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Abstract

The C. elegans zygote is a powerful model for asymmetric cell division. Its strikingly
patterned cortex features thick F-actin bundles and myosin foci, contractile nematic
structures that drive characteristic surface ruffles. Approximately 30 min after fertiliza-
tion, symmetry breaks near the sperm-contributed centrosomes, typically at the pre-
sumptive posterior pole, and is marked by local downregulation of contractility. This
initiates a cortical flow that polarizes the cell and enables PAR proteins to establish
anterior and posterior domains. While biochemical mechanisms maintaining these
domains are well understood, the mechanical role of cortical architecture in polariza-
tion remains unclear. We developed a three-dimensional (3D) mechanical model of
C. elegans zygote polarization that represents the actin bundles and myosin foci of
the cortex as a network of stiff contractile filaments. We measured cortical flow with
high spatiotemporal resolution by tracking myosin foci, and used these data along-
side mechanical properties from the literature to parametrize the model. The model
simulates the complete polarization process in 3D, from symmetry breaking through
domain stabilization, and reproduces key cortical dynamics including flow profiles,
surface ruffles, and tension anisotropy. Domain arrest near the embryo midpoint
emerges from density-dependent contractility regulation, in which cortical material
redistribution during flow creates a mechanical negative feedback that balances ante-
rior and posterior tension. We find that compressive flow aligns actin bundles in the
anterior domain and generates anisotropic tension perpendicular to the flow direction.
Although this alignment is not essential for polarization when symmetry breaking
occurs at the pole, it contributes to this process when symmetry breaking occurs
laterally. In such cases, anisotropic tension from aligned bundles drives axis conver-
gence by rotating the posterior domain towards the nearest pole. Nematic cortical
structures therefore ensure robust alignment of the polarization axis.
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Author summary

The first division of the C. elegans embryo is asymmetric and establishes its
anterior and posterior ends, along the long axis of the elongated, ellipsoid egg.
Polarization relies on a thin layer of contractile actomyosin beneath the cell
surface, the cortex. The zygotic cortex is strikingly patterned, with a network of
actin-fiber bundles, and clusters of myosin motors at the junctions. Does this
cortical structure contribute to the process of cell polarization? We built a three-
dimensional biomechanical model of the polarizing zygote that represents the
contractile actin-bundle network. The model was kept simple, carefully parame-
trized by measured features where possible, and compared to detailed measure-
ments of cortical movement. It reproduces the observed polarizing cortical flows
and surface patterns. As the polarization progresses, the bundles align along
the short axis of the embryo, but this is not required for the flow or polarization.
Occasionally, polarization is triggered lateral to the long axis. Our model shows
that bundle alignment then reorients the anterior and posterior domains during
the flow, aligning them with the egg’s long axis. This illustrates how the physical
architecture of a cellular structure contributes to a reliable developmental out-
come.

Introduction

Asymmetric divisions are a hallmark of embryogenesis and play a central role in cell
differentiation. The zygote of the nematode Caenorhabditis elegans is an established
model for asymmetric division. During the pronuclear stage, the actomyosin cortex
exhibits a characteristic polarizing flow that establishes the anterior-posterior (AP)
axis. The actomyosin cortex is a dynamic contractile network located immediately
beneath the plasma membrane, composed primarily of actin filaments and non-
muscle myosin motor proteins (NMY-2, hereafter myosin) and has a major role in
determining cell shape [1]. During the transition from the oocyte to the zygote, cortical
tension increases as myosin is activated by the small GTPase RhoA (RHO-1 in

