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Abstract

Accurate regulation of centrosome size is essential for ensuring error-free cell division, and
dysregulation of centrosome size has been linked to various pathologies, including
developmental defects and cancer. While a universally accepted model for centrosome size
regulation is lacking, prior theoretical and experimental work suggest a centrosome growth
model involving autocatalytic assembly of the pericentriolic material. Here we show that the
autocatalytic assembly model fails to explain the attainment of equal centrosome sizes, which
is crucial for error-free cell division. Incorporating latest experimental findings into the
molecular mechanisms governing centrosome assembly, we introduce a new quantitative
theory for centrosome growth involving catalytic assembly within a shared pool of enzymes.
Our model successfully achieves robust size equality between maturing centrosome pairs,
mirroring cooperative growth dynamics observed in experiments. To validate our theoretical
predictions, we compare them with available experimental data and demonstrate the broad
applicability of the catalytic growth model across different organisms, which exhibit distinct
growth dynamics and size scaling characteristics.

eLife assessment

This valuable work deals with mathematical modeling of centrosome maturation,
building on the insight that autocatalytic assembly of the centrosome leads to size
inequality. To remedy this, the authors propose a catalytic growth model with a
shared enzyme pool that is able to reproduce various experimental results such as
centrosome size scaling with cell size and centrosome growth curves in C. elegans.
While finding the work of interest, the strength of the evidence presented in favor of
the model is incomplete.

Introduction

Centrosomes are membraneless organelles that act as microtubule organizing centers during
mitotic spindle formation (1     ). Prior to cell division, centrosomes grow many folds in size by
accumulating various types of proteins including microtubule nucleators, in a process known as
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centrosome maturation (2     ). Tight control of centrosome size is functionally important for the
cell as aberrations in centrosome growth and size can lead to errors in chromosome segregation
(3     ). This may result in aneuploidy, which is associated with a range of problems, including birth
defects, developmental abnormalities, and cancer (4     –6     ). Previous work has suggested that
centrosomes grow cooperatively and regulate their size through a coordinated assembly of the
pericentriolic material, mediated by complex signaling pathways and regulatory proteins (7     –
10     ). Despite the significant progress on uncovering the molecular components regulating
centrosome assembly (10     ), a quantitative model connecting the molecular mechanisms of
growth to centrosome size regulation is lacking.

Centrosomes are composed of a porous scaffold-like structure (11     , 12     ) known as the
pericentriolic material (PCM), organized around a pair of centrioles at the core (Fig. 1A     ). An
individual cell starts with a single centrosome in the G1 phase, undergoes centriole duplication in
the S phase, followed by the formation of two centrosomes in the G2/M phase (Fig. 1A     ). During
centrosome maturation, the two spatially separated centrosomes grow in size by adding material
to their PCMs from a cytoplasmic pool of building blocks (7     , 13     –16     ), while the centrioles
themselves do not grow. Following maturation, the two centrosomes achieve equal sizes (8     , 9     ,
13     ), which is deemed essential in the establishment of a symmetric bipolar spindle (10     ). This
size equality is vital for for ensuring error-free cellular division, as spindle size is directly
proportional to centrosome sizes (17     ). However, the mechanisms by which centrosomes within
a cell achieve equal size remain poorly understood.

A variety of qualitative and quantitative models of centrosome size regulation have emerged in
recent years. These include the limiting pool theory (13     , 18     ), liquid-liquid phase separation
model for PCM assembly (8     ), reaction-diffusion models (19     , 20     ), and centriole-driven
assembly of PCM (7, 9, 10, 21–23). While there is no universally accepted model for centrosome
size regulation, all these models indicate a positive feedback mechanism underlying centrosome
assembly. For instance, Zwicker et al. (8     ) described PCM assembly as an autocatalytic process,
assembled from a single limiting component undergoing active phase segregation through
centriole-mediated chemical activity. While this model captures sigmoidal growth dynamics
observed experimentally and the scaling of centrosome size with cell size, autocatalytic growth of
centrosome pairs can induce significant discrepancies in size. Small initial differences in
centrosome size could be amplified during the process of autocatalytic growth, as the larger
centrosome would incorporate more material, thereby outcompeting the smaller one (24     ).

Another category of models, based on a large body of recent experimental work (7     , 9     , 21     ,
24     ), suggests that PCM assembly occurs locally around the centriole, driven by a positive
feedback loop between the PCM components (9     ). In a recent study, we employed quantitative
modeling to demonstrate that localized assembly around the centriole, accompanied by
distributed turnover within the PCM, can ensure centrosome size equality (23     ). However, this
model did not take into account positive feedback between PCM components, and was thus unable
to capture the cooperative nature of growth dynamics. Thus, none of the existing quantitative
models can account for robustness in centrosome size equality in the presence of positive
feedback. Furthermore, intracellular noise and the distinct nature of centrioles within the two
centrosomes (old mother centriole and new mother centriole, depicted in Fig. 1A     ) can give rise
to fluctuations in centrosome size and introduce initial disparities in size during the maturation
process. Consequently, a robust size regulation mechanism is required to achieve centrosome size
parity, despite the presence of noise in growth and initial size differences.

Here we present a quantitative theory for size regulation of a centrosome pair via catalytic
assembly of the PCM from a cytoplasmic pool of enzymes and molecular components. We first
establish that autocatalytic growth of centrosomes in a shared subunit pool results in
amplification of initial size differences, leading to significant size inequality after maturation.
Then we propose a new model of catalytic growth of centrosomes in a shared pool of building
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Fig. 1.

Autocatalytic feedback in centrosome growth drives centrosome size inequality.

(A) Schematic showing the dynamics of centrosomes during the cell cycle. In the G1 phase there is a single centrosome with
mother (M) and daughter (D) centrioles at the core, surrounded by the pericentriolic material (PCM). The two new centriole
pairs with old mother (oM) and new mother (nM) separate into two centrosomes in the G2/M phase after centriole
duplication. The spatially separated centrosomes then grow via a process called centrosome maturation(red arrow), prior cell
division. (B) Schematic of the autocatalytic growth model for centrosomes, where the assembly rate increases with increasing
centrosome size. (C) Autocatalytic growth of centrosomes captures the sigmoidal size dynamics for single and a pair of
centrosomes, but unable to ensure size equality of a centrosome pair. See Table 1      for a list of parameter values.

https://doi.org/10.7554/eLife.92203.1
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blocks and enzymes. Our theory is based on recent experiments uncovering the interactions of the
molecular components of centrosome assembly. We show that this model ensures robust size
control of centrosomes while capturing several key features of centrosome growth observed
experimentally, including the growth of two stable centrosomes of equal size after maturation
(10     ), sigmoidal growth dynamics (8     , 13     ), tunable scaling of centrosome size with cell size
(13     ), and the ability to robustly create centrosomes of different size from differences in
centriole activity (25     , 26     ). We further develop a two-component model of catalytic growth to
explicitly show that without the sharing of the enzyme pool, centrosome size regulation is not
robust when accounting for the experimentally observed enzyme-mediated positive feedback
between the two components (9     ).

