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The dynamic process of mitotic spindle assembly depends on multitudes of inter-dependent interactions
involving kinetochores (KTs), microtubules (MTs), spindle pole bodies (SPBs), and molecular motors. Before
forming the mitotic spindle, multiple visible microtubule organizing centers (MTOCs) coalesce into a single
focus to serve as an SPB in the pathogenic budding yeast, Cryptococcus neoformans. To explain this unusual
phenomenon in the fungal kingdom, we propose a “search and capture” model, in which cytoplasmic MTs
(cMTs) nucleated by MTOCs grow and capture each other to promote MTOC clustering. Our quantitative
modeling identifies multiple redundant mechanisms mediated by a combination of cMT-cell cortex interactions
and inter-cMT coupling to facilitate MTOC clustering within the physiological time limit as determined by time-
lapse live-cell microscopy. Besides, we screen various possible mechanisms by computational modeling and
propose optimal conditions that favor proper spindle positioning—a critical determinant for timely chromosome
segregation. These analyses also reveal that a combined effect of MT buckling, dynein pull, and cortical push
maintains spatiotemporal spindle localization.
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I. INTRODUCTION

Spatiotemporal dynamics of organelle-constituents relies
primarily on the active organization of microtubules (MTs).
MTs are semiflexible polymeric filaments having rapidly
polymerizing plus ends and slowly polymerizing minus ends.
The growth and shrinkage of MTs are governed by intrinsic
dynamic instability parameters [1]. In animal cells, the cen-
trosome is a major MT nucleating center which forms a radial
MT array [2–4] along with other membrane organelles such as
the Golgi apparatus facilitating many noncentrosomal, radial
MT networks [2,5–9]. The cellular structures that harbor the
ability to nucleate MTs and organize a radial network are often
referred to as microtubule organizing centers (MTOCs) [2,10].

In the ascomycete budding yeast Saccharomyces cere-
visiae, spindle pole bodies (SPBs), embedded on the nuclear
envelope (NE) are analogous to centrosomes. The SPBs
nucleate and organize the cytoplasmic MTs (cMTs) and nu-
clear MTs (nMTs) [11,12]. Similarly, a single MTOC in
basidiomycete budding yeast Cryptococcus neoformans can
accommodate nucleation sites for both cMTs and nMTs
[2,10,13]. Note that the meaning and the context of various
biological terms are elucidated in Table I.
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There exists two major fungal phyla, Ascomycota and Ba-
sidiomycota [14–16] that shared a common ancestor more
than 500 million years ago [17]. While extensive studies
have been carried out in the context of cell division in as-
comycetous budding yeasts such as S. cerevisiae, the process
of chromosomal partitioning in organisms belonging to Ba-
sidiomycota remains under-studied [14–16,18]. A relatively
better model basidiomycetous budding yeast is C. neofor-
mans, a human pathogen. Like S. cerevisiae, cells divide by
budding in C. neoformans as well (Fig. 1(a), Movie M1 in the
Supplemental Material [19]). The major sequence of mitotic
events from the formation of bud until chromosome segrega-
tion in C. neoformans can be categorized in the following
temporal order: (a) Bud inception at the end of G1/onset
of S phase [16], (b) clustering of KTs as a single punc-
tum at the periphery of the nucleus after bud initiation [16]
(Fig. 1(a), Movie M1 in the Supplemental Material [19]), (c)
nuclear migration into the daughter bud followed by spindle
formation, (d) localization of the spindle near the bud-neck
junction/septin ring [Fig. 1(a)], and eventually (e) equal nu-
clear division mother and daughter bud (Fig. 1(a), Movie M1
in the Supplemental Material [19]). Note that, in contrast to
S. cerevisiae, where the SPB being the only MTOC, several
MTOCs are present in the basidiomycete budding yeast C.
neoformans during interphase [14,20,21] [Fig. 1(b)]. More-
over, in C. neoformans, KTs are unclustered during interphase
[15,16,20]. As the cell advances through the cell cycle, the
KTs gradually cluster into a single punctum, plausibly via
various MT-mediated interactions. Interestingly, a previous
study [20] as well as our experiments [Figs. 1(b)–1(d)] iden-
tify that the KTs colocalize with the MTOCs. The clustering
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TABLE I. Dictionary of biological terms to summarize their relevance in this study.

Biological term Meaning Role in the modeling template

Dynein -ve end directed molecular motor When MTs slide inside the cell cortex, dyneins impart a
directed pull on the MTs.

Bim1 MT associated protein (MAP), protein that
bind to MT

In coarse-grained simulations, Bim1 effectively engineers a
force bias on the MT segments inside mother cell cortex
toward the septin ring.

Microtubule (MT) A type of polar filament constituting cell
cytoskeleton. MTs are one of the major
building blocks of the mitotic spindle.

All force interactions in the models are orchestrated on
and/or transduced via MTs.

MTOC Microtubule Organizing Center; MTs nucleate
and grow from MTOCs.

In C. neoformans, there are multiple MTOCs at bud
initiation. MTOCs cluster to form SPB. In simulations, they
are MT nucleating spherical objects constrained to move on
NE.

SPB Spindle Pole Body; MTs nucleate and grow
from SPBs.

In simulations, they are MT nucleating spherical objects
constrained to move on NE.

Spindle Molecular machine that facilitates cell division In simulations, the spindle is a dynamic emergent structure
comprising mainly SPBs, MTs and chromosomes.

Septin ring The protein complex septin forms a ring
shaped assembly on plasma membrane at bud
neck junction.

In simulations, it is the circular intersection/junction
between mother and daughter bud which are modeled as
intersecting spheres.

Minus end directed motor molecular motors that walk toward MT minus
end

In antiparallel MT-MT overlap, crosslinking minus end
directed motors generate a net attraction between MT
minus ends. In simulations, since MT minus ends are
anchored at MTOCs, two MTOCs at an antiparallel overlap
approach each other due to this motor interaction.

of KTs into a single punctum and the clustering of MTOCs
into a single SPB happen concomitantly [Figs. 1(b)–1(d)]. In
S. cerevisiae, before the chromosome segregation, the nucleus
migrates to the proximity of the mother-daughter bud neck
junction [14,16,22]. In C. neoformans, the sequence of events
characterizing nuclear migration before the division is some-
what different from those of S. cerevisiae. First, the nucleus
entirely moves to the daughter bud (Fig. S1 in the Supplemen-
tal Material [19]). Second, the SPB duplication occurs either
in the daughter bud or when the nucleus is migrated close to
the bud-neck junction (namely the septin ring), as depicted in
Figs. 1(b) and 1(d). Subsequently, SPB biorientation, spindle
formation, and localization of the spindle structure inside the
daughter bud near the septin ring pave the way for proper di-
vision [14–16]. While framing a mechanistic model of mitotic
division in budding yeast C. neoformans, we took a cue from
our previous studies [14,16] and extended the ideas of various
force interactions from another budding yeast S. cerevisiae for
its geometric similarity and similarities in cell cycle stages
that lead to chromosome segregation.

Self-assembly of MTOCs is orchestrated by MT mediated
“search and capture” mechanism [14,16]. Essential charac-
teristics of the clustering mechanisms are shared across a
diverse set of organisms as well as several organelle as-
semblies (e.g., Golgi assembly and stacking, mitochondrial
assembly, multi-centrosomal clustering [23], etc.) and are not
necessarily organism-specific [8]. The mechanics of MTOC
clustering before the formation of the SPB in C. neoformans
remains elusive and deciphering the same experimentally is
challenging. The complete clustering in wild-type cells occurs

within ∼25 min since bud initiation [Figs. 1(e) and 1(f)]. In
this context, we attempted to simulate possible mechanisms
of MTOC clustering within the physiological time limit as
determined experimentally by time-lapse microscopy.

In budding yeast S. cerevisiae, location for the mitotic
division is predetermined even before forming the spindle
[14,24]. In C. neoformans, the spindle is formed and stabilizes
near the septin ring within the daughter bud [16] (Fig. 1(a),
Fig. S1 in the Supplemental Material [19], Movie M1 in
the Supplemental Material [19]). The event is preceded by
the migration of the nucleus [16,25] as determined from the
statistics in Fig. S1 in the Supplemental Material [19]. Timely
nuclear migration into the daughter bud requires directed
force generation toward the daughter bud. Since the proper
positioning of the spindle and its alignment are crucial deter-
minants of the faithful nuclear segregation [14,25], the stable
spindle localization near the septin ring inside the daughter
bud [16] (Fig. 1(a), Fig. S1 in the Supplemental Material [19],
Movie M1 in the Supplemental Material [19]) poses a natural
question: what are the force balance conditions necessary for
such localization?

