance—noted as centrosome-centrosome distance or CS-
CS distance in the rest of the paper), as long as the mobility
of the chromosomes was not hindered by the deformations.
Slightly oblate cells achieved complete capture sooner than
spherical cells, whereas prolate cells took longer. Overall,
our model alludes that the number of chromosomes preva-
lent in a species may not be random or accidental. Complex
evolutionary mechanisms are likely to be at play to set the
number of chromosomes in a species by distributing the total
chromosomal content among the chromosomes in a way that
favors faithful mitosis.

II. MODEL SIMULATION

We formulated and employed an agent-based microtubule
search-and-capture model based on the literature [4,10],
where microtubules emanating from centrosomes search the
cellular volume and capture the chromosomes over the course
of time. We simulated our model in 3D geometry by choosing
two different shapes for the confinement: (a) spherical and (b)
ellipsoidal, depending on the context. In the present model
(Fig. 1), chromosomes and kinetochores are modeled as solid
3D cylinders. The sister kinetochores are fixed to the chro-
mosome with their cylindrical axis perpendicular to the axis
of the chromosome arm. The size of the kinetochores is kept
constant for all simulations (unless specified otherwise), while
the length of the chromosome arm is varied. When the total
chromosomal volume is mentioned as conserved, we have
kept the sum of the arm lengths of individual chromosomes
fixed at 20 wm (unless specified otherwise). In one set of simu-
lations, we considered static chromosomes (the chromosomes
are fixed in space). In all other cases, we considered diffusive
chromosomes where the chromosome movement in space is
governed by translational and rotational diffusion.

The centrosomes are placed at the two opposite ends of
the diameter (for spherical cells) or a principal axis (for el-
lipsoidal cells). We modeled microtubules as straight rods of
zero thickness emanating from the centrosomes into the 3D
cellular volume. The length of the microtubule at a particular
instant is determined by four dynamic instability parameters
(Table II) [4,6]: Growth rate (v,), shrinkage rate (vy), catastro-
phe frequency (f,), and rescue frequency (f,). Microtubules
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FIG. 1. Model schematic and chromosomal distribution. (a) Representative illustration depicts various components of the agent-based
model. Microtubules (elongating in green, shrinking in red, and attached to kinetochore in cyan) nucleating from centrosomes explore the
space to capture sister kinetochores embedded on the chromosome arm. Chromosomal fission and fusion and the effect of chromosomal
volume conservation are shown. Microtubules undergo dynamical changes in length while searching for the kinetochores within the cellular
volume leading to various types of kinetochore-microtubule attachments. Simulation snapshots for different numbers of chromosomes are
shown in (b) without chromosome arm volume conservation and in (c) with total chromosome arm volume conservation. In the presence of
chromosome arm volume conservation, the individual arm lengths of the chromosomes decrease as the number of chromosomes increases.
We have chosen the chromosome arm lengths in such a manner that for Ncy = 10 the chromosomes have the same arm length (2 um) in both
(b) and (c).
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TABLE I. List of biological terms used in this paper and their relevance in the modeling

Biological term

Meaning

Role in the modeling template

Microtubule (MT)

Kinetochore (KT)

Centrosome (CS)
Chromosome arm

Chromosome fission (fusion)

Dynamic instability

Rigid, hollow, polar, and dynamic cytoskeletal
filament. Microtubules are one of the major building
blocks of the mitotic spindle

Centromeric protein structures that link microtubules
to chromosomes

Microtubule organizing center

Each chromosome has two arms that enclose the
chromosomal substance

Fission (fusion) of chromosomes resulting in
increase (decrease) in chromosome number in a cell
Stochastic switching between growth and shrinkage

All interactions in the model are orchestrated on
and/or transduced via microtubules

Attachment sites for microtubules on
chromosomes

Poles of the mitotic spindle

Shield other chromosomes from microtubules

Changes in chromosome numbers lead to
redistribution of chromosomal substance
Enables microtubules to search through cellular

phases of microtubules
Spindle
Error correction
attachments

Karyotype

Diploid number
sets of chromosomes

Molecular machine that facilitates cell division
Correction of erroneous kinetochore-microtubule
Complete set of chromosomes of an organism

Number of chromosomes in a cell with two complete

volume and facilitates kinetochore capture by
microtubules

Dynamic emergent structure comprising
MTOCSs, microtubules, and chromosomes
Not included in present study

Distinguishes species based on their
chromosomes
Model parameter

grow from the centrosomes uniformly in all directions. In the
present simulation, no microtubule is rescued after a catastro-
phe, which means a depolymerizing microtubule shrinks all
the way back to the centrosome [10]. A growing microtubule
undergoes catastrophe upon hitting (a) the cell periphery or
(b) a chromosome arm. A fixed number of microtubules grow
from each centrosome. When a growing microtubule runs into
a kinetochore, the interaction is stabilized and the event is
registered as a capture of the kinetochore. The capture process
is completed when all the kinetochores are captured. The
biological terms used in this paper and their relevance in the
model are summarized in Table I. Model parameters are listed
in Table II.