Results

Autocatalytic feedback in centrosome
growth drives centrosome size inequality
Previous quantitative modeling of centrosome growth in C elegans has suggested that centrosomes
are autocatalytic droplets formed via active liquid-liquid phase separation in a limited pool of
building blocks (8     , 13     ). Autocatalytic growth arises if centrosome assembly rate increases
with centrosome size, creating a size-dependent positive feedback (Fig. 1B     ). To investigate if
autocatalytic growth can ensure size equality of centrosomes, we considered a model of
centrosome growth via stochastic assembly and disassembly of its subunits. Though there are
multiple essential components involved in PCM assembly (7     , 21     , 27     ), we first examined a
one-component centrosome model to illustrate the role of autocatalytic growth on size control.
The deterministic description for the growth of a centrosome pair is given by

where ni(t) is the amount of subunits in ith centrosome (i =1, 2),  and  are the rate constants

for non-cooperative and cooperative assembly, respectively, and k− is the disassembly rate
constant. Eq. (1)      can be derived from the phase segregation model for centrosome assembly
studied by Zwicker et al(8     ) (see SI section I), with  and  representing centriole activity

and the strength of autocatalytic interaction, respectively. In Eq. (1)     , ρ(t) is the cytoplasmic
concentration of centrosomal subunits, given by ρ(t) = (N − n1(t) − n2(t))/Vc where Vc is cell volume
and N is the total amount of subunits in the cell. Centrosome volume is given by Vi(t) = ni(t)δv,
where δv is the effective volume occupied by a single subunit. As shown before (8     ), this model
can capture the essential quantitative features of the growth of a single centrosome (Fig. 1C     ),
including sigmoidal growth curve, temporal control of size and scaling of centrosome size with
cell size. However, this model is unable to ensure size equality of two identical centrosomes
growing from a shared subunit pool. Stochastic simulation shows significant difference in steady-
state size even with a small initial size difference (Fig. 1C     ).

It is instructive to first compare two opposite limits of the model,  (purely autocatalytic

growth) and  (non-cooperative growth). For , Eq. (1)      can be interpreted as

assembly and disassembly occurring throughout the PCM volume, with the assembly rate scaling
with centrosome size. As a result, the centrosome with a larger initial size would end up growing
to a larger steady-state size. Stochastic simulations of this model show that the ensemble-averaged
absolute difference in centrosome size (|δV| = |V1 − V2|) increases with the initial centrosome
size difference (δV0), indicating lack of robustness in size regulation (see SI section II and Fig. S1).
On the other hand, the limit  corresponds to a model where the assembly rate is size-

independent, and material turnover is distributed throughout the PCM volume. This model

https://doi.org/10.7554/eLife.92203.1
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guarantees size equality of a centrosome pair competing for a limiting subunit pool (see SI section
II and Fig. S2), even in the presence of large initial size differences (Fig. 2D     ), with the steady-
state size given by V = k+Nδv/(k− + 2k+). However, the resulting growth curve is non-sigmoidal, thus
fails to capture experimental data in C. elegans(8     , 13     ).

To quantify the robustness of size control, we measured the relative difference in steady-state
centrosome size, |δV| / ⟨V⟩, starting with an initial size difference δV0 ∼0.01 ⟨V⟩, where |..| denotes
the absolute value and ⟨V⟩ is the ensemble average of centrosome size at steady-state. The
resulting size inequality is controlled by the rate constants  and . Our analysis shows that

there is a relatively small region of the parameter space where the strength of the autocatalytic
feedback is low enough (i.e.,  to ensure small difference in centrosome size (Fig. 2A     ).

However, in this range of parameter values, the growth is essentially non-cooperative and the
growth curve is not sigmoidal (Fig. 2B     ). Larger size inequality is associated with higher values
of  when the growth dynamics is sigmoidal in nature (Fig. 2C     ). For a detailed study of the

lack of robustness in size regulation, please refer to Section I of the Supplementary Information
and Figure S3.

Catalytic growth in a shared enzyme pool ensures
centrosome size equality and cooperative growth

Model motivation and assumptions

Centrosome growth during maturation occurs through the expansion of a scaffold-like structure
and subsequent recruitment of PCM proteins on the scaffold. While multiple proteins are involved
in the scaffold assembly, Spd-2 and centrosomin (Cnn) are two essential scaffold forming proteins,
in the absence of which centrosome growth is almost entirely diminished (7     ). The kinase Polo
interacts with both Spd-2 and Cnn to promote the assembly of a stable scaffold. In particular, Spd-2
recruits Cnn with the help of Polo and Cnn in turn strengthens the Spd-2 scaffold without directly
recruiting additional Spd-2 proteins. Without the Polo kinase, the Cnn scaffold fails to grow (9     ).
These findings suggest a model for catalytic assembly of centrosomes based on positive feedback
between scaffold-forming proteins and an enzyme. Moreover, Fluorescent Recovery After
Photobleaching (FRAP) data reveal that the turnover rate of the enzyme Polo kinase within PCM is
much faster (∼ 1 min) compared to the Spd-2 and Cnn (∼ 10 min) (9     , 28     ). Consequently, owing
to the enzyme’s pronounced diffusivity, there is a strong likelihood that the active enzyme pool is
shared between the two centrosomes.

To ascertain whether a shared catalytic growth model can yield size parity in a pair of
centrosomes, we initially formulated a single-component model for PCM growth, catalyzed by an
enzyme (Fig. 3A     ). This model takes into account a shared limiting pool of enzyme and PCM
subunits. The assumption of a limiting subunit pool is supported by prior research on C. elegans,
which displayed centrosome size scaling with centrosome number (13     ). While the presence of
such a limited subunit pool has not been established in other systems, we will subsequently
demonstrate that even in cases where centrosome size scaling is not pronounced, the subunit pool
can still be finite. Consequently, we implement a model with a limiting pool for both subunits and
enzymes. We later relax this assumption by exploring the implications of an infinite enzyme pool.