In experiments, it is challenging to quantitatively estimate
or tweak forces on the spindle in C. neoformans. Thus, model-
ing has been used to supplement and explain the experiments
concerning various aspects of spindle mechanics [16,26–34].
Previously, force balance models have been used to repli-
cate the observed aspects of spindle dynamics [35–38]. The
“closest to experiment” approach would be to design sim-
ulation using an agent-based model [14,16,28,30,33,34,39],
where all objects (e.g., MTs, motors, and other organelles) are
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FIG. 1. Cell cycle stages in C. neoformans wild-type cell as observed from live-cell imaging. (a) Time series snapshots showing the
localization of MTs (GFP-Tub1, depicted in green in the MERGE panel) and KTs (mCherry-CENP-A, depicted in red in the MERGE panel) at
different stages of the cell cycle in a wild-type cell. The cell was subjected to time-lapse video microscopy for 60 min. The timestamp (in min)
for each image is annotated in the uppermost TUB1 panel. Bar, 5 μm. (b), (c) Clustering of MTOCs and KTs during mitosis in C. neoformans.
Images of cells showing the localization of (b) Spindle pole body protein, Spc98 and (c) KT marker CENP-A at different cell cycle stages in
the wild-type cells. Bar, 5 μm. The snapshots of the co-localization of Spc98 and CENP-A (using a different strain) were shown in Ref. [20].
(d) Schematic depicting the simultaneous happening of the processes shown in panels (b) and (c). (e) Progression of bud growth with time.
(f) Number of MTOCs in the cell as a function of time estimated from the bud size.

simulated as agents having their movements dictated by laws
of mechanics.

In this study, we utilized an agent-based model with MTs,
MTOCs, and nucleus simulated as agents obeying laws of
mechanics within a typical budded cell geometry [Fig. 2(a)]
[14,16]. Despite the enormous advantages of such an agent-
based model, it has certain limitations. In general, the possible
number of molecular motors’ combinations in various loca-
tions of the spindle at different cell cycle stages is too great
(discussed in Ref. [40]) and far from clear, particularly in
C. neoformans. The exact mechanics of the collective motor
activity is significantly complex and yet to be well understood.
Therefore, for simplicity, we chose not to simulate the molec-
ular motors explicitly. Instead, we opted for a description with
constant motor densities where a particular motor-driven force
on an MT is proportional to the predetermined motor density.
To better understand the spindle positioning, we also set up
a simple one-dimensional analytical model with closed-form
expressions for various averaged forces [Figs. 2(b) and 2(c)].
By screening these forces, we estimate the plausible force

balance for proper spindle positioning in confinement, mim-
icking a budded cell [23,35,41]. These two models not only
complement the primary experimental observations of spindle
localization in C. neoformans, but reasonably qualitatively
corroborates with each other. In other words, the benchmark-
ing of the analytical model is supported by the agent-based
model and vice versa. Overall, our study highlights that sev-
eral mechanistic processes can facilitate efficient clustering
of MTOCs, either independently or in harness with the other.
Furthermore, screening the outputs of in silico models uncov-
ers that proper spindle positioning near the septin ring requires
MT buckling from the cell cortex in C. neoformans.

II. MODELING METHODS

A. Computational modeling

We consider the spindle dynamics occurring inside cel-
lular confinement mimicking a budded cell [Fig. 2(a)]. The
mother bud size (radius RM) is fixed, whereas the daughter
bud (radius rD) grows with time. Prior to the SPB formation,
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FIG. 2. Representative schematic diagrams illustrating the computational and mathematical model. (a) Model schematic depicts the cell
cycle stages in C. neoformans which are simulated utilizing the computational model. Plausible interactions of cMTs with the cell cortex and
on the nuclear envelope are shown. Arrows indicate the direction of forces. (b) Schematic of the one-dimensional mathematical model for
spindle positioning in C. neoformans. The origin O(0, 0) is located at the center of the mother bud, while the center of the daughter bud is
located on the axis of symmetry (namely the X axis) at (d, 0). The instantaneous position of the spindle is denoted by x measured from the
origin. lc denotes the cortex’s width, filled with mesh-like actins and dyneins. SPB(L) and SPB(R) denote the leftward and rightward SPBs,
and the green lines represent microtubules. In the mother bud, the section “PR” is the “uncurled” MT segment in the cortical region, and the
segment “PQ” is the “curled” MT segment undergoing sliding within the mother cortex where cortical dyneins pull on both the segments. A
similar interaction occurs in the daughter cortex as well. Localized cortical dynein patch in the daughter cortex around the axis of symmetry
signifies the differential spatial distribution of dynein in the mother and daughter bud [16]. (c) The direction of the forces acting on the spindle
in the mathematical model.

all the MTOCs (spheres of radii rMTOC ∼ 0.1 μm) are located
on the surface of the outer NE (nondeforming spherical nu-
cleus of radius rnuc) and nucleate cMTs. The movement of
the MTOCs is constrained on the surface of the NE. At the
onset of the simulation, we considered 14 MTOCs [16,21].
Our previous studies also highlighted the presence of 14 KTs
in C. neoformans [14,16]. In the model, we considered that at
the onset of the bud initiation, KTs are connected to MTOCs.
Since the kinetochores are attached to the MTOCs throughout
the entire clustering process, it is reasonable to choose the
number of MTOCs the same as the number of KTs at the onset
of simulation [14,16]. Thus, we have chosen 14 MTOCs in
the beginning assuming that each MTOC is associated with a
single KT (unless mentioned otherwise). Each MT is modeled
as a cylinder of zero thickness with its length regulated by
four dynamic instability parameters (Table S2 in the Sup-
plemental Material [19]): catastrophe and rescue frequency
( fc, fr); growth and shrinkage velocity (vg, vs). After com-
plete clustering of MTOCs into the SPB and SPB duplication
[Figs. 1(b)–1(f), 2(a)], the nMTs from both the SPBs grow
inside the chromosomal volume and capture KTs. Meanwhile,
the cMTs that reach the cell cortex, majorly experience instan-

taneous cortical push ( �F cell-mem
push-inst ), push due to buckling against

cell membrane ( �F buckle
cor ), cortical dynein mediated pull ( �F dyn

cor )
and Bim1 mediated bias toward septin ring ( �F Bim1

cor ) (Figs. 2(a)
and S2(A)–S2(C) in the Supplemental Material [19]). The
origin and the direction of these MT-based forces’ are sum-
marized in Table II. Previous study [42] shows that the partial
rescue of the Bim1� filament phenotype is consistent with the
observations in S. cerevisiae and supports the hypothesis that
Bim1 acts on the MT cytoskeleton in C. neoformans. To that
effect, we noted the effective bias toward the septin ring as
Bim1 mediated bias/force. Further, the cMTs grazing along
the NE experience additional forces (Figs. S2(D) and S2(E)
in the Supplemental Material [19]); one of them is �foverlap

at the MT-MT overlap on NE. The �foverlap is proportional
to the mean number of minus end-directed motors per unit
length (λovl) at the overlap (Fig. S2(E) in the Supplemental
Material [19]). Similarly, forces between KTs and nMTs have
been computed (see the Supplemental Material [19]). The
instantaneous positions of all the objects (nucleus, MTOCs,
SPBs, KTs) are updated by solving corresponding Stokes
equations (Eqs. (S1)–(S4) in the Supplemental Material
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TABLE II. Description of MT-based forces present in the in silico model.

Forces Origin Direction

Instantaneous push (F cell-mem
push-inst ) MT tip hitting the cell wall Directed along the MT, away

from the cell wall

Dynein mediated cortical pull (F cor
dyn ) MT sliding in cell cortex Directed along the MT,

toward the cell cortex

Bim1 bias (F cor
Bim1) Cortical sliding of MTs

toward septin ring
Directed toward the septin
ring

MT buckling (F cor
buckle) MTs impinged on the cell

boundary
Directed along the MT, away
from the cell cortex

Inter-cMT coupling Overlapping antiparallel MTs
grazing the NE

Directed along the MT, away
from the cell cortex

Push due to MT polymerization in cortex ( f MT-poly
cor ) Cortical resistance on

polymerizing MT tip
Directed along the MT, away
from the cell cortex

Force at ipMT- ipMT overlap ( fipMT) Collective activity of
kinesin-5 motors at
ipMT-ipMT overlap

Directed along the MT,
leading to the separation of
the SPBs

Push by growing kMTs ( f growth
push ) kMT tip penetrating into the

KT
Directed along the MT, away
from the KT

Pull by shrinking kMTs ( f shrinkage
pull ) Separation between kMT tip

and KT
Directed along the MT,
pulling the KT

[19]). The detailed simulation procedure is described in the
Supplemental Material [19]. In the following, we briefly out-
line the simulation algorithm in a step-by-step fashion.