The code for the agent-based simulation of microtubule-
chromosome search and capture is written in C. The data
analysis and plotting were done in MATLAB (The MathWorks,
Natick, MA) and GNUPLOT. The computational time for a
single simulation run (starting from the onset of microtubule

search until all the kinetochores are captured) was in the range
of a few minutes (in Intel Xeon CPU having clock speed
2 GHz, RAM 32 GB).

III. RESULTS

A. Without chromosomal volume conservation, average capture
time changes monotonically with chromosome number

To investigate the dependence of the chromosome search-
and-capture process on the chromosomal volume conserva-
tion, we first explored how long it takes for the searcher
microtubules to capture all the chromosomes without chro-
mosomal volume conservation [Figs. 2(a) and 2(b)]. In this
case, the length of each chromosome arm (2 um) and its
volume are fixed. The capture time reported in the following
was measured from the time point when the microtubules
began to grow from the centrosomes until all the chromo-
somes were captured. Our results demonstrated that, for a

TABLE II. Parameter values used in the simulations.

Symbol Description Value Reference
Ncu Number of chromosomes 5-40 This study
Reen Radius of cell 8-30 um This study
Nur Number of microtubules at each pole 1000 [9]

Ryt Radius of kinetochore 0.44 ym [10]
Rcn Radius of chromosome 1.0 um [46,47]
Ikt Length of kinetochore 0.5 um [10]

lcu Length of chromosome arm 0.5-4 um This study
v, Microtubule growth rate 0.35 um/s [9,10,48,49]
U Microtubule shrinkage rate 1.0 um/s [9,10,48,49]
fe Microtubule catastrophe frequency 0 This study
fr Microtubule rescue frequency 0 [9,10,48,49]
D Diffusion constant of chromosome 0.01 um?/s [10]
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FIG. 2. Variation of average capture time with fixed chromosome arm length (2 um) without chromosomal volume conservation and with
mobile chromosomes. (a) Capture time as a function of cell radius. Increasing the number of chromosomes hinders chromosomal mobility
due to crowding and leads to a larger capture time. For a larger number of chromosomes, an optimal cell radius (e.g., 10 um for Ncy = 40)
is found where the average capture time is the least. (b) Capture time increases steadily as a function of the number of chromosomes. The
crossover in the capture time for R.; = 8 wm and 12 um at chromosome number ~30 indicates the crowding effect in smaller cells. The error

bars represent the standard error of the mean.

fixed radius of the spherical cell, the average capture time
increases with increasing chromosome number [Figs. 2(a)
and 2(b)]. Clearly, capturing an increased number of targets
(chromosomes) by a fixed number of searchers (microtubules)
takes longer. Furthermore, we observed that for a fixed num-
ber of chromosomes, as the radius of the spherical cell is
increased, the average capture time also increases monoton-
ically over a range of cell radii [12 wum—-30 pum in the presently
explored parameter regime; Figs. 2(a) and 2(b)]. Notice that
the chromosomes are distributed randomly within the spheri-
cal volume. Therefore, as the cell size increases, the searcher
microtubules have to explore a larger volume to find the chro-
mosomes. This contributes to the surge in the average capture
time. However, in a small cell (radius < 10 um) with a large
number of chromosomes (30 < Ncy < 40), we observed a
noticeable increase in average capture time [Fig. 2(b)]. This
deviates from the monotonic trend when the cell radius was
varied within 12 um-30 um (and 5 < Ncg < 40). Examin-
ing the results for a relatively large number of chromosomes
(30 < Ncy < 40) that are “tightly” packed within a relatively
small volume (radius < 10 um), we see that the effective
“free” space for the microtubules to “pervade” through and
explore is drastically reduced. In a tightly packed configu-
ration, the chromosome arms occlude the microtubules and
induce frequent catastrophe. In addition to that, in crowded
confinement, the mobility of the diffusing chromosomes also
reduces which in turn negatively impacts the visibility of the
kinetochores from the opposite centrosomes. The signature of
this specific scenario is evident from the crossover found in
Fig. 2(b) with 30 chromosomes, where the capture time for
cell radius 8 um (red line) increased beyond the capture time
for cell radius 12 wm. With 40 chromosomes, the minimum
capture time was obtained at a cell radius of 12 um [Fig. 2(b)],
which is greater than the minimum cell radius explored herein
(8 wm). This particular observation alludes that, perhaps for a