Model description

In the single-component model for PCM growth, PCM is composed of a single type of subunit that
can either take an inactive form (S1), or an enzyme-dependent active form , with Sn

representing a centrosome with n subunits. The single coarse-grained subunit (S1) represents a
composite of the scaffold-forming proteins (e.g., Spd-2 and Cnn in Drosophila), and the enzyme (E)
represents the kinase (e.g., Polo in Drosophila). The inactive subunit can slowly bind and unbind

https://doi.org/10.7554/eLife.92203.1
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Fig. 2.

Lack of robust size control in autocatalytic growth.

(A) The relative difference in centrosome size, |δV |/⟨V⟩, as a function of the growth rate constants  and , with an
initial size difference of 0.1 μm3. The light gray and dashed black lines represent the lines |δV| / ⟨V⟩ = 0.2 and ⟨δV⟩ / ⟨V⟩ = 1.0.
(B,C) Size dynamics of a pair centrosomes for (B) weakly cooperative  and (C) strongly

cooperative  growth regimes. (D) Dynamics of centrosome size for a single centrosome and a
pair of centrosomes simulated using the non-cooperative growth model. Inset: Schematic of centrosome growth via
centriole-localized assembly and disassembly distributed throughout the PCM. The |δV| /⟨V⟩ values in (A) represent average
over 1000 ensembles. The values of  and  are in the units of ×600 μM−1 s−1. See Table 1      for a list of parameter
values.

https://doi.org/10.7554/eLife.92203.1
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Fig. 3.

Catalytic growth in a shared enzyme pool leads to robust size control of a centrosome pair.

(A) Schematic of centrosome growth via catalytic activity of an enzyme that is activated by PCM proteins at a rate proportional
to PCM size. (B) Reactions describing centrosome growth via catalytic activity of enzyme E. The centrosome (Sn) can activate
the enzyme in a state E*, which in turn creates an activated subunit  that binds the PCM. (C) Size dynamics of a
centrosome pair (blue, red curves) growing via catalytic assembly and the dynamics of the activated enzyme ([E*]) in time
(blue curve). (D) The ensemble average of relative absolute size difference |δV|/⟨V⟩ is insensitive to change in relative initial
size difference δV0/V0. Inset: Probability distribution of δV for two different values of initial size difference (δV0/V0 = 0.1 and
δV0/V0 = 0.4). (E) Centrosome growth curves obtained from the catalytic growth model (lines) fitted to experimental growth
curves (points) measured at different stages of C. elegans development. (F) Degree of sigmoidal growth, measured by Hill
coefficient α, as a function of the growth rate constant k+ and the total enzyme concentration [E]. (G) Model of shared
catalysis considering a constant concentration of inactive enzyme (E) throughout the growth period. Inset: Schematic of the
reactions showing the steady state cycle between S1,  and Sn. (H) Centrosome pair growth in the presence of unlimited

inactive enzyme pool exhibits size equality as well as cooperative growth dynamics. Inset: Dynamics of S1 and 
concentrations. See Table. 1 for a list of parameter values.

https://doi.org/10.7554/eLife.92203.1
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from the PCM, while the enzyme-activated form can assemble faster (reactions 1 and 2 in Fig.
3B     ). The subunit activation is carried out by the active form of the enzyme (E*). Enzyme
activation occurs in the PCM, and is thus centrosome size-dependent (reactions 3 and 4 in Fig.
3B     ). A centrosome with a larger PCM thus produces active enzymes at a faster rate, and an
increased amount of activated enzymes enhance centrosome growth. Thus, size-dependent
enzyme activation generates a positive feedback in growth, which is shared between the
centrosomes as the enzymes activated by each centrosome become part of the shared enzyme
pool. This is in contrast to the autocatalytic growth model where the size-dependent positive
feedback was exclusive to each centrosome.

A deterministic description for the growth of a single centrosome is given by the coupled
dynamics of centrosome size (Sn, number of incorporated subunits), the abundance of available
active subunits  and the abundance of activated enzymes (E*):

where k+ and k* are the assembly rates for inactive and active form of the subunit, and k− is the
disassembly rate. The rates for PCM-dependent enzyme activation and enzyme-dependent subunit
activation are given by  and  (Fig. 3B     ). The condition for limiting component pool is

imposed by substituting S1 and E with the constraints:
, where N and NE are the total amounts of

subunits and enzymes, respectively.

Model results and predictions

Using the above described dynamics (Eqs. 2     -4      and Fig. 3B     ), we performed stochastic
simulations of a pair of centrosomes growing from a shared pool of enzymes and subunits. The
resulting growth dynamics is sigmoidal, and lead to equally sized centrosomes (Fig. 3C     ).
Interestingly, the dynamics of the activated enzyme show an activation pulse at the onset of
growth (Fig. 3C     ). This pulse in the cytoplasmic concentration of active enzymes arises from the
dynamics of enzyme activation by the PCM scaffold and its subsequent consumption by PCM
subunits. The amplitude and the lifetime of the pulse depend on the difference in the timescales of
enzyme activation and consumption (Fig. S4).

Notably, a pulse of Polo kinase has been observed to initiate centrosome assembly in
Drosophila(28     ). The experimentally observed Polo pulse is regulated by the abundance of the
centriolar protein Ana1 (28     ), which controls the enzyme activation rate (  in our model).

Exploring the effect of the enzyme activation rate , we observe increased pulse period and

decreased pulse amplitude with decreasing enzyme activation rate (Fig. S4). These results are
similar to the experimentally observed effect of reduced Ana1, which reduces the overall rate of
Polo activation in the centrosome (28     ).

Importantly, this model ensures robustness in centrosome size equality, with a negligible
difference in steady-state size (∼2% of mean size) that is independent of the initial size difference
(Fig. 3D     ). The difference in steady-state size is a result of the fluctuations in the individual

https://doi.org/10.7554/eLife.92203.1
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centrosome size dynamics, as evident from the distribution of the size difference (Fig. 3D     -inset).
We find that the centrosome growth dynamics predicted by this model match really well with the
experimental growth curves in C. elegans(13     ) (Fig. 3E     ).