(1) To begin with, we modeled the budding yeast cell
confinement as the union of two unequal intersecting spheres.
One sphere represents the mother bud (radius RM) and the
other one, the daughter bud (radius rD). In simulations, the
radius rD is gradually increased with time to replicate the bud
growth as observed on experiments. In the model, the circle
spanned at the intersection of the two spheres is mapped as
the septin ring of the real cell. (2) The nucleus is considered
as a sphere of radius rnuc.

(3) The cell cortex is marked as a layer of finite width lc
underneath the spherical cell boundary.

(4) Next, we modeled the MTs as semiflexible poly-
mers with their length being regulated by dynamic instability
[43,44].

(5) In the next step, we modeled MTOCs as spherical
objects with fixed radius on the outer NE (surface of the spher-
ical nucleus with radius rnuc). The movement of the MTOCs
is strictly constrained on this outer surface of the nucleus.
Similar to the MTOCs, the SPBs are also modeled as rigid
spheres (radius rSPB) embedded on the NE.

(6) The KTs are also modeled as spheres, with the sister
KTs connected via a Hookean spring. This connection mimics
the cohesin linkage between the sister KTs.

(7) Next, we simulate the cMT-cell cortex interaction and
the inter cMT coupling at the NE by framing a myriad of
MT-based forces in the in silico setup. The major interactions
considered in the model are listed below: (a) instantaneous
push F cell-mem

push-inst —the instantaneous force exerted on the MT tip
upon each encounter with the cell boundary, (b) cortical pull
F cor

dyn —force due to dynein pull on the MTs sliding inside the
cell cortex, (c) Bim1 bias F cor

Bim1—directed force bias (expected

to be facilitated by Bim1 protein complex along with other
regulating factors) exerted on the cMTs inside the mother cell
cortex toward the septin ring, (d) MT buckling F cor

buckle—force
stemming from MT buckling transition [45,46] at the cell
boundary, (e) inter cMT coupling on NE- force originating
at antiparallel cMT-cMT overlap near NE due to minus end-
directed motor activity. Similarly, the nMT-KT interactions
are also modeled. The detailed description of all the forces
considered in the model and how they are implemented in the
simulations are discussed in the Supplemental Material [19].

(8) At each time step, net resultant force on each ob-
ject (e.g. MT, MTOC, SPB, KT, nucleus, etc.) is calculated
through the vectorial sum over the individual forces act-
ing on the object under consideration. Next, we frame and
subsequently solve the equations of motion to simulate the
spatiotemporal dynamics of the nucleus, MTOCs, KTs and
SPBs.

1. Equations of motions dictating the spatiotemporal dynamics
of the nucleus, MTOCs, kinetochores, SPBs

When a cMT interacts with the cortex, a force due to the
cortical interaction is transduced via the cMT and exerted on
the nucleus and the MTOCs/SPBs simultaneously. In addition
to that, the force due to the ipMT interaction also acts on the
SPBs. If �Fnucleus, �FMTOC, and �FSPB are the net resultant forces
exerted on the nucleus, MTOC, and SPB, respectively, then
the corresponding equations of motion can be written as

d �Rnucleus

dt
= �Fnucleus

ζnucleus
, (1)

d �RMTOC

dt
= �FMTOC

ζMTOC
, (2)

d �RSPB

dt
= �FSPB

ζSPB
, (3)
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where �Rnucleus, �RMTOC, and �RSPB represent the instantaneous
positions of the nucleus, MTOCs, and SPBs, respectively, at a
certain time step. ζnucleus, ζMTOC, and ζSPB denote the viscous
drag on the corresponding objects. �Fnucleus, �FMTOC, and �FSPB

contain vectorial contributions from �F MT-poly
cor , �F cell-mem

push-inst , �F cor
dyn ,

and �F cor
buckle. The net force on an MTOC �FMTOC is divided into

two components: (a) tangential to the NE and (b) normal to
the NE. As the movement of MTOC is considered constrained
on NE, only the tangential force component is responsible
for moving the MTOC on NE, the normal component is not
allowed to contribute to the motion of MTOCs confined at the
NE. The same procedure applies to the motion of the SPBs
as well, as the SPBs are taken to be embedded on the NE
throughout the mitotic period considered in the simulation.
Due to the attachment of the MTOCs with the surface of the
NE, the resultant force on the nucleus can be computed as
the vectorial sum over the net cortical forces on individual
MTOCs.

Similarly, the motion of a KT is governed by the following
equation of motion,

d �Rkinetochore

dt
= �Fkinetochore

ζkinetochore
. (4)

Here, �Rkinetochore, �Fkinetochore, and �ζkinetochore represent instan-
taneous position, net force on the KT, and the viscous
drag experienced by the KT, respectively. �Fkinetochore entails
a vectorial summation over �f growth

push , �f shrinkage
pull , �fipMT, �fcohesin,

and �fintersection. For simplicity, we have not considered con-
tributions of thermal diffusion (Brownian motion) while
computing the positional update of any of the objects consid-
ered in the model.

The equations of motion are discretized and solved using
Euler’s method at every time step.

The agent-based stochastic MT dynamics simulation is
written in FORTRAN. The data analysis and plotting have
been carried out in MATLAB (The MathWorks, Natick, MA)
and Gnuplot. A single simulation run takes few minutes of real
computation time until a stable spindle positioning is attained
starting from MTOC clustering (in Intel Xeon CPU having
clock speed 2 GHz, RAM 32 GB).

B. Mathematical modeling

1. Framework

We formulated a mathematical model to study spindle po-
sitioning. We frame the mother and the daughter bud as two
intersecting circles of radii RM and rD, respectively (Table
S2 in the Supplemental Material [19]). The daughter bud’s
center is chosen to be d distance away from the mother’s
center. In this framework, the spindle’s spatial movement is
allowed along the line joining the centers, regarded as the
axis of symmetry. For simplicity, our analytical model is one-
dimensional, where all the forces are projected along the axis
of symmetry, namely, the X axis [Figs. 2(b) and 2(c)]. The
spindle is chosen to be a rigid rod of length 2a with two
perfectly bioriented SPBs at its ends lying on the X axis. We
further assume that the cMTs from the SPB facing the mother
(daughter) bud cell cortex, namely SPB(L) [SPB(R)], interact

solely with the mother (daughter) bud cell cortex [Figs. 2(b)
and 2(c)]. In the following, we discuss the reasons behind
these assumptions. The spindle is nearly aligned with the
axis joining the mother and daughter bud center [Fig. 1(a)].
The geometric obstruction imposed by the solid nucleus, the
relatively smaller aperture of the bud-neck junction, and the
spindle alignment parallel to the axis joining the mother and
daughter bud center prevent the cMTs from an SPB to interact
with both mother and daughter bud cell cortex in an isotropic
manner. The cMTs emanating from the SPB facing the mother
(daughter) bud cell cortex majorly interacts with the mother
(daughter) cell cortex only [Fig. 2(a)].

Further, in the model, we considered exponentially decay-
ing spatial dependence of forces, a straightforward and widely
used choice [23,35,41]. We derived closed-form expressions
for various MT-mediated forces (instantaneous cortical push,
cortical dynein pull, the force due to MT buckling) on the
spindle due to MT-cell cortex interaction. The sum of all these
forces accounts for the total force on the spindle. The net
force balance on the spindle [rigid rod constituting SPB(L)
and SPB(R)] determines the spindle position.

Here, the strength of dynein-mediated pulling is regulated
by λM

dyn (Eqs. (S7) and (S8) in the Supplemental Material [19])
and λD

dyn (Eqs. (S10) and (S11) in the Supplemental Material
[19]), cortical pushing by AM and AD (Eqs. (S5) and (S6) in the
Supplemental Material [19]), average MT length by Lav

MT (Eqs.
(S5)– (S8), Eqs. (S10) and (S11), Eqs. (S13) and (S14) in the
Supplemental Material [19]). In the numerical simulation, the
corresponding model parameters are adjusted according to the
values listed in Table S2 in the Supplemental Material [19]. In
most cases, the choice of the parameter values is based on
the earlier published reports. However, due to the paucity of
exact numbers in the literature, a few of the chosen parameter
values are optimized for the current study through sensitivity
analysis.