fixed number of chromosomes tightly packed within a small
cellular volume, there exists an optimal volume where the av-
erage capture time is minimum. Of note, the results presented
in Figs. 2(a) and 2(b) benchmark our computational model
setup and are consistent with the previous in silico investiga-
tions [10]. We further wanted to check how the capture time
varies with chromosome number for static (immobile) chro-
mosomes as a benchmark for our model. However, generating
visible configurations (both kinetochores visible to either or
both the centrosomes) took enormous computational time as
the chromosome numbers (and total volume of chromosomes)
were increased. The average capture time of these configu-
rations was also larger than biologically relevant timescales
corresponding to mitosis. We refer the interested reader to
earlier in-silico works [10], which report that static chromo-
somes have much larger capture times as compared to mobile
chromosomes and the capture time increases exponentially
with the number of chromosomes.

B. Conservation of total chromosomal volume significantly
alters the characteristics and reduces capture time

Next, we introduced the constraint of total chromosomal
volume conservation into our search-and-capture model and
investigated the conditions to efficiently capture all the chro-
mosomes. We fix the number of chromosomes to 10 for which
the nonconserved and conserved scenarios are identical, i.e.,
with chromosomal volume conservation, the net volume of
10 chromosomes is equally partitioned among different num-
bers of chromosomes. We first considered a scenario where
the randomly placed chromosomes inside the cell are static.
We noticed that the capture time for the chromosomes on
increasing their numbers does not increase monotonically to
timescales that may be irrelevant to mitosis. Our simulation
results showcased an interesting behavior for a fixed cell
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FIG. 3. Variation of average capture time with chromosomal volume conservation. (a) For static chromosomes, capture time increases
steadily with chromosome number up to Ncy = 20 and then decreases sharply before saturation. Total chromosome arm length is conserved
at 20 um. Configurations with all kinetochores visible to microtubules from either or both the centrosomes were chosen for the simulations.
(b) Capture time is substantially reduced and varies marginally with chromosome number for diffusing chromosomes, compared to the static
chromosomes in (a). Diffusing chromosomes have much smaller average capture times compared to static chromosomes. (c) Capture time
increases monotonically with cell radius without much variation for different Ncy. No increase in capture time is observed due to the crowding
of chromosomes even at small cell sizes [compare Fig. 2(a)]. (d) Variation of capture time with chromosome number keeping diffusion constant
0(% such that the diffusion constant for chromosome arm length 2.0 um is 0.01 um?/s. A larger chromosome arm refers to higher viscous
drag and less mobility of chromosomes, thereby increasing the capture time.

radius. The average capture time first increased with increas-
ing chromosome number (Ncy < 20) in a fairly monotonic
fashion and reached a maximum at Ncy = 20 [Fig. 3(a)].
However, when the number of chromosomes is above 20
(Ncy > 20), with further increase in the number of chro-
mosomes, the average capture time started decreasing and
reached a plateau [Fig. 3(a)]. Static chromosomes showed
a maximum capture time when the chromosome arm length
equals 1.0 wm [Fig. 3(a)]. According to the model, with the
increase in chromosome number, the individual chromosome
arm length was decreased to conserve the total chromosomal
volume (Fig. 1). The initial increase in the average capture
time with increasing chromosome number (up to Ncy = 20)
is due to the increase in the number of targets (chromosomes),

while the number of searchers (microtubules) remained fixed.
This is further aided by the fact that, for static chromosomes,
the number of chromosome arm-induced microtubule catas-
trophes decreases with decreasing individual chromosome
length. In this regard, note that a premature microtubule catas-
trophe during an unsuccessful search (e.g., hitting a large
chromosome arm) enhances the chance of a new microtubule
cycle which in turn may increase the efficiency of the search
and capture. Now, when the chromosome number Ncy is
above 20, the chromosome arm length falls below 1 wum due to
volume constraint [Fig. 3(a)]. In this scenario, the size of the
kinetochores (~0.44 um) becomes comparable to the chro-
mosome arm length. According to the model construction,
when the chromosome arm length becomes shorter than the
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kinetochore, the chromosome arm is only partially “exposed”
and most of it is “buried” within the kinetochore. This results
in a drastic reduction in the number of chromosome-arm-
induced microtubule catastrophes, which, however, enhances
the visibility of sister kinetochores from the opposite centro-
somes. The enhanced visibility reduces the average capture
time significantly with increasing chromosome numbers even
though the number of microtubules remained fixed. The av-
erage capture time reaches a plateau at Ncy > 35 in the
currently explored parameter regime [Fig. 3(a)] when there is
no effect of the chromosome arm. The scenario is comparable
to chromosomes that are transparent to the microtubules [9].