Though centrosome growth in C. elegans is found to be sigmoidal, it has been suggested that
centrosomes in Drosophila grow in a non-sigmoidal fashion (8     ). Although we could not find any
direct quantitative measurement of centrosome size dynamics in Drosophila or other organisms,
analysis of PCM assembly dynamics using flourescence reporters show varying degrees of
cooperativity during Drosophila development (28     ). We therefore sought to explore whether our
catalytic growth model can also describe non-sigmoidal growth. To this end, we characterized the
sigmoidal nature of the growth by fitting the dynamics of centrosome volume V(t) to a Hill
function of the form Atα/(Bα + tα), where the coefficient α represents the strength of cooperativity.
Our results show that the cooperative nature of growth depends on the interplay between the
growth rate constant k+ and the total enzyme concentration [E], such that growth is sigmoidal (α ≥
2) for larger [E] and smaller k+, and non-sigmoidal otherwise (Fig. 3F     ).

While our model of shared catalysis considers a limiting pool of enzymes, a finite enzyme pool is
not required for robust size control. To show this, we considered an unlimited pool inactive
enzymes (E), such that the cytoplasmic concentration of E does not change over time (Fig. 3G     ).
The unlimited pool of inactive enzymes keeps producing activated enzymes via the centrosomes.
The centrosome size reaches a steady-state when the subunit activation (via E*) and sub-sequent
growth is balanced by subunit disassembly from the centrosome (Fig. 3G     -inset). The size
equality and cooperativity of growth remain intact in the presence of constant [E] (Fig. 3H     ). The
prevalence of activated enzyme almost entirely depletes the inactive subunit pool and the
centrosomes are in chemical equilibrium with the active subunit pool in the steady state (Fig.
3H     -inset).

Cytoplasmic pool depletion regulates
centrosome size scaling with cell size
Since our model for centrosome growth is limited by a finite amount of subunits, it is capable of
capturing centrosome size scaling with cell size (Fig. 4A     ), in excellent agreement with
experimental data (8     , 13     ). However, the extent of organelle size scaling with cell size depends
on the assembly rate and becomes negligible when the assembly rate is not significantly higher
compared to the disassembly rate (Fig. 4B     ). In particular, centrosome size scaling is connected
to the extent of subunit pool depletion, such that the steady-state cytoplasmic fraction of the
subunits is low when centrosome size scales with the cell size and higher otherwise (Fig. 4C     ).

To understand how size scaling is regulated by growth parameters, we derived a simplified
analytical form (see SI section III) for the steady-state centrosome size given by

where δv is the volume occupied by a centrosome subunit, ρ0 is the total subunit density, and the
enzymes are assumed to reach their steady-state abundance E* very fast. From the above
expression, we can see that centrosome size V will strongly scale with cell size Vc when k+, k* ≫
k−Vc. This result is reflected in the phase diagram of size scaling (measured as the slope ∼ dV/dVc),
which shows stronger size scaling with increasing assembly rates (Fig. 4D     ). The subunit pool
depletion also increases with the assembly rates, reaching a state of almost complete depletion
(i.e., V →ρ0Vcδv) as we approach the regime of strong size scaling (see Fig. S5).

https://doi.org/10.7554/eLife.92203.1
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Fig. 4.

Centrosome size scaling with cell size.

(A) Scaling of centrosome size with cell size obtained from the catalytic growth model (line) fitted to experimental data
(points) in C. elegans embryo (8     ). (B) Centrosome size does not scale with cell size when the assembly rates are much lower
compared to disassembly rate (i.e., k*, k+ ≲ k−Vc). (C) Dynamics of the cytoplasmic fraction of subunits (S1 and  combined)
reveal significantly higher pool depletion in the size scaling regimes. The two curves correspond to the growth curves shown
in panels A (blue) and B (black). The dashed lines are theoretical results obtained from the deterministic model. (D) An
analytically obtained phase diagram of centrosome size scaling as functions of enzyme-dependent and enzyme-independent
assembly rate constants. The color indicates the strength of size scaling (measured by dV/dVc). The dashed gray line indicates
the contour dV/dVc = 0.1. Here the slope values are shown in δv units. Insets: Characteristic size scaling behaviours. See Table
1      for a list of parameter values.

https://doi.org/10.7554/eLife.92203.1
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It is important to note here that size scaling with cell size reported here is different from the linear
size scaling predicted by the canonical limiting pool model (13     , 18     ). Robust size control for
multiple centrosomes requires size-dependent negative feedback and with this feedback, the size
scaling with cell size becomes a feature achieved in a range of cell volumes by tuning growth
rates. Interestingly, strong size scaling has been observed in C. elegans embryos (13     ), which are
smaller in size (∼ 104 μm3) than Drosophila embryos (∼106 μm3) that do not exhibit size scaling
with centrosome number (inferred from intensity data in (28     )). This feature can be explained
by our model in the regime of weaker size scaling, which is expected for larger system sizes (see SI
section III & Fig. S5). Thus, the parameters of our model can be tuned to capture both sigmoidal
and non-sigmoidal growth and strong or weak size scaling, without changing the nature of the
molecular interactions that are largely conserved across organisms (24     ).

Control of centrosome size asymmetry through differential growth
An essential aspect of centrosome size regulation is the modulation of centrosome size by
centriole activity. In particular, it has been shown that the centrosome associated with a more
active centriole will grow larger, resulting in centrosomes of unequal size (25     , 26     ). Control of
centriole activity-driven centrosome size asymmetry is important as this size asymmetry may play
a crucial role in stem cell division as observed in Drosophila neuroblasts (25     ). We test the
effectiveness of size regulation by studying the growth of a centrosome pair with different
centriole activities, controlled by the values of the growth rate constants k+ and k+ for the
autocatalytic (Eq. 1     ) and the catalytic (Fig. 3B     ) growth models, respectively (Fig. 5A     ). For
both the models, we bias the initial size of the centrosomes by assigning a smaller initial size (V0 −
δV0) to the centrosome with a higher centriole activity (i.e., ).

We then simulate the growth of Ntot centrosome pairs and quantify the efficiency (ε) of size
control as the ratio of the number of cases (N+) where the centrosome with higher growth rate

 becomes larger, to the total number of simulated pairs, ε = N+/Ntot.

In the absence of any initial size difference (δV0 = 0), the catalytic growth model shows better
control of differential growth-induced size asymmetry (Fig. 5B     ), while the auto-catalytic growth
model shows wide variations in centrosome size difference (Fig. 5C     ). We find that the catalytic
growth model ensures that the centrosome with a larger k+ (higher centriole activity) end up being
larger, irrespective of the initial size difference (Fig. 5D     ). This illustrates robust control of
centrosome size asymmetry by controlling differences in centriole activity. By contrast, in the
autocatalytic growth model, the efficiency of size control monotonically decreases with increasing
initial size difference, reflecting the lack of robustness in size control (Fig. 5E     ).