C. elegans) [2—4]. The resulting highly contractile cortex forms a pattern with transient
myosin clusters (which we will refer to as foci for simplicity) connected by thick bun-
dles of actin filaments [5] (Fig 1A). These bundles are nematic structures, whereby
actin filaments show long-range orientational alignment without strict positional order
[6]. Foci are evenly distributed across the cortex initially and the connecting bundles
undergo periodic contractions, forming a tensioned network that generates local
invaginations or ruffles on the cell surface [7-9] (Fig 1A). Polarization of the zygote
begins with a symmetry-breaking cue: the sperm-contributed centrosomes interact
with the cortex, which correlates with a local drop in myosin contractility, usually at
the presumptive posterior pole of the embryo (Fig 1B) [10-12], as reviewed in [4,13].
The region with reduced contractility then expands to form a less dense cortical
domain, with dense cortical material flowing towards the opposite, presumptive
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Fig 1. Stages of zygote polarization. A: Fluorescence microscopy of the polarizing zygote. Top panels show plasma membrane (GFP::PH) with clearly
visible surface ruffles. Bottom panels show cortical myosin (NMY-2::GFP) and F-actin (Lifeact:mKate2). Nematic structures are formed by bundles of
actin filaments, with myosin foci at their junctions. The embryo polarizes, after which large nematic structures disappear and the cortex relaxes. Full
time-lapses are provided as S1 Video and S2 Video. Note that the zygote maintains stable domains beyond the last frame shown (10’), until division,
which occurs 15-18’ after symmetry breaking. B: Schematic representation of the different stages of polarization. Initially, the zygote has a uniform
actomyosin-rich cortex with a tensile network of actin filament bundles and myosin foci that generate membrane ruffles. Sperm-contributed centrosomes
break symmetry at the presumptive posterior pole, which is accompanied by local downregulation of myosin and decreased cortical tension. Thereafter,
the actomyosin-rich cortex starts to flow away from this point towards the anterior, and an expanding region with a less dense cortex forms in its wake.
Flow continues until the actomyosin-rich cortex covers approximately half of the embryo. At this point, about 7 minutes after symmetry breaking, a pro-
nounced ruffle termed the pseudocleavage furrow forms at the domain boundary. Shortly afterwards, cortical tension decreases, and nematic structures
disappear, including ruffles, the pseudocleavage furrow, and myosin foci. C: Simulated cortex model with actin bundles (red) and myosin foci (green)
replicating the stages of polarization observed in vivo.

https://doi.org/10.1371/journal.pcbi.1014792.g001

anterior side, until it covers half of the embryo. During this polarization process, the anterior domain has more myosin than
the posterior one, and cortical ruffling is present only anteriorly [14,15]. Simultaneously, a cytoplasmic counter-flow moves
material from the future anterior towards the future posterior [9].

Several mechanical features of the polarizing flow have been uncovered. One early hypothesis stated that cortical flow
begins with acute rupture of a prestressed cortex [15]. However, the flow does not resemble an elastic relaxation. Instead,
cortical flow relies on continuous actomyosin activity: the flow persists for several minutes, far longer than cortical turn-
over times, demonstrating that this is an actively driven viscous process rather than the release of stored elastic stress
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[8,9,15]. Cortical laser ablation experiments during polarization indicated that the cortex has a large hydrodynamic length,
the characteristic length of stress propagation (14 pm) [8,16], which reflects high cortical viscosity relative to friction with
its surroundings. Moreover, ablations revealed tension anisotropy in the cortex, with anterior tension perpendicular to the
AP axis twice as high as in the posterior, and tension parallel to the AP axis approximately uniform throughout the zygote
(Fig 3A) [8]. Mayer et al. [8] used a continuum viscous fluid model to interpret these observations and argued that cortical
viscosity is considerably larger than the friction acting on a moving cortex. In this view, the relatively high viscosity enables
the cortex to sustain long-distance flow, with transport of cortical material over tens of micrometers during polarization [8].
They also interpreted the tension anisotropy in the anterior cortex to be a consequence of the flows’ compressive effect
on the cortex and resulting viscous stresses. However, whether nematic organization of actin bundles contributes to force
transmission and mechanical anisotropy of the cortex remains unclear.

The polarizing flow establishes cortical asymmetry, which is then stabilized by biochemical feedback from the PAR
proteins [17]. Anterior PAR proteins (PAR-3, PAR-6, PKC-3) are localized to the dense anterior cortex, while posterior PAR
proteins (PAR-1, PAR-2, LGL-1) are recruited to the nascent, expanding posterior cortex [4,18,19]. Domain establishment
takes 5—-8 minutes following symmetry breaking, after which polarity is maintained for approximately 10 minutes until the
first mitotic division [4,15,20—22]. During the maintenance phase, a deep surface invagination termed the pseudocleavage
furrow forms at the center of the embryo, before receding rapidly [9,23]. Cortical flow and ruffles cease at the same time
as the pseudocleavage disappears [14].