Next, we explored the effect of the chromosomal vol-
ume conservation on the search-and-capture process when the
chromosomes, instead of being static, diffuse inside the cell.
We found that the diffusing chromosomes are captured much
faster than static chromosomes [Fig. 3(b)]. The average cap-
ture time, for diffusing chromosomes, increased only slightly
with chromosome numbers for cell radius exceeding 20 um.
For cell radius less than 20 um, capture time was almost
constant for all chromosome numbers [Fig. 3(b)]. However,
a slight increase in the capture time was observed in small
cells with radius 8 um and 12 um for fewer chromosomes (i.e.,
when the chromosome arm lengths are large ~4.0 um). This
suggests large chromosome arms may reduce the mobility
of chromosomes in constricted cells as well as reduce the
visibility of the sister kinetochores leading to delayed capture.
Additionally, we observed that the average capture time is less
sensitive to chromosome number variation in the presence of
chromosome arm volume conservation [compare Fig. 2(a) and
Fig. 3(c)]. Exploring the chromosomal configurations, we see
that, as the chromosome number is increased [in Fig. 3(c)],
chromosome arms become shorter to maintain the volume
conservation. As a result, the effect of steric hindrance on
the chromosomes is significantly reduced. Shorter chromo-
some arms increase the overall visibility of the chromosomes
across a range of chromosome numbers in the explored pa-
rameter regime. We also checked how the capture time varies
with chromosome numbers when the diffusion constant D
is scaled as the inverse of chromosome arm length (D
ICLH). The underlying rationale behind this variation is that
the larger chromosomes are expected to have lesser mobility.
The diffusion constant remains unaltered when the number of
chromosomes Ncy = 10. Our results show that, in large cells
having fewer chromosomes with long chromosome arms, the
capture time increases significantly [see Fig. 3(d)]. In smaller
cells, the increase in the capture time for fewer chromosomes
is only marginal. Reduction of mobility due to higher viscous
drag applied on the larger chromosomes plays a key role
in increasing the capture time in larger cells. However, this
effect does not contribute much in smaller cells where the
crowding of the chromosomes and restricted orientations are
major reasons for the reduced mobility [50].

C. Larger cells and larger chromosomes lead to higher
chromosome biorientation

Next, we ask about the fidelity of the chromosomal segre-
gation in the context of chromosomal volume conservation.
We acknowledge that, for proper spindle assembly, search

and capture is a necessary but not a sufficient condition that
ensures chromosomal biorientation. In addition, it is crucial
to have the correct type of attachment between the cen-
trosomes and chromosomes for faithful cell division. The
microtubule-chromosome attachments can be classified into
the following categories depending on their connection with
the centrosomes: (a) amphitelic, (b) monotelic, (c) syntelic,
and (d) merotelic (Fig. 1). The stability of these attachments
differs from one another—the amphitelic attachments are
the most stable, “correct” type of attachment that facilitates
proper chromosomal biorientation and faithful segregation.
On the other hand, the nonamphitelic attachments are erro-
neous and promote aneuploidy. During the spindle assembly
process, several “error correction” mechanisms specifically
destabilize the erroneous attachments so that only the correct
amphitelic attachments prevail (recently reviewed in [51]).
Although our present model does not include the correction
of erroneous attachments, we asked the following question:
Without the intervention of any error correction mechanism,
what is the relative fraction of amphitelic attachments, when
all the chromosomes are captured? We further wondered how
important the positioning of the chromosomes are when the
amphitelic attachment is formed. Is there a preferential loca-
tion inside the cell where one type of attachment is formed
more frequently compared to another? To address this, we
tracked individual chromosomes in the simulation and mea-
sured how far the chromosomes were from the equatorial
plane when both the sister kinetochores were captured by
microtubules from left and right centrosomes [Fig. 4(a)]. We
found that the chromosomes that got captured near the centro-
somes were mostly syntelic attachments (sister kinetochores
captured from the same pole) [refer to Fig. 8(a)]. Amphitelic
attachments, especially the capture of the uncaught kineto-
chore [second attachment in Fig. 4(a)], mostly occurred when
the chromosomes were in the vicinity of the equator [Fig. 4(b)
and Figs. 8(e),8(f)]. This suggests that the chromosomes near
the metaphase plate have higher chances of establishing am-
phitelic attachments (in the absence of any error correction)
compared to the chromosomes that are close to the poles. For
smaller cells (e.g., Reen = 8 um), amphitelic capture distribu-
tion had a sharp peak near the central region, whereas the
distribution peak decreases for larger cell radii [Fig. 4(b)].
There exists a slice of volume within the cell around the
metaphase plate where the chance of a chromosome capture
being amphitelic is the highest. This can also be justified
by the fact that amhitelic attachments start forming after an
initial delay from the start of the simulations, which can
be attributed to the time taken by the searcher microtubules
from both centrosomes to reach the centrally situated chromo-
somes [Fig. 8(d)]. The results qualitatively remained the same
when the constraint of chromosomal volume conservation was
lifted [Fig. 4(c)]. We next explored how the probability of
amphitelic attachments depends on the size of the spherical
cell and the number of chromosomes—both in the presence
and absence of chromosomal volume conservation. We found
that in the presence of chromosomal volume conservation, the
population of amphitelic attachments grows as the radius of
the cell increases [Fig. 4(d)]. This behavior fairly holds true
for almost the entire range of chromosome numbers scanned
herein [Ncy ~ 5-40; Fig. 4(d)]. We further observed that,
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FIG. 4. Statistics of correct spindle for different cell sizes. (a) Schemes for sequential capture of sister kinetochores leading to am-
phitelic attachment. Centrosome (CS)-kinetochore (KT) capture distance is measured by taking projections of the microtubule length on
the centrosome-centrosome axis. (b) Distribution of amphitelic capture distance (2nd capture) from capturing centrosome for 40 chromosomes
(distances were rescaled by cell diameter). Total chromosome arm length was conserved at 20 um (individual arm length was 0.5 um).
(c) Distribution of amphitelic capture distance (distances were rescaled by cell diameter) from capturing centrosome without chromosomal
arm volume conservation for 40 chromosomes (individual arm length was 2.0 um). In both (b) and (c) the distributions have sharp peaks for
small cell radii which are absent in large cells. The location of the peaks suggests that the amphitelic capture mostly happens in the central
region. (d) Percentage of amphitelic attachments among chromosomes (CH) with conserved chromosome arm volume. A higher percentage of
amphitelic attachment was observed for small Ncy with chromosomal volume conservation. (e) Percentage of amphitelic attachments among
chromosomes without chromosome arm volume conservation. In larger cells, amphitelic percentage remains high across the range of Ncy.
Color bar represents percentage of amphitelic attachments among chromosomes.