Multi-component centrosome model reveals the
utility of shared catalysis on centrosome size control
One major postulate of the one-component PCM model was that the enzyme pool was shared
between the two centrosomes rather than being localized to each. Here we support this
assumption using a multi-component centrosome model that allows us to model the specific
interactions between the enzyme and the centrosome components. Based on recent studies (9     ,
10     ), we model the centrosomes with two essential scaffold-forming proteins, a and b, whose
assembly into the PCM scaffold is regulated by the kinase E. The total size of the PCM scaffold, S,
and the centrosome volume V are given by S = S(a) + S(b) and V = Va + Vb, where S(a) (S(b)) and Va
(Vb) denote the contribution to the scaffold size (in number of subunits) and the centrosome
volume by the component a(b). The molecular identities of these key components are listed in
Table 2      for different organisms. In particular, for Drosophila, a and b can be identified as the
scaffold forming proteins Spd-2 and Cnn, while E represents the kinase Polo. It has been observed
that Spd-2 and Cnn cooperatively form the PCM scaffold to recruit almost all other proteins
involved in centrosome maturation (7     ). To effectively coordinate co-operative growth of the

https://doi.org/10.7554/eLife.92203.1
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Fig. 5.

Control of centrosome size asymmetry via differential growth.

(A) Schematic illustrating asymmetric size regulation via differential growth in the (top) catalytic growth model and (bottom)
autocatalytic growth model. (B,C) Ten representative trajectories showing the dynamics of centrosome size difference (V1 −
V2) for (B) catalytic growth model (δk+/k+ = 0.2), and (C) autocatalytic growth model  The two
centrosomes are initially of the same size. (D) Efficiency growth-rate-dependent control of centrosome size asymmetry (ε = N
+/Ntot) as a function of (normalized) initial size difference (δV0/V0) and (normalized) growth rate difference (δk+/k+), in the
catalytic growth model. (E) Efficiency of growth-rate-dependent control of centrosome size asymmetry as a function of
(normalized) initial size difference (δV0/V0) and (normalized) growth rate difference , in the autocatalytic growth
model. See Table 1      for a list of model parameters.
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scaffold, Spd-2 proteins recruit the kinase Polo, which in turn phosphorylates Cnn at the
centrosome (9     ). In the absence of Polo, Cnn proteins can bind to the scaffold but fall off rapidly,
leading to diminished centrosome maturation (9     , 29     ).

We incorporated these experimental observations in our multi-component model as described in
Fig. 6A     . We then test two different models for enzyme spatial distribution: (i) enzyme E(Polo) is
activated at each centrosome by the scaffold component a(Spd-2), which then assembles the
second component b(Cnn) into the scaffold of that particular centrosome (for details see SI Section
IVA), and (ii) enzyme E activated by the scaffold component a is released in the cytoplasmic pool,
promoting assembly of the b-scaffold at both centrosomes (for details see SI Section IVB). In the
first case, localized enzyme interaction exclusively enhances the growth of the individual
centrosomes, creating an autocatalytic feedback that leads to size inequality of centrosomes (Fig.
6B     ). Similar to model Eq. (1)     , the steady-state size difference between the two centrosomes
increases with the increasing initial size difference, resulting in a failure of robust size control
(Fig. S6).

We then considered the second case where the enzyme-mediated catalysis is shared between the
growing centrosome pair. Experimental observations suggest a dynamic enzyme population
around the centrosomes (19     , 30     ), with a turnover timescale much smaller than the scaffold
forming proteins (7     , 31     ). These findings point towards the possibility that the enzyme is
transiently localized in the centrosome during activation and the active enzyme is then released in
the cytoplasmic pool that can enhance the growth of both the centrosomes (Fig. 6A     ). We
incorporate this shared catalysis mechanism in the second model where a activates the enzyme to
E* which then gets released in the cytoplasm, facilitating b-scaffold expansion in both the
centrosomes (see SI Section IVB for details). This growth mechanism is able to robustly control
centrosome size equality (Fig. S7), giving rise to the characteristic sigmoidal growth dynamics (Fig.
6C     ), where the first scaffold former a is smaller in amount than the second, enzyme-aided
component b. This difference in the abundances of a and b proteins, when translated into their
respective radial spread from the centrosome center (R ∝ V1/3), bears close resemblance with the
relative spread in Spd-2 and Cnn observed in the experiments, where the Cnn spread is twice as
large as Spd-2 (7     , 9     ) (Fig. 6D     ). The active enzyme dynamics also resembles the observed
pulse in Polo dynamics at the beginning of centrosome maturation (28     ) (Fig. 6C     ). Overall, the
two-component model provides crucial insights into the role of shared catalytic growth on
centrosome size control and lays the theoretical foundation for further investigations into the
molecular processes that govern centrosome assembly.

Discussion

Autocatalytic feedback drives centrosome size inequality
In this article, we examined quantitative models for centrosome growth via assembly and
disassembly of its constituent building blocks to understand how centrosome size is regulated
during maturation. Although there is no generally accepted model for centrosome size regulation,
previous studies (7–10, 29, 32) have suggested that centrosome assembly is cooperative and driven
by a positive feedback mechanism. It has been quantitatively shown that an autocatalytic growth
model (8     ) captures the cooperative growth dynamics of individual centrosomes as well as their
size scaling features. However, as we showed here, autocatalytic growth does not guarantee the
size equality of two centrosomes growing from a shared subunit pool. The resultant size inequality
increases with the initial size difference between the centrosomes, indicating a lack of robustness
in size control. This observation remains valid even within models where autocatalysis is not
explicitly invoked, but emerges from positive feedback between PCM components (9     ). For
instance, the positive feedback between Spd-2 and Cnn within Drosophila centrosomes results in
the accumulation of more Cnn where Spd-2 is abundant. This, in turn, amplifies the retention of
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Table 1.

Parameter values

Table 2.

Two component growth model across organisms
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Fig. 6.

Multi-component model for centrosome growth.