2. Utility

In wild-type cells, after SPB separation close to the septin
ring, we observe stable spindle localization inside the daugh-
ter bud, parallel to the axis joining the center of the mother
and daughter bud. This stable localization naturally results
from a mechanical force balance within the cellular confine-
ment governed by MTs and molecular motors. Rather than
presuming a force balance landscape that supports this local-
ization, we begin by utilizing the simplistic analytical model
to screen various forces and determine which combinations of
forces are responsible for replicating the qualitative features of
the observed phenotypes. Furthermore, closed-form force ex-
pressions elucidate the subtle force characteristics of spindle
positioning from a primarily mechanistic perspective. Taking
a cue from this analytical screening of forces, we “feed” the
learned force combinations into a detailed agent-based model
with explicit simulations of stochastic MT dynamics and MT
interactions with the cell cortex to validate the lessons from
the analytical model screen. It is natural to ask why we con-
sider the one-dimensional model when the three-dimensional
model presumably tells us more? The reasons are: (a) to have
a first-hand understanding of steady-state characteristics due
to force balance when the spindle is placed near the septin ring
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from a minimal model and (b) to quickly screen the combina-
tory effect of various forces on spindle positioning. Therefore,
we reiterate that it is beyond the scope of the one-dimensional
model to investigate the dynamics of the spindle positioning;
we have a three-dimensional agent-based model to serve that
purpose. The mathematical model is described in detail in the
Supplemental Material [19]. In the following, we present the
model investigations exploring MTOC clustering and spindle
positioning in C. neoformans.

3. Analytical model assumptions and comparisons
with the agent-based model

The mathematical model construction is based upon sev-
eral simplifications described in the following: (1) The model
does not account for the process of biorientation on the NE.
We assume a bioriented configuration of two SPBs throughout
[Figs. 2(b) and 2(c)]. In the agent-based model, after SPB
duplication, the process of SPB biorientation has been taken
into account. (2) In the analytical model, the spindle length is
fixed independent of its position along the axis of symmetry.
In the agent-based simulations, spindle length is determined
by the forces acting on nMTs and cMTs. (3) In the one-
dimensional analytical model, the motion of the nucleus and
spindle is strictly confined along the X axis. We only em-
phasize the translational motion of the spindle governed by a
set of MT-mediated forces. The rotational degrees of freedom
responsible for the spindle orientation is not considered in the
model for simplicity. The spindle is always laid upon the X
axis, with its orientation being parallel to the symmetry axis
(X axis). Allowing the spindle to move only along the X axis
accounts for the net cancellation of forces along the trans-
verse direction since MT nucleation is considered isotropic
in all directions. In the agent-based model, simulated on a
three-dimensional geometry, no such restrictions have been
imposed [Figs. 2(a)–2(c)]. (4) The analytical model does not
include stochastic fluctuations originating from the random-
ness in MT dynamics or its interaction with the cell cortex.
The closed-form expressions of the governing forces are eval-
uated in a time-independent quasi-equilibrium configuration.
In the agent-based model, a significant source of stochastic
fluctuations is the MT dynamic instability [1,43,44,47] and
attachment and detachment of molecular motors. (5) For sim-
plicity, we have not considered a load-dependent variation
of average MT length in the analytical model. However, in
the agent-based simulation, load-dependent modulation of the
MT dynamic instability parameters, growth velocity (vg), and
catastrophe frequency ( fc) have been taken into account.

The experimental protocol is described in the Supplemen-
tal Material [19].

III. RESULTS

A. Clustering of MTOCs progresses via redundant pathways

We have shown previously that all KTs cluster to form
a punctum in ∼25 min [16]. We further demonstrated that
KTs colocalize with MTOCs [20]. Now, we validated the time
required for MTOCs to coalesce into an SPB by calibrating
the clustering time since bud initiation (time set to zero), in
terms of the budding index [Figs. 1(e) and 1(f)]. Since the bud

initiation, the daughter bud grows with time in a reasonably
uniform manner over a large population of cells. As the bud
growth rate is roughly consistent, the budding index can be
considered an intrinsic “clock” of a budded cell [Fig. 1(e)].
The number of MTOCs in cells having similar budding indices
(implying that the cells are at the same cell cycle stage) was
counted and plotted with “time” (calibrated from the budding
index) to estimate the MTOC clustering time [Fig. 1(f)]. Note
that while measuring the absolute time, rather than calculating
it from the bud size, would be more appropriate for study-
ing the course of MTOC clustering, the present manuscript
aimed to understand the plausible mechanisms of MTOC
clustering from the estimate of average clustering time. Since
unclustered and clustered MTOCs occur at two endpoints
of the measurements, the time difference between these
events estimated from several bud-size measurements was
consistent.

We observed that the timescale for KT clustering [16] and
MTOC clustering [Fig. 1(f)] are similar (∼25 min) and in
good synchrony with each other [Figs. 1(a)–1(d)]. Although
electron microscopy suggested as many as 14–16 MTOCs
[21], with a limited resolution, we could identify a maximum
of 8–10 MTOCs in small budded cells. Next, we address
how all the MTOCs cluster into a single group within this
specific timescale using an agent-based mechanistic model
(Figs. 2(a), 3(a) and Fig. S2 in the Supplemental Material
[19]). First, we investigated the MTOC clustering process
via MT-driven “search and capture” on the NE without the
cortical interactions (Fig. 3(a) and Fig. S2(D) and S2(E) in
the Supplemental Material [19]). First, we determined the
time required for all the MTOCs to cluster if cMTs growing
out of MTOCs slide along the NE and directly capture the
MTOCs (Fig. S2(D) in the Supplemental Material [19]). We
considered that in the “direct search and capture” mecha-
nism (Fig. 3(a) and Fig. S2(D) in the Supplemental Material
[19]), the MTs contributing to the clustering process remain
confined to the NE while growing in a random direction.
As the “searcher” MT tip nucleated from an MTOC grazes
along the NE and “captures” another MTOC (“target”), the
MTOCs move toward each other along the MT until they
fuse (Fig. 3(a) and Fig. S2(D) in the Supplemental Material
[19]). The movement of the MTOCs is strictly restricted to the
NE. In this context, we assumed a fixed number of grazing
cMTs per MTOC (∼3–4 cMTs per MTOC). We found that
the timescale for complete clustering achieved by this “direct
search and capture” pathway is significantly large, surpass-
ing the relevant mitotic timescales in the explored parameter
regime. The MTOCs take ∼1.5 h to cluster entirely, that too,
in ∼10% of the cell population only. The MTOCs fail to
cluster into a single focus in the rest of the cell population
even after ∼4–5 h. Note that, in the current in silico study,
the term “cell population” alludes to the total number of
independent simulation runs started with uncorrelated initial
configurations. In this particular context, we performed many
separate simulation runs, and in 10% of these simulations,
clustering less than 1.5 h was observed. Thus, it is unlikely
to be an “efficient” pathway for MTOC clustering in the
currently explored parameter regime. However, the possibility
that the same pathway functioning efficiently in combination
with other pathways cannot be ruled out.
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FIG. 3. Cooperative interactions among MTs and motors govern MTOC clustering. (a) Model schematic depicting MT-mediated ‘search
and capture’ processes and forces required for the clustering of MTOCs. Arrows indicate the direction of forces. Plausible clustering
mechanisms illustrated are: a growing cMT directly capturing an MTOC (‘direct search and capture’), sliding of antiparallel cMTs via
crosslinking minus end-directed motors on the NE (inter cMT coupling at the NE), and cMT plus-ends interacting with cell cortex (MT-cortex
interaction). (b) Clustering time in the sole presence of inter cMT coupling at the NE increases as the minus-ended motor-generated inward
force at MT-MT overlap decreases. The MT number is fixed at 4 per MTOC. (c) Clustering solely via MT-cell cortex interaction. The clustering
is faster when the Bim1 bias is enhanced. | �fdyn| (| �fBim1|) represents the magnitude of the force generated by a single dynein (Bim1) on each
MT at mother cortex. (d) Time progression of MTOC clustering in different mechanisms. The first/fifth bar in part (c) denotes the parameter
values corresponding to the magenta/cyan curve in part (d), respectively. (e) Comparison between MTOC clustering timescales via MT-cell
cortex interaction, inter cMT coupling on NE and Bim1 bias with suppressed dynein activity at cell cortex (| �fdyn| = 0.0 pN, | �fBim1| = 0.5 pN).
In all figures, sample size n > 2000 for simulation and red bars indicate SEM (wherever shown).