for a fixed cell radius, the probability of having amphitelic
attachments is slightly higher for a smaller number of chro-
mosomes [e.g., in Fig. 4(d), for cell radius 20 wm, compare
Ncg = 10 and 40]. This alludes that chromosomes with larger
arms (i.e., for a small number of chromosomes, in the pres-
ence of chromosomal volume conservation) are likely to form
more amphitelic attachments with microtubules from opposite
centrosomes. Larger chromosome arms reduce the visibility
of the distal sister kinetochore from the capturing centrosome,
thereby reducing the probability of a syntelic attachment. Fur-
thermore, if the entire chromosomal substance is distributed
among fewer chromosomes, the number of attempts needed
for capturing all the chromosomes is also less. This reduces
the possibility of wrong attachments and increases the relative
fraction of amphitelic attachments. However, in cells with
smaller radii, the chromosomes are congested and the effect
of steric hindrance is considerable. In that scenario, chromo-
somes that have already established a monotelic attachment
find it difficult to diffuse toward the opposite pole. Being

entrapped near the capturing pole increases the chance of the
sister kinetochore being captured by the same pole leading
to the syntelic attachment. Amphitelic attachments in general
increase with cell size [Figs. 4(d) and 4(e)]. As the cell size
increases, the chromosomes find more space to diffuse and can
move toward the opposite pole to be captured and establish
amphitelic attachments.

D. Effect of cell shape on the spindle assembly time and statistics

Next, we tested how the chromosomal capture depends on
the shape of the cellular confinement (Fig. 5) in the presence
of total chromosomal volume conservation. We started with
a spherical volume and systematically changed the length
of one of the axes (the axis which joins the opposite cen-
trosomes), while the other two axes were kept equal in a
manner such that the total volume was constant. We found
that the average capture time is higher in prolate-shaped cells

[Fig. 5(a)].
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microtubules in prolate cells have to travel longer to reach near the metaphase plate where most of the amphitelic attachments happen. This

reduces the probability of amphitelic attachment.