In rare cases, the sperm-derived centrosomes are positioned laterally rather than at the pole at the time of symmetry
breaking. In such cases, cortical flow is initiated laterally, after which the centrosomes and the smooth cortical domain
move to the nearest pole, which then adopts posterior features [3,11,24]. This process, termed axis convergence [24],
reorients the AP axis to align with the egg’s long axis, after which development proceeds normally.

Several models of polarization have been developed using reaction-advection-diffusion equations to describe PAR
protein dynamics and domain interactions [20,25,26]. Different studies focused on active gel theory to model cortical
mechanics [3,24,27,28]. In Bhatnagar et al. [24], the cortex is represented as a compressible thin film with spatially
varying myosin concentration, and with actin filaments exhibiting nematic alignment. The distribution of myosin generates
tension gradients, which produce flow that aligns filaments into the pseudocleavage furrow, thereby creating anisotropic
tension in that location. The authors predict that the pseudocleavage furrow contributes to axis convergence by minimizing
its circumference through reorientation perpendicular to the egg’s long axis, which is consistent with several experimental
observations [24].

While some studies, such as Bhatnagar et al. [24], have incorporated nematic structure, they rely on continuum frame-
works that spatially average the mechanical properties of the cortex. Consequently, these models do not account for
discrete actin bundles, and their influence on flow dynamics and polarization remains unknown. Here we develop a 3D
biomechanical cell simulation that explicitly represents actin bundles as tension-generating filaments, to investigate how
nematic structures affect cortical flow and polarization. Specifically, we measure cortical flow velocities over time and use
them alongside mechanical properties from the literature to parametrize the model and reproduce wild-type polarization
dynamics. We then evaluate the role of actin bundles in generating cortical tension and in flow dynamics during axis con-
vergence following lateral symmetry breaking.

Results
Model of the cortex

To investigate the mechanical role of nematic structures in zygotic polarization, we extended the Deformable Cell Model
(DCM) [29-32] to explicitly represent cortical actin bundles and myosin foci. In the DCM, a cell is represented as a trian-
gular mesh with isotropic surface tension () and cortex viscosity (n°). Here, we added nematic structures as a network of
actin bundles, with myosin foci at their intersections. Foci are initialized randomly on the zygote surface, and neighboring
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foci are linked by actin bundles. Each bundle forms a chain of consecutive mesh edges connecting two foci, with a local,
directed tension 7, along the chain (Fig 1C). The contractile bundles resist bending, compression, and extension (normal
damping ¢y and tangential damping cr), and thus act as structural components that contribute to the long-range force
transmission observed in vivo [16]. A baseline isotropic tension is simulated over the mesh, representing contractility in the
unstructured actomyosin cortex, whereas the bundle network models the tension-generating nematic structures. The two
components act in parallel and additively to produce the total cortical tension.

Simulations start with a uniform distribution of cortical material. Symmetry is broken at a defined location by a local
drop in tension, after which cortical flow arises spontaneously. With a simple model of isotropic surface tension and a
stable mesh of contractile actin bundles, we observed cortical flows and ruffles. However, the unpolarized zygotic state
was unstable: a transient uneven distribution of bundles would locally reduce tension and trigger spontaneous symmetry
breaking and ultimately collapse of the contractile network (S4 Video), reminiscent of spontaneous symmetry breaking
observed in vivo in the absence of sperm-derived centrosomal cues [21,33-35]. However, the model did not reflect the
generally stable pre-polarization zygotic cortex observed in healthy embryos. Since the zygotic cortex is constantly remod-
eled, with structural turnover of both myosin foci and actin bundles [8,9,16], we reasoned that introducing turnover in the
model can stabilize the bundle network, and implemented that foci approaching each other merge, while new foci are
generated when they move apart (see Materials and Methods). For simplicity, we do not model the variable tension from
focal contractions that are observed approximately every minute during polarization [5,15], nor do we model chiral cortical
flows [27].