(A) Schematic of centrosome growth model driven by two scaffold components a and b, and enzyme E. a can bind the
existing PCM independent of b or the enzyme E. The enzyme is activated by a in the scaffold, then released in the cytoplasm
as E*. The other scaffold former b binds to PCM in a-dependent manner in an intermediate form bi which can undergo rapid
disassembly. The intermediate form bi can get incorporated in the b-scaffold by the active enzyme E* via forming an activated
subunit form E*bi. The red arrows indicate the size dependent positive feedback and the green arrow indicates the catalytic
activity of the enzyme. (B) Centrosome size (V1, V2) dynamics for growth with localized enzyme. (C) Centrosome size (V1, V2)
dynamics for growth with shared enzyme pool (black and red curve) and the pulse-like dynamics of activated enzyme
concentration ([E*], blue curve). (D) Radial spread of the two scaffold former components a and b corresponding to the
centrosome growth shown in panel-C. See Table 1      for a list of parameter values.

https://doi.org/10.7554/eLife.92203.1
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Spd-2 and binding of Cnn, culminating in a size-dependent positive feedback (akin to autocatalytic
feedback) in PCM assembly. Given the current molecular understanding, it remains an open
question whether localized assembly around the centriole, driven by autocatalytic feedback, is
sufficient to furnish a robust mechanism for centrosome size regulation.

Model of centrosome pair growth via shared catalysis
Following recent experiments on the molecular mechanisms governing centrosome assembly, we
constructed an enzyme-mediated catalytic growth model that not only describes co-operative
growth behavior but also ensures robustness in size equality of the two maturing centrosomes.
The enzyme Polo-like kinase (PLK1) that coordinates centrosome growth (9     , 29     , 32     , 33     ),
gets phosphorylated in the centrosome and has a much faster turnover rate than the centrosome
scaffold forming proteins Spd-2 and Cnn (7     , 31     ). Experimentally observed PLK1 diffusivity of
∼5 μm2s−1 (19     ) also indicates that PLK1 transfer between the centrosome pair (assuming at a
distance of ∼5 − 10 μm) may occur within 5-20 seconds which is much faster than the timescale of
centrosome growth (∼ 1000 sec). This indicates that the kinase dynamics is not diffusion-limited,
consistent with recent studies reporting negligible gradient in cytoplasmic Polo in C elegans
embryo (34     ). These insights led us to hypothesize that the kinase, once activated at the
centrosome, could be released into the cytoplasm, becoming part of a shared pool of enzymes. This
pool would then catalyze the growth of both centrosomes without any inherent bias. While we
theoretically demonstrated that this mechanism of shared catalysis can robustly regulate
centrosome size, it is important to acknowledge that the specific predictions concerning enzyme
dynamics can only be validated through further experiments.

Localized catalysis leads to centrosome size disparity
To further explore the role of enzymes in mediating centrosome growth and predict the
consequence of an enzyme pool that is not shared equally by the two centrosomes, we extended
our single-component model of catalytic growth to a multi-component model. This extended
model incorporates the interactions PCM scaffold-forming proteins (Spd-2 and Cnn in Drosophila)
and the enzyme Polo kinase. Using this model, we showed that localized catalysis by the enzyme—
indicative of an unshared pool—leads to significqnt size differences in the centrosomes. While
direct experimental validation of a shared enzyme pool remains outstanding, it is intriguing to
consider the findings that a centrosome-anchored Plk1 construct (Plk1-AKAP) induces anomalous
centrosome maturation and defective spindle formation (30     ).

Enzyme-mediated size control
Our findings reveal that centrosome size increases with increasing enzyme concentration and that
centrosome growth is inhibited in the absence of the enzyme (Fig. S7). Since the activity of the Polo
kinase is cell-cycle dependent (35     , 36     ), we further explored the dynamics of centrosome
growth with a time-dependent dynamics of the enzyme. We found that centrosome growth can be
triggered by switching on the enzyme dynamics and centrosome size was reduced when the
enzyme was switched off (Fig. S7). Importantly, it supported the experimental observation that a
continuous Polo activity is required to maintain the PCM scaffold (19     , 37     ). Many key features
of centrosome growth such as the sigmoidal growth curve and size scaling behavior can be
modulated in our model by changing the growth rate constants and enzyme concentration, while
conserving the underlying molecular mechanisms for assembly. This opens up the possibility that
the catalytic growth model may be broadly relevant to other organisms where homologous
proteins (Table 2     ) play similar functional roles in regulating centrosome growth (10     ).

Testable model predictions
Aside from capturing the existing data on the dynamics of centrosome growth, our catalytic
growth model makes several specific predictions that can be tested in future experiments. Firstly,
our model posits the sharing of the enzyme between both centrosomes. This hypothesis can
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potentially be experimentally tested through immunofluorescent staining of the kinase or by
constructing FRET reporter of PLK1 activity. It is important to to acknowledge that while we
exclusively focused on Polo kinase as the sole enzyme, this shared catalytic activity might also
involve other molecular players that interact with Polo, such as cyclin B/Cdk1 (30     ). Moreover,
our model provides explicit predictions regarding the enzyme’s role in influencing centrosome
size and growth. These predictions encompass the anticipated increase in centrosome size with
increasing enzyme concentration, the ability to modify the shape of the sigmoidal growth curve,
and the manipulation of centrosome size scaling patterns by perturbing growth rate constants or
enzyme concentrations. Additionally, the model suggests inducing a shift from strong size scaling
to weak size scaling through the reduction of PCM assembly rate or via cytoplasmic subunit pool
depletion.

Secondly, an intriguing implication of our model is the robust regulation of centrosome size
through catalytic PCM assembly during maturation. One direct avenue for testing this result is to
observe the dynamics of two initially unequalsized centrosomes during the early maturation
phase. The catalytic growth model predicts that the final size difference of the centrosomes will
remain independent of their initial size disparity. This prediction can be experimentally examined
by inducing varying centrosome sizes at the early stage of maturation. Experimentally validating
these predictions will play a pivotal role in building a quantitative understanding of centrosome
size regulation during mitosis.

Methods

Stochastic growth simulations
We use the Gillespie algorithm (38     ) to simulate the stochastic growth of one or multiple
structures from a common pool of subunits. At any time t the Gillespie algorithm uses two random
variables drawn from an uniform distribution (r1, r2∈𝒰(0, 1)), and the instantaneous propensities
for all of the possible reactions to update the system in time according to the defined growth law.
The propensities of the relevant reactions, i.e., the assembly and disassembly rates of the ith

structure are given by  and  respectively. For our growth model these propensities are

functions of subunit pool size (N) and structure size (ni),

where we are considering growth of M structures from a shared pool. The Gillespie algorithm
computes the time for the next reaction at t + τ given the current state of the system (i.e., the
propensities for all reactions) at time t where τ is given by-

where ℛi is the propensity of ith reaction and C is the total number of all possible reactions. The
second random variable r2 is used to select the particular reaction (jth reaction) that will occur at t
+ τ time such that

https://doi.org/10.7554/eLife.92203.1
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The condition for the first reaction (j = 1) is  The two steps defined by Eq. 8     

and Eq. 9      are used recursively to compute the growth dynamics in time.