Within a prolate volume [intercentrosomal distance >12
wum in Fig. 5(a)], the searcher microtubules have to travel a
longer distance to capture chromosomes situated closer to the
metaphase plate compared to spherical volume. This slightly
increases the capture time. We also found that in oblate vol-
ume [intercentrosomal distance <12 pum in Fig. 5(a)], if the
eccentricity is too high the capture time increases slightly
compared to the spherical volume. This marginal increase
[N, = 40; dashed red curve in Fig. 5(a)] may be attributed
to the fact that chromosomes situated near the rim of the
metaphase plate in an oblate volume are farther away from
the centrosomes than in spherical volumes. Thus microtubules
have to travel longer distances to capture them. However,
for N, = 5, shorter intercentrosomal distances in oblate vol-
umes aid toward reduced capture time compared to spherical
volumes [Fig. 5(a), solid black curve]. We also found that
chromosomes experience more boundary collisions in prolate
volume as compared to spherical and oblate volumes [refer to
inset in Fig. 8(c)]. This may lead to chromosomes with larger
arms experiencing reduced mobility in a prolate volume and,
as a result, the average capture time is higher [Fig. 5(a), solid
black curve].

We also checked the relative fraction of amphitelic
attachment as a function of the cell shape [Fig. 5(b)]. Our sim-
ulations demonstrated that the relative fraction of amphitelic
attachments is lower in prolate volumes (intercentrosomal
distance >12 um in Fig. 5) compared to spherical and oblate
volumes (intercentrosomal distance <12 ym in Fig. 5) when
the number of chromosomes Ncy is below 20 [Fig. 5(b)]. Note
that, in prolate cells, most of the chromosomes need to travel
a larger distance to become accessible to microtubules from
opposite centrosomes. This condition promotes amphitelic
attachment. However, once a chromosome is partially cap-

tured near the centrosome, it diffuses around but cannot move
swiftly toward the opposite centrosome. Consequently, both
the sister kinetochores are captured from the same pole, lead-
ing to the syntelic attachment. On the other hand, in oblate
cells (shorter CS-CS distance), sister kinetochores encounter
microtubules at similar probabilities from the opposite poles.
This, in turn, facilitates frequent amphitelic attachments. Con-
sistent with the previous trend as shown in Fig. 4(d), in this
case too, the formation of amphitelic attachments is more
common when the chromosome arms are larger (in other
words, the number of chromosomes is small as the constraint
of chromosomal volume conservation is in place). Of note,
the dependence of spindle assembly speed and accuracy on
the structural and mechanical parameters of the chromosomes
was recently investigated in [36,50] utilizing similar 3D agent-
based computational models.

IV. DISCUSSION

The formation of a proper mitotic spindle is essential for
faithful mitosis. Karyotype variations can affect the process
of mitosis significantly. The survival of an organism with a
specific karyotype depends greatly upon its ability to success-
fully perform mitotic cell division. Changes in chromosome
number can happen due to inter-species mating or genomic
mutations that generally produce infertile offspring due to
a mismatch of cell numbers between the parent cells and
the daughter cell [41,52-54]. It is hypothesized that whole
genome duplication events followed by chromosomal rear-
rangements [55] in such daughter cells is an evolutionary
process to restore fertility [52,56-59]. Whole genome du-
plication leads to a doubling of the chromosome number in
a cell. Further, chromosome fission or fusion in the parent
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cell can also occur due to mutations as often found in
cancer cells [60-62]. Cancer cells are also prone to whole
genome duplication events [60-62]. We checked how such
changes in the chromosome number affect the mitotic spindle
assembly. Our study elucidates that the altered karyotype in
the daughter cell has a lower average capture time when the
total number of chromosomes decreases and the chromosomal
volume is not conserved. An increase in chromosome num-
bers without chromosome arm volume conservation can lead
to larger capture times [60]. A decrease in net cell volume can
reduce the capture time significantly. If the total chromosomal
volume is not conserved, decreasing cell volume can lead to
crowding and higher average capture time in cells with many
chromosomes. However, if the total chromosomal volume is
conserved, the capture time roughly remains the same for
all chromosome numbers. When cytoplasmic viscous forces
are applied proportional to the size of the chromosome arm,
the mobility of larger chromosomes reduces. This effectively
increases the capture time.

Increasing chromosome numbers with total chromoso-
mal volume conserved reduces the percentage of amphitelic
attachments as the size of the chromosome arm becomes
smaller. However, amphitelic attachment percentage does
not vary much with chromosome numbers when the total
chromosomal volume is nonconserved (Fig. 6). We also found
that higher cell volume favors amphitelic attachments due to
less crowding of the chromosomes [50]. Prolate cell geometry
reduced the possibility of amphitelic attachments, whereas
oblate cells with the same total volume showed a higher
probability of amphitelic attachment. This occurs because
microtubules have to travel a longer distance to reach the chro-
mosomes situated near the metaphase plane in prolate confine-
ments as compared to oblate confinements (see Fig. 6). Telo-
centric chromosomes were found to have lower capture times
for long chromosomes compared to metacentric chromo-
somes. Shielded telocentric chromosomes can become visible
by rotational diffusion only; however, metacentric chromo-
somes require translational diffusion to become completely
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visible [see the Appendix, Fig. 9(b)]. If the total chromosomal
volume is randomly distributed among the chromosomes, the
presence of some large chromosomes can increase the capture
time. However, the capture time statistics remain qualitatively
similar to the scenario when the total chromosomal volume is
uniformly distributed [see the Appendix, Fig. 9(d)].