We next partly parametrize the system using data from various publications (full list in Table A in S1 Appendix).
Following Mayer et al. [8], we assume high cortical viscosity relative to cytoplasmic friction and ignore elastic effects.
Atomic force microscopy measurements [36] determined surface tension values up to 0.5 nN/um, which we set as
the maximum ~ in our model. Laser ablation experiments in the anterior cortex showed an initial recoil velocity of
approximately 10 um/min [8,32]. This velocity reflects the ratio of tension to damping coefficient, assuming the cortex
behaves as a Kelvin-Voigt material [8]. We therefore set bundle line tension and damping coefficient to match this ratio:
~vi/ey = 10 pm/min. Mayer et al. [8] estimated an inter-foci distance of around 5 um; we use comparable values with
dmin = 4.5 pm and dmax = 9 um. This results in a density of foci at the lower end of the observed range, with a relatively
simple actin-bundle network, compatible with the used cell mesh (S3 Fig).

Domain stabilization

When the flow comes to a halt with the domain boundary in the center of the zygote in vivo, ruffling is still present in the
anterior domain [14], and hence the actin bundles still produce significant local contractility. Nonetheless, if flows have
ceased at that time, we can infer that both anterior and posterior domains generate similar tension in the AP direction.
This happens despite asymmetric distribution of myosin (S2 Fig), which drives the flows initially, yet remains present as
the flows stop, indicating regulation of some kind.

To halt cortical flow in simulations, we introduce density-dependent tension regulation. We track a cortical material den-
sity factor p, initially uniform, that is advected by the flow and increases in the compressing anterior while decreasing in
the expanding posterior. This density serves as a proxy for the overall cortical state, including the accumulation of regula-
tory proteins such as PAR proteins [26]. We define three phenomenological tension rules, each motivated by experimental
observations, described below.

First, we make the bundle line tension ~, dependent on p, so that ~; decreases in regions with low cortex density. Actin
bundles require sufficient cortical material to form, and are nearly absent in the posterior region in vivo [9]. We assume
that bundle function is optimal around p = 1 and decreases linearly to zero with p (Materials and Methods, Fig 5).

Second, we lower bundle tension in high density domains. Mayer et al. [8] suggest a saturating relationship between
myosin accumulation and contractility, as the densest myosin foci could stall parts of the network upon maximal
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contraction. Other studies suggest that highly contractile areas, with dense NMY-2, can cause actin network disassembly
due to high buckling forces [37,38]. Additionally, the E-cadherin HMR-1 was found to accumulate in the anterior cortex
together with actin, where it downregulates RHO-1, inhibiting myosin activity [39]. Gross et al. [26] also found that the
anterior PAR protein PAR-6 decreases the dissociation rate of myosin, which could affect contractility in the anterior, and
shows that PAR proteins are regulating cortical properties. These observations lead us to decrease actin bundle line ten-
sion ~, as the cortex compresses (Materials and Methods, Fig 5).

However, even if actin bundles in the anterior produce less contractile force as polarization nears completion, the pos-
terior cortex has few bundles and foci to counteract forces from the anterior domain. The ablation experiments from Mayer
et al. [8] confirm that the posterior domain, with sparse bundles and foci, matches the anterior’s tension along the AP axis,
with similar recoil velocities (Fig 3A). Similar effects have been observed after the division of the EMS cell, where the
sparse cortex of E produces more tension than the dense cortex of MS [32,40]. For these reasons, we add a third form of
tension regulation in which surface tension ~ increases as p decreases over the density range of our simulations (Materi-
als and Methods, Fig 5). This negative feedback counters expansion and compression and stabilizes the system.