Next, we introduced antiparallel sliding amongst the graz-
ing cMTs on the NE (inter-cMT coupling, Fig. 3(a) and Fig.
S2(E) in the Supplemental Material [19]). Inward sliding of
the overlapping cMTs from two different MTOCs can be
steered by crosslinking minus end-directed motors [48]. The
crosslinking activity of minus end-directed motors acting at
the MT-MT overlap brings the engaged MTOCs toward each
other. In the earlier scenario, a “searcher” MT has to grow
and capture another MTOC. However, in the present context,
a “searcher” MT can grow and capture another MT segment
so that the minus end-directed motors can crosslink them and
initiate antiparallel sliding. Adding the minus end-directed
motor crosslinking and sliding on the NE facilitate the timely
clustering; clustering of all the MTOCs (∼100%) into a single
object happens within ∼23 min (Fig. 3(b) and Movie M2
in the Supplemental Material [19]). As expected, when the
inward force between the MTOCs due to minus-ended mo-
tors diminishes, the net clustering time increases [Fig. 3(b)].

Additional parameter sensitivity analysis for this clustering
mechanism is described in Fig. S3 in the Supplemental Ma-
terial [19].

In essence, the modeling results propose the “minus end-
directed motor mediated antiparallel cMT sliding on NE”
as a plausible mechanism of MTOC clustering within the
experimentally observed time window. A possible candidate
for this process is minus-ended dynein. Hence, we experi-
mentally tested whether dyneins are present on NE during
MTOC clustering. To this note, the dual-color imaging of
Dyn1 and MTOCs will strengthen the case of theoretically
proposed minus-end directed motor-mediated coupling and
sliding of antiparallel cMTs. However, it is technically chal-
lenging to address this where we have to construct a strain
where either Dyn1 and MTOCs or Dyn1 and MTs are tagged
simultaneously due to the limited availability of auxotrophic
markers in this organism. Instead, we expressed GFP-tagged
Dyn1 and studied its relative localization with respect to the
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nuclear periphery protein Sad1-mCherry. We have shown pre-
viously that Sad1 localizes to the nuclear periphery and the
dot-like signal of Sad1 is only restricted to the NE [20]. Sad1
also connects kinetochores to the MTs/MTOCs and facilitates
clustering. We observed multiple dynein puncta surrounding
the nuclear periphery (Fig. S12 in the Supplemental Ma-
terial [19]). Occasionally, dynein partially colocalizes with
Sad1 (Fig. S12 in the Supplemental Material [19]), indicating
that Dyn1 might be involved in the sliding of cMTs. Since
some signals from Dyn1 were weakly detected, we could not
quantify the exact number of dynein molecules in this strain.
Note that, at this stage, the presence of any other minus-end
directed motor candidate (besides dynein) cannot be ruled out
(therefore, testing the role of other minus-end directed motor
candidates, e.g., kinesin-14 in MTOC clustering is a worthy
future venture).

Next, in the model, we explore the role of cMT-cell cor-
tex interaction leading to the clustering of the MTOCs. Two
major cortex-based forces on the cMTs are: (a) net pull on
the MT segments sliding inside the cortex via the cortical
dyneins toward the cortex; (b) Bim1 mediated force on the
cMTs (sliding +ve end of the cMTs along the cortex) hav-
ing a directional preference towards the septin ring (MT-cell
cortex interaction, Fig. 3(a) and Figs. S2(A) and S2(B) in
the Supplemental Material [19]). We found that the exclusive
activity of dynein-mediated MT-cell cortex interaction leads
to nearly complete clustering of the MTOCs, but the time
estimated (∼240 min) is way too high (Fig. 3(c) and Movie
M3 in the Supplemental Material [19]). However, a decrease
in the cortical pull and/or subsequent increase in the Bim1
mediated bias reduces the clustering timescale to �50 min
(Figs. 3(c), 3(d) and Movie M4 in the Supplemental Material
[19]). We find that the dynein-mediated pull on the MTOCs
via cMTs acts in random directions, whereas the Bim1 me-
diated bias is directed towards the septin ring. Thus, dynein
dominated cortical pull suppresses the effective Bim1-bias
and delays the clustering. When dyneins are suppressed, due
to Bim1-bias, all the MTOCs are drifted toward the septin ring
along the NE and cluster rapidly. Note that if the clustering
time via a mechanism largely exceeds the physiological time
limit estimated from the live-cell imaging, the sole presence
of the mechanism under consideration may be discarded. In
reality, significantly delayed clustering by any ‘inefficient’
mechanism is unlikely to happen in the context of a dividing
cell.

The timescales for complete MTOC clustering appears to
be similar and close to the physiological time limit when (a)
MTOCs aggregate due to antiparallel sliding of the grazing
MTs on the NE via minus ended motors and (b) MTOCs ag-
gregate due to diminished cortical dynein pull concomitantly
with enhanced Bim1-bias at the cortex (Figs. 3(d), 3(e) and
Table S3 in the Supplemental Material [19]). This highlights
a crucial physical possibility that the clustering mechanisms
may be redundant, i.e., the mechanisms either act in liai-
son or independently. Note that in our microscopic images,
owing to the limited resolution, we were able to recognize
a maximum of 8–10 MTOCs in small budded cells. How-
ever, in simulations, we considered 14 MTOCs. Due to this
difference in MTOC number, we observe discrepancies in
the time progression of MTOC clustering if we compare the

corresponding experimental data with simulations [Figs. 1(f)
and 3(d)].

The complete clustering of MTOCs into a single body
marks the formation of the mature SPB followed by SPB
duplication. Subsequently, the duplicated SPBs separate into
a bioriented configuration that initiates spindle formation. In
our earlier and present studies, it has been shown that the
mitotic spindle stabilizes inside the daughter bud close to the
septin ring in C. neoformans [16] [Fig. 1(a), Movie M1 in the
Supplemental Material [19], Fig. 2(a)].

Therefore, an obvious precursor to the spindle positioning
inside the daughter bud is nuclear migration from the mother
bud to the daughter. From a mechanistic standpoint, this is
facilitated by cortical interaction of cMTs (Fig. 2(a), Figs.
S2(A)– S2(C) in the Supplemental Material [19]) [14,16].
Interestingly, cortical interaction is also an important mode
of MTOC clustering, as we have already shown. Therefore,
MTOC clustering, nuclear migration, and subsequent spindle
positioning are the sequence of crucial mitotic events that are
unlikely to be mutually exclusive. The key elements neces-
sary for orchestrating the pre-anaphase MTOC clustering and
nuclear migration are (a) MT integrity and (b) spatiotemporal
localization and activity of Bim1 and dynein [16]. Bim1 and
dynein majorly generate the forces transduced via cMTs to the
MTOCs (later SPBs) and the nucleus.

Previously, we showed that Aurora B kinase Ipl1 in C.
neoformans plays a pivotal role in (a) maintaining MT sta-
bility and (b) regulating Bim1-dynein activity or localization
[16]. The depletion of Ipl1 interrupts both MT stability and
Bim1-dynein activity. We observed that delayed KT clustering
correlates with delayed nuclear migration among heteroge-
neous phenotypes of defective KT clustering and impaired
nuclear migration in Ipl1 depleted cells. Since the timescales
of MTOC clustering and KT clustering are similar and occur
concomitantly [16] [Figs. 1(b)–1(f)], it is likely that delay in
MTOC clustering also leads to a delay in nuclear migration.

Taking cues from these experimental observations, we
asked the following questions in the in silico model:
(a) What happens to the nuclear migration and concomitantly
progressing MTOC clustering when cortical Bim1 and dynein
densities are varied? Note that, “density” of molecular motors
and “force” applied by them are proportional in our model.
Thus, variations in the Bim1 and dynein densities allude to
equivalent variations in the respective forces. (b) Does im-
paired or delayed clustering lead to faulty migration? (c) What
happens to the spindle positioning and spindle orientation
when MTOC clustering is delayed?

To address these questions, we carried out sensitivity anal-
ysis over the following parameters: Bim1 bias force per MT,
the number of MT per MTOC, and average cMT length
(Figs. 4(a)–4(c) and Figs. S5(A) and S5(B) in the Supplemen-
tal Material [19]). We find that the time required for MTOC
clustering and nuclear migration are reasonably correlated. If
the MTOC clustering is delayed or accelerated, then nuclear
migration also follows a proportional timescale [Figs. 4(a)–
4(c)] [16].