Subunit size estimation
Though we use single subunit and two subunit models of growth, we have used same value for the
volume occupied by the subunit δv. We estimate the value of δv from the molecular weight of SPD-
5 which is 135 kDa (39     ). Taking the protein mass density to be 1.4 gcc−1 (40     ) and the PCM
volume fraction to be ∼ 0.1 (19     ), we estimate the volume occupied by SPD-5 in PCM to be 0.1 ×
162 × 10−7 μm3 ∼ 2 × 10−4 μm3.
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A strength of the paper is the simplicity of the equations, which are reduced to the bare
minimum and thus allow a detailed inspection of the physical mechanism. One shortcoming
of this approach is that all equations assume that the diffusion of molecules is much faster
than any of the reactive time scales, although there is no experimental evidence for this.

Another shortcoming of the paper is that it is not clear what species the authors are
investigating and how general the model is. There are huge differences in centrosome
maturation and the involved proteins between species. However, this is not mentioned in the
abstract or introduction. Moreover, in the main body of the paper, the authors mention C.
elegans on pages 2 and 3, but refer to Drosophila on page 4, switching back to C. elegans on
page 5, and discuss Drosophila on page 6. This is confusing and looks as if they are cherry-
picking elements from various species. The original model in ref. 8 was constructed for C.
elegans and it is not clear whether the autocatalytic model is more general than that. In any
case, a more thorough discussion of experimental evidence would be helpful.

The authors show convincingly that their model compensates for initial size differences in
centrosomes and leads to more similar final sizes. These conclusions rely on numerical
simulations, but it is not clear how the parameters listed in Table 1 were chosen and whether
they are representative of the real situation. Since all presented models have many
parameters, a detailed discussion on how the values were picked is indispensable. Without
such a discussion, it is not clear how realistic the drawn conclusions are. Some of this could
have been alleviated using a linear stability analysis of the ordinary differential equations
from which one could have gotten insight into how the physical parameters affect the
tendency to produce equal-sized centrosomes.

The authors use the fact that their model stabilizes centrosome size to argue that their model
is superior to the previously published one, but I think that this conclusion is not necessarily
justified by the presented data. The authors claim that "[...] none of the existing quantitative
models can account for robustness in centrosome size equality in the presence of positive
feedback." (page 1; similar sentence on page 2). This is not shown convincingly. In fact, ref 8.
already addresses this problem (see Fig. 5 in ref. 8) to some extent. More importantly, the
conclusion seems to largely be based on the analysis shown in Fig. 2A, but the parameters
going into this figure are not clear (see the previous paragraph). In particular, the initial size
discrepancy of 0.1 µm^3 seems quite large, since it translates to a sphere of a radius of 300
nm. A similarly large initial discrepancy is used on page 3 without any justification. Since the
original model itself already showed size stability, a careful quantitative comparison would
be necessary.

The analysis of the size discrepancy relies on stochastic simulations (e.g., mentioned on pages
2 and 4), but all presented equations are deterministic. It's unclear what assumptions go into
these stochastic equations, and how they are analyzed or simulated. Most importantly, the
noise strength (presumably linked to the number of components) needs to be mentioned.
How is this noise strength determined? What are the arguments for this choice? This is
particularly crucial since the authors quote quantitative results (e.g., "a negligible difference
in steady-state size (∼ 2% of mean size)" on page 4).

Moreover, the two sets of testable predictions that are offered at the end of the paper are not
very illuminative: The first set of predictions, namely that the model would anticipate an
"increase in centrosome size with increasing enzyme concentration, the ability to modify the
shape of the sigmoidal growth curve, and the manipulation of centrosome size scaling
patterns by perturbing growth rate constants or enzyme concentrations.", are so general that
they apply to all models describing centrosome growth. Consequently, these observations do
not set the shared enzyme pool apart and are thus not useful to discriminate between models.
The second part of the first set of predictions about shifting "size scaling" is potentially more
interesting, although I could not discern whether "size scaling" referred to

https://doi.org/10.7554/eLife.92203.1


Deb Sankar Banerjee et al., 2023 eLife. https://doi.org/10.7554/eLife.92203.1 24 of 26

scaling with cell size, total amount of material, or enzymatic activity at the centrioles. The
second prediction is potentially also interesting and could be checked directly by analyzing
published data of the original model (see Fig. 5 of ref. 8). It is unclear to me why the authors
did not attempt this.

Taken together, I think the shared enzyme pool is an interesting idea, but the experimental
evidence for it is currently lacking. Moreover, the model seems to make little testable
predictions that differ from previous models.

Reviewer #2 (Public Review):

Summary:

In this paper, Banerjee & Banerjee argue that a solely autocatalytic assembly model of the
centrosome leads to size inequality. The authors instead propose a catalytic growth model
with a shared enzyme pool. Using this model, the authors predict that size control is enzyme-
mediate and are able to reproduce various experimental results such as centrosome size
scaling with cell size and centrosome growth curves in C. elegans.

The paper contains interesting results and is well-written and easy to follow/understand.

Suggestions:

● In the Introduction, when the authors mention that their "theory is based on recent
experiments uncovering the interactions of the molecular components of centrosome
assembly" it would be useful to mention what particular interactions these are.
● In the Results and Discussion sections, the authors note various similarities and differences
between what is known regarding centrosome formation in C. elegan and Drosophila. It
would have been helpful to already make such distinctions in the Introduction (where some
phenomena that may be C. elegans specific are implied to hold centrosomes universally). It
would also be helpful to include more comments for the possible implications for other
systems in which centrosomes have been studied, such as human, Zebrafish, and Xenopus.
● For Fig 1.C, the two axes are very close to being the same but are not. It makes the graph a
little bit more difficult to interpret than if they were actually the same or distinctly different.
It would be more useful to have them on the same scale and just have a legend.
● The authors refer to Equation 1 as resulting from an "active liquid-liquid phase separation",
but it is unclear what that means in this context because the rheology of the centrosome does
not appear to be relevant.
● The authors reject the non-cooperative limit of Eq 1 because, even though it leads to size
control, it does not give sigmoidal dynamics (Figure 2B). While I appreciate that this is just
meant to be illustrative, I still find it to be a weak argument because I would guess a number
of different minor tweaks to the model might keep size control while inducing sigmoidal
dynamics, such as size-dependent addition of loss rates (which could be due to reactions
happen on the surface of the centrosome instead of in its bulk, for example). Is my intuition
incorrect? Is there an alternative reason to reject such possible modifications?
● While the inset of Figure 3D is visually convincing, it would be good to include a statistical
test for completeness.
● The authors note that the pulse in active enzyme in their model is reminiscent of the Polo
kinase pulse observed in Drosophila. Can the authors use these published experimental
results to more tightly constrain what parameter regime in their model would be relevant for
Drosophila? Can the authors make predictions of how this pulse might vary in other systems
such as C. elegans?
● The authors mention that the shared enzyme pool is likely not diffusion-limited in C.
elegans embryos, but this might change in larger embryos such as Drosophila or Xenopus. It
would be interesting for the authors to include a more in-depth discussion of when diffusion
will or will not matter, and what the consequence of being in a diffusion-limit regime might
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be.
● The authors state "Firstly, our model posits the sharing of the enzyme between both
centrosomes. This hypothesis can potentially be experimentally tested through
immunofluorescent staining of the kinase or by constructing FRET reporter of PLK1 activity."
I don't understand how such experiments would be helpful for determining if enzymes are
shared between the two centrosomes. It would be helpful for the authors to elaborate.

Author Response

We are grateful to the editor and the reviewers for recognizing the importance of our
theoretical study on the mechanisms of centrosome size control. We appreciate their
thoughtful critiques and suggested improvements, all of which we intend to address in the
revised manuscript as outlined below. We acknowledge that the experimental evidence
supporting the proposed theory is currently incomplete. We anticipate that our study will
serve as inspiration for future experiments aimed at testing the proposed theory.

As noted by both reviewers, our model is built on the assumption that the diffusion of
molecular components is much faster than any reactive time scales. To explore the impact of
diffusion on centrosome size regulation, we are presently working on a spatial model of
centrosome growth within a spatially extended system. Our objective is to analyze the
influence of diffusion, and we plan to integrate these findings into the revised manuscript.

To address the concerns raised by both the reviewers regarding the applicability of our model
to various organisms, we plan to revise the manuscript to clearly delineate the parameter
ranges within which our model could be relevant for different organisms such as C. elegans
or Drosophila. While centrosomal components may vary among different organisms, the
underlying pathways of interactions exhibit similarities. Leveraging the generality of our
theory, it has the capability to capture diverse centrosomal growth behaviors contingent on
the parameter choices. Our objective is to emphasize these distinctions, illustrating how the
modulation of growth cooperativity and enzyme concentration can influence size regulation
and size scaling behaviors. Given the limited availability of quantitative experimental data
across diverse organisms, we recognize the challenge in directly comparing our theory with
data. Nevertheless, we are committed to presenting a thorough motivation for such
comparisons to prevent any confusion or readability issues.

We acknowledge the reviewers' concerns regarding the limited details provided on the
simulation methods and the rationale behind the choice of model parameters. To address
this, we will provide detailed explanations on the stochastic simulations, how the model
parameters were calibrated, accompanied by appropriate references for the selected
parameter values. Additionally, we thank reviewer 1 for the excellent suggestion to
incorporate a linear stability analysis of the ordinary differential equations underlying the
model. This analysis will offer valuable insights into how the physical parameters of the
model influence the tendency to produce equal-sized centrosomes, and we are committed to
including this in the revised manuscript. Additionally, we thank reviewer 2 for proposing the
use of Polo pulse dynamics to more precisely constrain the parameter regime for centrosome
growth dynamics in Drosophila. We will strive to incorporate this into the revised
manuscript, recognizing the challenge of quantitatively interpreting centrosome size or
subunit concentration values from experimental data on fluorescence intensities. We also
plan to discuss enzyme pulse dynamics in C. elegans in the revised manuscript, as it presents
a valuable prediction from our model.

We disagree with reviewer 1's assertion that Reference 8 (Zwicker et al., PNAS 2014)
effectively addresses the robustness of centrosome size equality in the presence of positive
feedback. The linear stability analysis presented in Figure 5 of Reference 8 demonstrates
stability of centrosome size around the fixed point, leading to the inference that Ostwald
ripening can be inhibited by the catalytic activity of the centriole. In our manuscript (see
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Supplementary Figure 3), we demonstrate that the existence of the stable fixed point does not
necessarily give rise to equal-sized centrosomes due to the slow dynamics of the solution
around the fixed point. With an appreciable amount of positive feedback in the growth
dynamics, the solution moves very slowly around the fixed point (similar to a line attractor),
and cannot reach the fixed point within a biologically relevant timescale leaving the
centrosomes at unequal sizes. Therefore, we argue that the model in Reference 8 lacks a
robust mechanism for size control in the presence of autocatalytic growth. Additionally, we
wish to emphasize that the choice of initial size difference in our model does not qualitatively
alter the results for robustness in centrosome size equality, as shown in Supplementary
Figure 3. Nevertheless, we acknowledge the need for a quantitative analysis of the
dependence of size regulation on the initial discrepancy in centrosome size. We will
incorporate such an analysis into the revised manuscript to strengthen our conclusions.
Reviewer 2 has questioned the dismissal of the non-cooperative growth model, suggesting
that minor adjustments in that model, such as incorporating size-dependent addition or loss
rates due to surface assembly/disassembly, could potentially maintain equally sized
organelles with sigmoidal growth dynamics. However, this conclusion is inaccurate. Any
auto-regulatory positive feedback would result in size inequality, unless the positive feedback
is shared between the organelles. The introduction of size-dependent addition rates due to
surface-mediated assembly, would result in auto-regulatory positive feedback, leading to
unequal sizes. We have explored a similar scenario of growth dynamics involving assembly
and disassembly throughout the pericentriolic material volume in Supplementary Section II,
demonstrating significant size inequality in that model and a lack of robustness in size
control. We will provide a detailed response to this point in our reply, along with an explicit
examination of the surface assembly model.

In addition to the aforementioned modifications, we will revise the section discussing the
predictions of the proposed model in the revised manuscript to rectify any lack of clarity in
testable model predictions. We aim to provide clearer demonstrations of how our model
predictions differ from those of previous models.
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