Parameter tuning using flow measurements

We now evaluate the polarization model against experimental observations. We measured cortical flow velocities in
control zygotes using fluorescently labeled myosin and utrophin (NMY-2::RFP; GFP::utrophin). Utrophin was chosen as a
marker for F-actin filaments instead of LifeAct, as the latter may misrepresent actin bundles by stabilizing filaments [41].
Myosin foci were manually tracked over time to obtain high-resolution flow profiles (6 repeats, see Materials and Meth-
ods). A smooth spatiotemporal flow profile fit to data from all embryos analyzed is shown in Fig 2A (see Materials and
Methods). Shortly after symmetry breaking, the posterior-to-anterior flow arises with a steep speed gradient, reaching
average flow rates of 4.21£0.56 ym/min from 150-200 s (across the AP axis) while peaking at 9.39+ 1.14 ym/min near
the posterior pole before declining. These values are in line with those of the literature, where typical reported speeds are
5 pm/min [14,20,26,42], up to 7.7 pm/min [9]. Flow remains slower in the anterior throughout polarization. Flow largely
ceases by 400 s when polarization completes, though local flow of around 3 pm/min persists just posterior of the embryo
midpoint, suggesting a modest tension gradient across the domain boundary.

We fine-tuned model parameters by fitting simulated flow to the experimental flow profiles. Bundle line tension
~. = 4.5 nN was chosen to halt polarization near the embryo midpoint. Significantly lower values result in incomplete
polarization, while higher values drive the domain boundary too far anteriorly (Table B in S1 Appendix). Polarization speed
is primarily controlled by cortical viscosity, which we chose at 7° = 90 kPa s to match observed flow speeds and duration
(Fig 2B).

Symmetry breaking parameters were also tuned to match experimental observations. Local tension downregulation in
the model must exceed a threshold to reliably trigger symmetry breaking (Table B in S1 Appendix), consistent with experi-
mental findings [15]. By default, we initialize the centrosome at the posterior pole, pinned on the cortex, where it can move
along with the surface. From the centrosome contact site (Fig 2F), actin bundles continuously break within 4 um, and
experience reduced tension in the surrounding area. This setting reliably triggers symmetry breaking, whereas reducing
the break radius delays symmetry breaking.

With this parametrization, we reach the polarization behavior shown in Fig 1C and animated in S5 Video. Unless
noted otherwise, polarization simulations were repeated 20 times with randomized bundle networks. To quantify the
agreement between simulations and experiments, we compared key metrics of cortical flow dynamics. The simulations
reproduced the rapid onset of cortical flow and the AP speed gradient observed experimentally, with peak velocities of
7.39 + 0.91 um/min occurring around 160 s after flow initiation in the posterior region. The material density (p) evolu-
tion can be followed in Fig 2E, describing how cortical material moves and accumulates in the anterior. The AP domain
boundary reaches the midpoint at 280 s in the simulation as in the actual embryo. Moreover, the subsequent decay in flow
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Fig 2. Polarization flow velocity comparison A, B: Kymographs of flow speed projected on the AP axis, starting at symmetry breaking. Cortical
flow velocity measured in vivo (left) from 6 embryos and through simulation (right) with 20 repeats. Velocities are smoothed using a 2D tensor spline. C,
D: Flow velocity graphs with 95% CI (bootstrap, n=1000) markers for several time windows. Solid lines are smoothing splines over the binned means
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Kymograph of material density during simulated flow. F: Rendering of simulated embryo for spatial reference. Centrosomes (in green) show where the
flow originates and the cortex becomes smooth. Ruffles persist only in the contractile anterior region.

https://doi.org/10.1371/journal.pcbi.1014792.g002

speed followed a similar time course in both simulations and experiments (Fig 2A and 2B), with maintenance flows stabi-
lizing around 2 pm/min. Furthermore, the domain boundary remains stable at the midpoint once established (Fig 2E).

Some differences remain between simulated and experimental flow profiles, however (S1 Fig). The simulated speed
gradient is less steep than in the actual embryo during peak flow, and does not reach the highest velocities observed in
the posterior domain in vivo (Fig 2C and 2D). Additionally, the simulated flow decays more rapidly near the posterior pole
than in vivo (Fig 2A and 2B). In the actual embryo, cortical material appears to be recruited or reassembled more effi-
ciently to sustain flow, resulting in a more gradual decline in flow speed compared to simulations (see Discussion).