Furthermore, a close inspection of Fig. 1(a) indicates that
the mother bud also appears to grow over time, albeit at a
much slower speed. We numerically assessed whether this
small change in the mother bud size with time affects the
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FIG. 4. MTOC clustering and nuclear migration: sensitivity to model parameters. (a)–(c) Time required for complete MTOC clustering
and proper nuclear migration to daughter bud when Bim1 bias force per MT (a), number of MT per MTOC (b), and average cMT length (c)
are varied. For MTOC clustering, solely the mechanism of “MT-cell cortex interaction with diminished cortical pull and enhanced Bim1 bias”
is considered. In all figures, sample size n > 2000 for simulation and red bars indicate SEM (wherever shown).

timescales of MTOC clustering and nuclear migration. To
this note, we have performed several simulations where the
mother bud also grows with time in harmony with the daugh-
ter bud. In our simulations, we begin with a particular radius
of the mother bud. The radius increases with time until it
reaches a fixed, predetermined value. Quite evidently, in the
simulations, the mother bud’s growth rate is considered to be
much slower than that of the daughter bud. In the currently
explored parameter regime, we do not observe any signifi-
cant change in MTOC clustering and nuclear migration time
when the feature of mother bud growth over time is intro-
duced in the model (Fig. S11 in the Supplemental Material
[19]). Therefore, it is reasonable to keep the mother bud at
a fixed size throughout the simulations (unless mentioned
otherwise).

Interestingly, the in silico analysis further suggests that
the delay in nuclear migration and MTOC clustering do not
affect the spindle positioning or the spindle orientation in the
currently explored parameter regime (Figs. S5(A) and S5(B)
in the Supplemental Material [19]). Variations in Bim1 bias
force per MT and the number of MT per MTOC incur vari-
ations in the nuclear migration time (and MTOC clustering
time) within a reasonable range [Figs. 4(a)–4(c)]. But the
spindle positioning within the daughter bud (and spindle ori-
entation) turns out to be independent of the variations in Bim1
bias force per MT and number of MT per MTOC (Figs. S5(A)
and S5(B) in the Supplemental Material [19]). In other words,
irrespective of whether the nuclear migration is delayed or
accelerated, the stable spindle position (and spindle orienta-
tion) remain unchanged within this specific cellular geometry
(Figs. S5(A) and S5(B) in the Supplemental Material [19]).
Experimental quantification of various spindle attributes in
wild-type and upon molecular perturbations (Figs. S1, S4(A)–
S4(C), S5(C)–S5(E), and S6 in the Supplemental Material
[19]) are discussed in the following sections. Additionally, the
quantification protocols for the experimental data on nuclear
migration are discussed in the Supplemental Material [19] in
detail.

To understand the stable spindle localization, we propose
a simple analytical model that estimates the net force bal-
ance on the spindle [see the Supplemental Material [19] and
Figs. 2(b) and 2(c)]. We considered closed-form expressions
for various MT-based forces and examined possibilities of
the spindle localization under the combinatory effect of these
forces (Figs. 2, 5 and Fig. S7 in the Supplemental Material
[19]).

B. Balance of cellular mechanical forces guides
the spindle position

A spindle is constantly acted upon by molecular forces
arising from the interactions of its components with the sur-
rounding [14,16,23,29,34,49–51], e.g., cMTs interacting with
the cell cortex via dynein generates a pull on the nucleus
toward the cell periphery; similarly, cMTs buckling in contact
with the cell membrane pushes the nucleus away from the
membrane. These interactions are plausible in both mother
and daughter bud cell cortices. Besides, interactions of cMTs
with the septin ring and the cortical actin cables generate an
effective bias translating the plus ends of the cMTs toward
the daughter bud. Since these forces are spatially inhomo-
geneous and rapidly varying with time, it is logical to ask
how the nucleus and the spindle attain steady positions before
the chromosomal segregation. As mentioned previously, to
elucidate the force balance of spindle positioning, we took
resort to the following modeling prescriptions: (a) a simplistic
one-dimensional analytical model that deals with closed-form
mean-field force expressions for major MT-based forces on
the spindle and (b) a detailed three-dimensional agent-based
model with MTs and other associated spindle components
simulated as agents with a multitude of mechanistic interac-
tions between them. In the following, first, we present the
findings from our analytical model of spindle positioning.
Next, we describe the agent-based modeling results in the
context of the same.
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FIG. 5. The mechanistic models of force balance explain spindle positioning in C. neoformans. (a) Spindle stably collapses onto the cell
cortex as dynein density in the daughter cortex (λD

dyn) is varied. Dynein density in the mother cortex (λM
dyn) is fixed and instantaneous cortical

push is present in both mother and daughter cortex. Color bars represent the net force on the spindle and white solid lines denote the center of
the daughter and mother buds. (b), (c) MT buckling is present combined with instantaneous push and cortical pull. Increasing dynein density
in the daughter cortex (λD

dyn) steadily brings the spindle into the daughter, localizing near the septin ring (b). Spindle position varies depending
on the average MT length Lav

MT (c). (d), (e) Spindle distance from septin ring in the absence (d) or presence (e) of MT buckling at the cortex
as observed in the agent-based simulation. The values within the bars indicate the percentage of spindles in mother or daughter across the
cell population. (f) Spindle position depending on the variation in average MT length (Lav

MT) as observed in the agent-based simulation when
instantaneous cortical push, dynein pull, and MT buckling are acting in tandem. In plots A–F, -ve/+ve distance refers to the spindle in the
mother (M) and daughter (D) bud.

1. Spindle positioning: Analytical model findings

We formulate an analytical template in one dimension that
accommodates key MT-mediated forces originating from the
mother and daughter cortices acting on the SPBs [Figs. 2(b)
and 2(c)]. The mechanistic force balance landscape emerging
from the mathematical model allows us to carry out sensitiv-
ity analysis across a broad parameter regime constituting a
myriad of forces with different characteristics (e.g., instanta-
neous pushing and buckling of the cMTs, dynein mediated
pulling, etc.). From experiments and agent-based simulation,
we observe that the average spindle length is ∼1.5 μm in
wild-type (Fig. S5(C) in the Supplemental Material [19]) and
the neck to spindle distance is ∼1 μm while the spindle is in
the daughter bud (Fig. S5(D) in the Supplemental Material
[19]). Also, the spindle lies almost parallel to the axis of
symmetry (orientation angle ∼15 degree), joining the centers
of the mother-daughter bud (Fig. S5(E) in the Supplemental
Material [19]).

To test how sensitive is the spindle positioning to the
cMT-cortex-based forces, we introduced instantaneous push
and dynein pull from both the mother and daughter cortex.
Then, we varied the daughter cortex’s dynein density, keeping
the rest of the parameters fixed at base values denoted in
Table S2 in the Supplemental Material [19]. If the daughter
cortex’s dynein pull is too strong, then the spindle collapses

onto the daughter cortex. In the other limit, the spindle col-
lapses onto the mother cortex when the mother cortex’s pull
overpowers the pull from the daughter [Fig. 5(a)]. Thus, in the
absence of MT buckling, the spindle localizes at the cortex.
Note that the term “collapse” means the spindle is dragged
too close to the cell cortex.

Adding the force due to MT buckling (with two other
forces: cortical pull and instantaneous push) restores the stable
spindle position near the septin ring [Figs. 5(b) and 5(c)].
The spindle robustly maintains its position inside the daughter
bud, close to the septin ring upon considerable variation in the
average cMT length (Fig. 5(c), Table S4 in the Supplemental
Material [19]).

2. Spindle positioning: Agent-based model findings

We also tested the spindle positioning in the absence and
presence of MT buckling, utilizing the three-dimensional
agent-based computational model [Figs. 5(d) and 5(e)]. We
find that a moderate dynein pull is crucial for the spindle to
migrate into the daughter. In the absence of MT buckling, the
spindle localizes deep inside the daughter cortex for moderate
and robust dynein pull from the daughter [Fig. 5(d)]. The
nucleus is retained in the mother bud for small dynein pull
from the daughter cortex [Fig. 5(d)].
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With MT buckling turned “on,” the spindle settles inside
the daughter bud and stabilizes close to the septin ring in
the currently explored parameter regime [Fig. 5(e)]. An ex-
citing feature of the spindle noticed via three-dimensional
agent-based simulations is its proper orientation parallel to
the mother-daughter axis, similar to the microscopic images
in Fig. 1(a). While in the absence of MT buckling [Fig. 5(d)],
the spindle inside the daughter appears to be randomly ori-
ented relative to the axis. Due to these differences in spindle
orientation, the absolute position of the spindles in the absence
and presence of MT buckling [Figs. 5(d) and 5(e)] may not
be compared explicitly. Nevertheless, based on Figs. 5(d) and
5(e) we can say that the daughter cortex’s high dynein density
pulls the spindle deep inside the daughter bud. Unlike the
one-dimensional analytical model, we do not observe any
spindle collapse in the three-dimensional agent-based model.
The plausible reasons are (a) difference in the dimensionality
between the two models, (b) stochastic fluctuations in the
agent-based model compared to no fluctuation in the one-
dimensional analytical model, (c) dynamic changes in spindle
orientation in the absence of MT buckling as discussed above
in three-dimensional simulation, etc., as opposed to parallel
orientation in one-dimensional model.