Needless to say that changes in chromosome numbers in
a cell may or may not be accompanied by the conservation
of total chromosomal volume. Chromosome number
reduction in yeast strains reportedly follows a pathway
of a centromere deletion from one chromosome and then
fusion of the rest of the chromosome to another that contains
a working centromere [63]. Our study elucidates that, under
chromosomal volume conservation, a fusion of chromosomes
accelerates the process of mitotic spindle assembly by
favoring correct attachments (see Fig. 6). However, processes
such as whole genome duplication are bound to increase the
total capture time and delay mitotic spindle assembly as the
net chromosomal volume is not known to be conserved in
such processes [60].

This study is primarily focused on the effects of total chro-
mosomal volume conservation on the spindle assembly time
and the nature of microtubule-kinetochore attachments. Our
present simplistic model does not include molecular motors
like dynein and kinesin and the impact of the forces stemming
from their mechanochemical activity on the dynamics of mi-
totic spindle [64]. The centrosomes in our model are static
and there is no additional mechanism that corrects erroneous
attachments [65,66]. It would be a viable future study to con-
sider the effects of various molecular motor-mediated forces
on the mitotic spindle and erroneous attachment correction
mechanism in the presence of chromosome arm volume con-
servation.

ACKNOWLEDGMENTS

R.P. acknowledges the fellowship support from SERB
(Science and Engineering Research Board), Department
of Science and Technology (DST), India (Grant No.
EMR/2017/001346). PN. was supported by a fellowship
from CSIR, India.

R.P. conceived and directed the study. S.C., PN., and R.P.
wrote the manuscript. S.C. and P.N. performed the theoretical
modeling and contributed equally to this paper. All coauthors
contributed to the data analysis and editing of the manuscript
and approved the content.

APPENDIX: SUPPORTING DATA

1. Chromosome arm induced catastrophe increases
with increasing chromosome arm length

To ensure the correctness of our inference that larger
chromosome arms lead to amphitelic captures, we checked
the number of chromosome arm-induced microtubule catas-
trophes under various conditions for both static and mobile
chromosomes. Our results showed that mobile chromosomes
induced much more microtubule catastrophes than static ones
as their chances of encountering a microtubule tip are higher
(Fig. 7). The chromosomes with larger arms also induced
more catastrophes than the ones with smaller arms. For static
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FIG. 7. Comparison of chromosome arm induced microtubule
catastrophe per minute for static (a) and mobile (b) chromosomes.
Yellow bars indicate the data without chromosome arm volume con-
servation and blue bars with chromosome arm volume conservation.
Statistical average was taken over a hundred ensembles. All simula-
tions were run for 10 min of simulation time.

chromosomes, if the total chromosomal volume is conserved,
increasing the number of chromosomes resulted in little in-
crease in the number of arm-induced catastrophes. However,
if chromosome numbers are increased without conserving
the total chromosomal volume, arm-induced catastrophe in-
creases manifold (Fig. 7). A similar trend is also seen in
mobile chromosomes, but even with chromosome arm vol-
ume conservation, increasing chromosome numbers greatly
increased the number of arm-induced catastrophes (Fig. 7).
Overall, a larger chromosome arm leads to more shielding
of opposite-facing kinetochore from one pole and thereby
amphitelic attachment becomes more probable.

2. Syntelic captures mostly occur near the poles

Chromosomes situated near the pole find more micro-
tubules from the closer pole. Hence they have a higher
probability to form syntelic attachments. Microtubules from
the distant pole have to travel a larger distance to capture these
chromosomes and mostly they undergo catastrophe before
reaching these chromosomes and forming a kinetochore-
microtubule attachment. Our data clearly show that the peak
of the syntelic distribution is located near the poles [Fig. 8(a)].
The peak of the syntelic distribution is located between the
poles and the metaphase plate. This happens because the steric
effects of the chromosomes prevent too many chromosomes
from crowding near the poles [Fig. 8(a) (orange line)].