To assess the robustness of our model, we performed a sensitivity analysis to determine which parameters are critical
for maintaining the observed velocity profile and polarized final state. Our simulations produced stable polarization across
a wide range of parameter values (Table B in S1 Appendix), which shows that the model does not depend on a specific
parameter set and is consistent with the well-established robustness of C. elegans zygote polarization in vivo. Certain
parameters, particularly those governing actin bundle density and bundle line tension, affected the rate of polarization
(S4 Fig and Table B in S1 Appendix). One example is the distance between foci (dnin and dmax), which control the number
of foci and bundles. This affects the flow velocity as more bundles generate more tension, if the bundle tension remains
unchanged. However, the final ratio between anterior and posterior domains remained remarkably consistent (0.45-0.54
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across all parameter sets). This robustness emerges naturally from the coupling between contractility and cortical flows
in our model (contractility causes flow, which changes p, which regulates contractility), suggesting that such coupling is
sufficient to explain the system’s inherent resilience to perturbations.

Anisotropic tension and bundle alignment

We next examine whether the model reproduces the anisotropic cortical tension observed experimentally, and what
structural mechanism underlies it. Cortical laser ablation experiments by Mayer et al. [8] showed that during polarization,
when the anterior domain still covers 70% of the embryo, anterior cortical tension in the AP direction is approximately half
of that in the transverse direction (Fig 3A). In the posterior, by contrast, AP tension in both directions is similar, so that no
anisotropy is present. Fig 3B shows directional tension (T in our model) over time along the AP and transverse directions.
We find that the simulated tension profile is consistent with values inferred from the laser ablation experiments. Trans-
verse tension Tians Changes most over time and space, being elevated in the anterior, and peaking at the domain bound-
ary upon polarization completion. AP tension shows a similar spatiotemporal pattern but remains weaker in the anterior
and changes less in magnitude. Restricting the tension values to the spatiotemporal window of zygote ablations (Fig 3C)
confirms that Tyans exceeds Tap (p< 1077, standard model). Since the model only includes isotropic surface tension and
contractile actin bundles, bundle alignment is the cause of this tension increase.

Can actin bundles actually align? Although the turnover of F-actin and myosin molecules at this stage of development
is rapid compared to the flow duration (10-30 s) [8,16,43], the larger bundles and resulting surface ruffles can last for
several minutes. Munro et al. [9] measured myosin focus lifetimes around 120 s, so foci can persist through a large part of
polarization. Our cortex model incorporates limited structural turnover, with filament bundles persisting on a timescale of
minutes. As the cortex flows to the anterior, it is continuously compressed, which allows actin bundles to align. This paral-
lel alignment can be described as nematic order.

To computationally explore the contribution of bundle alignment to the polarization process, we derived a version of the
model in which any alignment that arises is immediately destroyed, followed by rebuilding of the bundle network (Reduced
Order, Fig 3D). To quantify bundle alignment, we use a statistic for nematic order Q similar to Reymann et al. [3], where
every bundle’s angle with the AP axis is used to measure directionality bias in the network (Materials and Methods,
equation (1)). When Q is negative, bundles align along the AP axis, and when it is positive, bundles align in the transverse
direction. In Fig 3E, a band of high nematic order (dark green) forms near the posterior pole at polarization onset and
shifts toward the center as polarization progresses. The anterior region maintains slightly positive nematic order due to
compression, whereas the posterior region shows slightly negative order due to expansion. The Reduced Order model
(Fig 3E, right) confirms that most compression-induced nematic order is eliminated by rebuilding of the network, though
some remains. Further, in Fig 3C, we see that limiting nematic order decreases anterior tension in the transverse direc-
tion, though the anisotropy between Tap and Tians remains significant (p<10-°).

To assess the effect on polarization, we compare velocity kymographs for both models in Fig 3F and observe that
polarization flow is largely unaffected by the reduction of nematic order. These results suggest that the strong anisotropy
in the anterior domain arises from flow-induced compression and bundle alignment, but that this anisotropy is not neces-
sary for cortical flow or domain formation.