As the mechanics of spindle positioning is largely MT
mediated [16,23,25], we tested the dependence of spindle
positioning on the average MT length. From the analytical
and the agent-based model analysis, we found that when the
average MT length is ‘too short’ (∼1 μm), the spindle is
retained in the mother [Figs. 5(c) and 5(f)]. In other words,
the nucleus is unable to migrate to the daughter bud.

We further observe that in the presence of MT buckling,
the variation in average MT length above a threshold does
not affect the spindle localization inside the daughter bud
[Figs. 5(c) and 5(f)]. As a plausible explanation, we argue
that when the average cMT length is above a threshold, a
few cMTs always reach the cortex. At the cortex, the in-
teraction of MT and molecular motors transduce pN order
forces, which is sufficient to stabilize the spindle at the proper
location. Nevertheless, the force due to a MT’s buckling is
considerably large compared to other relevant forces (Table S2
in the Supplemental Material [19]). Therefore, the buckling
transition of only a few cMTs from the cortex produces suffi-
cient forces dominating the spindle localization. The position
of the spindle remains unaffected because (a) the buckling
mediated forces pointing away from the mother and daughter
bud cell cortex are oppositely directed [Fig. 2(c)], and 2(b)
number of MTs undergoing buckling at mother and daugh-
ter bud cell cortex are similar on average. Therefore, in the
buckling-dominated landscape, the forces directed away from
the mother and daughter cell cortex nullify each other near the
septin ring.

In the agent-based computational model described above,
the stochastic effects come into the picture through the MT
dynamic instability and MT-cell cortex interaction. While this
is a crucial source of stochasticity, other sources, includ-
ing attachment-detachment of molecular motors (occurring
at much shorter timescales), could significantly influence
the earlier model outcomes. Because of that, we introduced
the feature of stochastic MT-dynein attachment-detachment
in the existing model. A similar stochastic character is

presented in the context of Bim1 as well. The description of
the model framework with stochastic attachment-detachment
and detailed results are reported in the Supplemental Material
[19] (Fig. S8– S10 in the Supplemental Material [19]).

3. Spindle positioning: Comparison of the modeling outcomes
with the experimental observations

In the experiment, we observe that upon dynein depletion,
most of the cells have nuclei retained in the mother bud
(Fig. S6(A) in the Supplemental Material [19]), which agrees
with the model outcome [Fig. 5(d)]. Deletion of Bim1 also
leads to faulty nuclear migration (Fig. 4(a) and Fig. S6(B) in
the Supplemental Material [19]). While acquiring the statistics
in Fig. S1 in the Supplemental Material [19], Figs. S6(A)
and S6(B) in the Supplemental Material [19], we have con-
sidered only large budded cells having budding indices 0.65
and above. Since the budding index is an indicator of “time”
[Fig. 1(e)], higher budding indices refer to the cells in which a
considerable amount of time has elapsed after bud initiation.
In most wild-type cells with budding indices above 0.65,
the nuclei are settled in the daughter bud (Fig. S1 in the
Supplemental Material [19]). Upon dynein depletion/Bim1
deletion, we observe more cells with budding indices above
0.65 have nuclei retained in the mother bud (Figs. S6(A) and
S6(B) in the Supplemental Material [19]) because, in those
cells, the nuclear migration is possibly delayed/impaired. The
same conclusion can be gleaned from the statistics of the
budding indices of unsegregated cells in Fig. S4(A) in the
Supplemental Material [19]. Next, to understand if dynein
and Bim1 both are required for nuclear migration, we gen-
erated a strain where dynein is depleted in the absence of
Bim1 (GAL7-DYN1 bim1�) in the histone GFP-H4 tagged
background. We quantified the percentages of cells exhibiting
abnormal nuclear segregation or no segregation of nuclear
masses in bim1�, GAL7-DYN1 and/or GAL7-DYN1 bim1�
strains and compared them with the control wild-type H99
strain (Fig. S4(B) in the Supplemental Material [19]). We
observed a significant increase in the number of unbudded and
large budded bi-nucleated cells upon simultaneous depletion
of dynein and Bim1 compared to the control (Fig. S4(C) in the
Supplemental Material [19]). This result indicates that both
Bim1 and dynein are required for nuclear migration where
simultaneous depletion of both proteins results in delayed
nuclear migration due to which the nucleus divides inside
the mother bud itself in the majority of GAL7-DYN1 bim1�
cells. A note on the quantification of the experimental data
on nuclear migration is included in the Supplemental Material
[19].

The modeling results showing the dependence of spindle
localization on average MT length [denoted in Figs. 5(c)
and 5(f)] reasonably corroborate with our experimental obser-
vations (Figs. S6(C) and S6(D) in the Supplemental Material
[19]). We observe spindle localization inside the daughter bud
near the septin ring in wild-type cells (Fig. 1(a) and Fig. S6(C)
and Movie M1 in the Supplemental Material [19]). But in
cells treated with nocodazole, the MT integrity is severely
compromised (Fig. S6(D) in the Supplemental Material [19]).
In that scenario, we do not observe any spindle localization
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FIG. 6. Summary of model outcomes describing mechanistic aspects of MTOC clustering and spindle positioning in C. neoformans. The
agent-based model depicts redundant mechanisms for the timely clustering of MTOCs. Inter cMT coupling at NE and/or cortical interaction
of MTs with suppressed dynein pull and enhanced Bim1 bias may facilitate timely clustering, either independently or in unison. Furthermore,
the analytical model supported by agent-based simulations suggests that proper spindle positioning in the daughter bud near the septin ring
requires MT buckling from the cell cortex.

in the daughter bud (Fig. S6(D) in the Supplemental Material
[19]).

To conclude, the spindle distance from the septin ring
measured in the experiment (Fig. S5(E) in the Supplemental
Material [19]) and estimated from the analytical [Fig. 5(c)]
and computational models [Fig. 5(f)], reasonably agree with
each other. Additional spindle characteristics predicted by
the model are summarized in the Supplemental Material [19],
Fig. S7 in the Supplemental Material [19], and Table S4 in
the Supplemental Material [19]. Furthermore, we have also
performed additional agent-based simulations to explore how
varying dynein density profiles in mother and daughter cell
cortex impact the timescales of MTOC clustering and nuclear
migration (Fig. S13 in the Supplemental Material [19]). The
results are discussed in the Supplemental Material in detail
[19].

IV. DISCUSSION

Our theoretical approach combines (a) an agent-based
computational model of MT “search and capture,” and (b)
an analytical model to explore the mitotic events in C. ne-
oformans. With the help of the computational model, we
examined the role of MT “search and capture” during MTOC
clustering, nuclear migration, and spindle localization. Using
the analytical model, we screened various combinations of the
MT-based mechanistic forces and found plausible mechanical
force balance conditions that may orchestrate proper spindle
positioning.

Based on our modeling analysis, we draw the following
conclusions (Fig. 6). The emergent timescales for MTOC
clustering are similar in two scenarios; the design principles
of which are based on (a) effective inter-MTOC attraction due
to minus end-directed motor crosslinking between grazing
antiparallel MTs on the NE and (b) effective drift of all the
MTOCs toward the septin ring due to Bim1 mediated cortical
bias with diminished dynein pull from the cortex. The cluster-
ing timescales go down with the minus-end motor mediated
inward force at the MT-MT overlap in the first scenario. In
the latter one, the clustering timescales go up with the net
cortical dynein pull on the MTs. From a model perspective,
the comparable timescales of these two independent clustering
mechanisms indicate a possible redundancy between the two
mechanisms [Figs. 3(d) and 3(e)]. Furthermore, our analytical

model qualitatively highlights the mechanical requirements
for proper spindle positioning by screening various MT-based
forces. It has been suggested that the plane of mitotic division
is defined by this stable positioning of the spindle inside the
daughter bud with spindle orientation almost parallel to the
axis joining the centers of the mother and daughter buds
[14,16,52]. Our model shows that in the presence of two
opposing forces, instantaneous cortical push and dynein pull
(no MT buckling), the spindle collapses onto the cortex. Ad-
ditional force due to MT buckling at the mother and daughter
cortex is essential to restore the spindle’s stable positioning
near the septin ring. A key reason is the force due to buckling
that scales with the inverse square of the MT length. Thus,
when the spindle is close to the cortex, buckling MTs strongly
push it away, preventing the collapse. The analytical model
also shows several interesting positions of the spindle, which
are unstable. The one-dimensional model can be extended to
higher dimensions, including several important characteristic
degrees of freedom (e.g., the orientation of the spindle, the
angular displacement of the SPBs, etc.) in the analysis.