3. Larger kinetochore leads to faster capture but increases
erroneous captures

We also explored the effects of a larger kinetochore size on
the average capture time. Our results [Fig. 8(b)] showed that
the average capture time decreases with larger kinetochore
size but amphitelic attachments decrease. A larger kineto-
chore, therefore, helps in faster capture of the chromosomes
but, at the same time, the chances of erroneous attachments
increase [50]. Thus, even if there is accelerated capture due
to a larger kinetochore size, there would be more erro-
neous microtubule-kinetochore attachments to correct. Earlier
computational work [50] suggests an optimized kinetochore
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with chromosome arm length 1.0 um. (c) Distribution of projected amphitelic capture distance from capturing centrosome with distances
rescaled by centrosome-centrosome axis length. Data set contained 40 chromosomes (chromosome arm length 0.5 um). Inset shows the
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of probability of kinetochore capture. Inset shows temporal evolution of amphitelic captures. Data set contained 40 chromosomes (chromosome
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surface area exists that minimizes the capture time as well as
reduces the number of erroneous attachments.t

4. Cell shapes may affect the mobility of chromosomes and
reduce biorientation

For all variations in cellular confinement studied, the
chromosomes that attain amphitelic attachment are mostly
situated near the metaphase plate as shown in Fig. 8(c). The
searcher microtubules have to travel longer to reach the central
region in prolate confinement compared to oblate and spher-
ical confinements. Furthermore, chromosomes in oblate cells
experience much fewer boundary collisions compared to chro-
mosomes in prolate cells. This contributes to the reduction of
their mobility. These factors may play a leading role in de-
creasing the number of amphitelic attachments in prolate cells.

5. Telocentric chromosomes have lower capture time when
chromosome numbers are low

Telocentric chromosomes have the kinetochores located
at one end of the chromosome arm [Fig. 9(a)]. Due to this
configuration, a telocentric chromosome within a chromo-
somal crowd needs only rotational diffusion to expose its
kinetochores to the centrosomal microtubules. Under a similar
situation, kinetochores of a metacentric chromosome would
not become visible only by such rotations. Apart from ro-
tational diffusion, translational diffusion is needed to make
the shielded metacentric chromosomes visible to the micro-
tubules. This effect however is predominant only when the
number of chromosomes is small [see Fig. 9(b), for 5-10
chromosomes]. We ran simulations by setting the translational
diffusion coefficient to zero for both telocentric and metacen-
tric chromosomes in the large chromosome arm regime. The
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results show that, with only rotational diffusion present,
telocentric chromosomes have a lower capture time than meta-
centric chromosomes [see Fig. 9(b) (inset)]. In this regime,
with the increasing number of chromosomes, capture time
increases and becomes nearly the same as that of metacentric
chromosomes. Further increase in the chromosome number
severely shortens the chromosome arms and the kinetochores
become completely visible irrespective of telocentric and
metacentric chromosomes [compare Fig. 9(b) with Fig. 3(d)].
For short chromosomes the capture time varies similar to
Fig. 3(d).

6. Effect of random distribution of chromosome
arm lengths

Chromosome sizes in a cell are seldom uniform. To check
the effect of nonuniform distribution of the total chromosomal
volume inside a cell, we simulated systems with a random
distribution of the chromosome arm lengths keeping the to-
tal chromosomal volume conserved [see Fig. 9(c)]. Here we
considered a Gaussian distribution of chromosome arms with
mean 2 um and standard deviation 1.0 um. The chromosomes
experienced viscous drag inversely proportional to their arm
lengths. Our results were qualitatively similar to those rep-
resented in Fig. 3(d). When the chromosome numbers are
small, many chromosomes are large and hence diffuse slowly.

This leads to a comparatively larger capture time [Fig. 9(d)].
As the number of chromosomes increases the chromosomes
become smaller in size in order to maintain total chromosomal
volume conservation. This leads to a reduction in the vis-
cous forces experienced by the chromosomes allowing them
to diffuse faster. Accordingly, the capture time reduces with
the increasing chromosome numbers similar to Fig. 3(d). We
also checked the capture times for 10 and 20 chromosomes
when the chromosome arm length was increased linearly
[Fig. 9(e)]. Note that the minimum arm length was 1.55
um for 10 chromosomes and 0.45 um for 20 chromosomes.
This was motivated by the fact that the lengths of chromo-
somes of S. Cerevisiae show good linear fit [as given in the
Saccharomyces Genome Database (SGD)] [67]. The capture
time values were slightly lower than the values reported in
Fig. 9(d). This may be due to the fact that the random distri-
bution of chromosomal volume leads to the presence of some
large chromosomes which have higher shielding ability and
low mobility leading to comparatively larger capture times.
We compared the capture times for linear distribution, random
distribution (Gaussian distribution), and equal partitioning
of the total chromosomal volume among the chromosomes
[Fig. 9(f)]. Our data shows that linear distribution and equal
partitioning of the chromosome volume lead to similar capture
times. For fewer chromosomes, random distribution leads to
larger capture times due to the presence of several large chro-
mosomes.
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