Nematic order and axis convergence

Since anisotropic tension from actin bundle alignment is not required for the polarizing flow when sperm-contributed
centrosomes are located at the presumptive posterior pole, we investigated whether it contributes to robust polarization
under other conditions. Therefore, we tested whether nematic order from thick actin bundles facilitates alignment of AP
polarization with the egg’s long axis when symmetry breaking occurs laterally, away from a pole [3,11,24]. Fig 4A shows
such an event, which occurs occasionally in control embryos. In such a case, the embryo polarizes and rotates to realign
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Fig 3. Anisotropic tension and nematic order in simulation. Simulations were repeated 20 times with randomized bundle networks. A: Schematic
of anisotropic tension in the polarizing zygote derived from laser ablation experiments [8]. B: Kymographs of directional tension, parallel to AP and
transverse axis respectively. C: Anisotropic tension measured in anterior and posterior domain for two cases. Both windows span 180-300 s and cover
the transverse axis 12 um wide. On the AP axis, windows cover regions -13 ymto -1 um, and 5 um to 17 pm for anterior and posterior respectively. D:
Schematic of process to eliminate nematic order in the bundle network, yielding the ‘Reduced Order’ derived model. E: Kymographs of nematic order
Q for standard model and Reduced Order case. The central dark green band represents the area that is being compressed most, which shifts from the
posterior (right) side to the center of the zygote as the polarization process goes on. The dark bands on the sides show high nematic order because the
surface at the poles curves until it is perpendicular to the AP axis. F: Cortical flow velocity for standard model and Reduced Order case.

https://doi.org/10.1371/journal.pcbi.1014792.g003

the AP axis, with NMY-2 (cyan) concentrating in the anterior and PAR-2 (magenta) in the posterior. We replicate this event
in simulations by positioning the symmetry-breaking site laterally (Fig 4B).

We find that such simulated embryos exhibit spontaneous migration of the centrosomes and posterior domain toward
the nearest pole (S6 Video), matching experimental observations. To quantify the process, we use the angle between the
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https://doi.org/10.1371/journal.pcbi.1014792.g004

axis of polarization (drawn through the center of the domains) ri, and the egg’s long axis as the angular axis error. We
find that axis convergence is slower in simulations than in vivo. Since this dynamic process depends on multiple param-
eters beyond those constrained by flow dynamics (see section Parameter tuning using flow measurements), we extend
simulations to 1 100 s after polarization induction to allow convergence to complete. With this adjustment we find an axis
error of 14° in the standard model (Fig 4C and 4D). To assess the effect of nematic order, we remove bundle alignment
as in the previous section. This adjustment increases the axis error to 26°, significantly higher than in the standard model
(p =3 x 107'9). We conclude that nematic order and the resulting tension anisotropy are necessary for axis convergence
upon lateral symmetry breaking, and therefore contribute to robust polarization of the zygote.
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Discussion

We developed a 3D mechanical model of C. elegans zygote polarization that represents cortical nematic structures
(actin bundles and myosin foci) as a network of stiff contractile filaments. The model reproduces the stable prepolar-
ization stage with a remodeling network that generates regular cortical ruffles. Symmetry breaking initiates polarizing
cortical flow through a local reduction in cortical tension at the centrosome contact site. We quantified cortical flow by
tracking myosin foci in control zygotes to create high-resolution spatiotemporal profiles. These flow data, combined with
mechanical properties from the literature, allowed us to parametrize the model and reproduce wild-type polarization
dynamics. Under the compressive flow in the anterior domain, actin bundles align and generate nematic order. This
alignment produces the observed tension anisotropy but is not necessary for flow or domain formation. However, nem-
atic order plays a role in axis convergence: when symmetry breaking occurs laterally, anisotropic tension from aligned
bundles drives posterior domain rotation toward the nearest pole. Nematic cortical structures therefore contribute to
robust polarization in C. elegans.