In the agent-based model, a major source of fluctuations is
the stochastic MT dynamics manifesting the random switch
between the states of polymerization and depolymerization
[1,43,44,47]. In the mathematical model, the stochastic MT
dynamics are not explicitly considered; the MT length distri-
bution is exponential. In the agent-based model, stochasticity
also comes into the picture through MT interaction with the
cortex and cell membrane. When an MT elongates to the
cortical region, the consequence is a probabilistic choice of
the MT (a) undergoing catastrophe, (b) sliding along the cor-
tex, and (c) buckling with the tip hinged or pivoted at the
cell membrane. However, stochasticity stemming from the
explicit binding or unbinding of the motors on MTs, collective
“walking” of various groups of motors on the filaments, and
associated modulations in force transmission via the MTs are
not explicitly incorporated in the coarse-grained model. The
stochastic effects arising from the thermal fluctuation at the
molecular level and interactions of the “objects” with embed-
ding viscous medium (e.g., the cytoplasm, the nucleoplasm)
are not accounted for in the model.

We reiterate that the analytical model for spindle position-
ing is one-dimensional with simplified force expressions. We
compared the analytical model results with the agent-based
computational model to examine the physical basis and the
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consistency of the spindle positioning attributes. One of the
primary differences between the analytical and computational
models is the stochastic effects. The agent-based model entails
stochastic fluctuations stemming from the MT dynamic insta-
bility, a finite number of MTs, motor activity, etc. In contrast,
the analytical model does not contain stochastic fluctuations
and temporal degrees of freedom. Possibly, due to intrinsic
fluctuations in the computational model, we do not observe
any unstable spindle position.

The clustering of MT nucleating organelles in cells in
general is of utmost biological importance. The clustering
phenomenon is directly correlated with the process of cell
division. In what follows, we briefly compare two such
distinct clustering processes (including the one presented in
this study), which involve centrosomes and MTOCs. During
mitosis, cells self-organize the spindle to facilitate nuclear
division, and for a faithful division, it is essential to have
a bipolar spindle. The reason is that the sister chromatids
require to partition into two opposite poles and settle in two
daughter progeny. In mammalian cells, the prevalence of more
than two centrosomes at the beginning of mitosis can gener-
ally be linked to multipolar spindle formation [23]. Multipolar
spindles and the presence of more than two centrosomes or
MTOCs often lead to chromosome instability, aneuploidy,
erroneous attachments of chromosomes, and various other de-
fects of chromosome segregation hindering faithful division.
Recent studies highlight an interesting pathway of bypassing
these defects where multiple centrosomes or MTOCs assem-
ble into two groups or poles, making way for bipolar spindle
formation in multi-centrosome or multi-MTOC cells. The pro-
cess of converging multiple centrosomes into two poles during
spindle formation is often termed “centrosome clustering”
[23,53–55]. However, in the context of MTOC clustering in
C. neoformans, the pathway for grouping the MTOCs into two
poles turns out to be different. In C. neoformans we observe
that MTOCs dynamically move toward each other along the
outer NE’s surface and eventually fuse, forming the SPB. Dur-
ing this process, KTs are found to colocalize with the MTOCs
[Figs. 1(b)–1(d)] [20]. Unlike centrosome clustering resulting
in two independent poles, MTOCs cluster into a single pole.
The clustered pole, namely the SPB, subsequently duplicates
into two SPBs paving the way for bipolar spindle formation.

In the context of “real” spindle, it has been suggested that
MT bundling proteins (such as Ase1/PRC1) influences the
spindle assembly process [56] and chromosome alignment
[57,58]. The role of these proteins in directed force generation
at the MT-MT overlaps was also studied previously [59,60].
An experimental investigation in C. neoformans in this direc-
tion, supported by theoretical modeling, would be a worthy
future endeavor.

Our modeling results indicate that Bim1 mediated cor-
tical bias plays a crucial role in MTOC clustering and
nuclear migration. But, the molecular mechanisms via which
Bim1 in concert with other regulatory factors influences
the nuclear migration process is still unclear. To that end,
at present, our knowledge regarding the molecular details
of the spindle movement toward the septin ring is also
limited. This is currently being investigated as an inde-
pendent study. In addition to this, it would be interesting
to experimentally probe the predicted Bim1 biased (sup-

pressed dynein) regime (for MTOC clustering time) by adding
dynein inhibitors at different concentrations in a time-lapse
experiment.

Previously, the mechanics of MT aster positioning has been
studied with considerable details in various contexts [61–63].
It has been suggested that both pushing and pulling forces
(primarily relative to the cell boundary) govern the force
balance landscape necessary for MT aster positioning. The
mechanical conditions for a stable centering position for an
MT aster within a confined geometry are: (a) pushing forces
in tandem with MT catastrophe in the cytoplasm before the
MTs hit the cell boundary; (b) pulling forces in tandem with
MT sliding/slippage at cell cortex [63]. In the context of C.
neoformans, we observe that the stable spindle positioning
near the septin ring is strongly supported by the pushing forces
(including buckling), which conforms with the condition (a).
However, we do not observe stable spindle positioning near
the septin ring in the currently explored parameter regime
when the cortical pull is acting alone (Fig. S7(B) in the
Supplemental Material [19]) or in combination with the in-
stantaneous push (Fig. 5(a) and Figs. S7(B) and S7(D), S7(E)
in the Supplemental Material [19]). In special cases when (a)
the average MT length is significantly large compared to the
cell size, (b) there are many cMTs or (c) cMT segments that
keep sliding inside the cortex, the cortical pull may facilitate
stable spindle positioning near the septin ring. Nevertheless,
experiments indicate that the cMT number per SPB is limited
and the average MT length is of the order of the cell size
in C. neoformans [14,16] restricting the currently explored
in silico parameter regime. Therefore, exploring the possi-
bility of pulling mediated “stable centering” in the current
context is possibly beyond the scope of the models presented
here. Taking cues from other mechanistic models of MT aster
positioning [61–64], a detailed mathematical model can be
designed to elucidate the mechanics of spindle positioning
further.

Moreover, within the parameter range studied, our model
outcomes connote that MT buckling is essential (together with
cortical pull and instantaneous push) for spindle centering
near the septin ring. MTs are found to be in a buckled con-
figuration in many cell types, including the budding yeast and
fission yeast [65,66]. Several studies in literature explored the
MT buckling phenomenon in the context of individual MTs
as well as MT bundles at different experimental conditions as
well as via utilizing theoretical approaches [45,46,67–72]. It
will be a worthy future goal to experimentally test the role of
MT buckling in spindle positioning in C. neoformans.

In summary, we constructed a phenomenology-based
model that consistently explores spindle assembly aspects
during mitotic cell division in the current study. Using the
model, we have elucidated several important features of
MTOC clustering, nuclear migration, and spindle positioning,
largely from a mechanistic point of view (Fig. 6). While
attempting to understand these processes in the light of domi-
nant microtubule-based forces (e.g., buckling or pulling from
the cortex), we ignored weaker forces that may arise from
sources viz, actin turnover, other molecular motors, thermal
fluctuations, etc. Nevertheless, all these forces are impor-
tant, and a more realistic model should incorporate them in
our future projects. Note that the attributes of the dynamic
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processes involved in the mitotic cell cycle differ widely
across different cell types. Different organisms evolved (with
increasing complexity at the molecular level) to self-engineer
the process of cell division. Thus, investigating the mecha-
nistic principles of cell division across different organisms
using a systems biology-based approach in collaboration with
molecular biology experiments stands as the subject of fu-
ture research. In other words, since there is no “the” spindle
[73], a worthy long-term goal would be to develop an in-
tegrated “toolbox” using our existing in silico setup (codes
and formalisms) to study MT-spindle mechanics across or-
ganisms in a context dependent manner. To carry out this
task, we reiterate that a synergistic marriage between ex-
periment and theoretical modeling is an essential guiding
approach.
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