Under compressive flows, the actin bundle network can build up nematic order, yet this order does not influence the
dynamics of the polarizing flow itself. In simulation, we observe strong bundle alignment in the central region of the
embryo, at the domain boundary, where the pseudocleavage also forms later in vivo, consistent with previous observa-
tions [3,24]. Our simulations also show a gradual buildup of alignment across the entire anterior side during compression,
which generates anisotropic tension. This result matches experimental observations of anisotropic tension in the anterior
domain [8], but suggests a different mechanism. Mayer et al. [8] attributed tension reduction along the compression axis
to internal viscosity resisting compressive flow, assuming uniform contractility and without actin bundles being explicitly
represented. However, posterior ablations show isotropic tension [8] despite velocity gradients being present (Fig 2A and
2C, 150-200s), and ablation velocity decays along the AP axis are similar across domains. Our model demonstrates
that bundle alignment can generate anterior anisotropy without requiring spatially varying material properties, providing a
structural explanation consistent with the observed cortical network organization.

Our results show that actin bundle alignment is sufficient to correct laterally induced polarization. This correction is
driven by anisotropic tension that orients the contractile domain boundary to minimize its circumference, positioning it
perpendicular to the embryo’s long axis. Bhatnagar et al. [24] proposed that axis convergence results from flow-driven
actin alignment interacting with embryo geometry. In their model, the cortex is treated as an active nematic fluid layer in
which a myosin-dependent contractility gradient, set by posterior centrioles, drives cortical and cytoplasmic flows that
reposition the posterior pronucleus. Nematic effects arise from a homogeneous population of actin filaments that align
under flow, without explicit cortical transport of myosin or other cortical proteins. Our interpretation is distinct in two ways.
First, individual actin filaments turn over rapidly (10-30 s) [8,16,43], which limits persistent alignment by flow. Instead,
the cortex contains pre-existing nematic structures in the form of actin bundles with associated myosin foci that persist
for minutes [9] and are present before polarization. Actin filament alignment may outlive filament lifespans through tem-
plated assembly along pre-existing orientations, as shown for the contractile ring during cytokinesis [44]. Our framework
abstracts this structural memory into macroscopic actin bundles. We suggest that compressive flow aligns these stable
bundles, and that their alignment generates the anisotropic tension that drives axis convergence. Second, Bhatnagar et
al. [24] attributed axis convergence primarily to the pseudocleavage furrow. However, axis convergence occurs during
active polarization flow, whereas the pseudocleavage furrow appears near the end of polarization (400 s after symmetry
breaking). Our simulations suggest that anisotropic tension from progressive bundle alignment throughout polarization
drives convergence, with the pseudocleavage furrow marking the peak of this alignment at the domain boundary rather
than initiating it. Consistent with this interpretation, we frequently observed spontaneous formation of a deep furrow at the
center of the zygote near the end of polarization in our simulations (Fig 1C), matching the observed timing and position
of the pseudocleavage. This supports the hypothesis proposed by Reymann et al. [3] that pseudocleavage arises as a
consequence of strong nematic order generated by compressive flows.
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Cortical flow nearly stops around 400 s after symmetry breaking. Although anterior ruffling persists, which shows that
actin bundles still contract, this flow cessation implies that tension generated by anterior and posterior domains is bal-
anced at this stage. In our model, this balance arises through a negative feedback loop: flow redistributes cortical material,
which locally changes how tension is generated. Specifically, the increase in cortical density in the compressing anterior
reduces actin bundle line tension. This is consistent with anterior accumulation of cortex-associated proteins that down-
regulate myosin activity, such as E-cadherin. Conversely, the posterior expands, is highly dynamic and has lower actomy-
osin density, yet generates relatively higher surface tension in our model. Such an apparently counterintuitive relationship
between lower protein levels and higher tension was previously observed in the E cell of the C. elegans embryo [32,40].
One potential explanation is that the posterior domain has a more optimal level of connectivity at intermediate density, as
was shown in mitotic HeLa cells where peak tension occurs at intermediate cortical thickness [45]. Through this opposing
response, tension differences diminish as polarization proceeds. The sensitivity analysis (Table B in S1 Appendix) shows
that although kinetic parameters alter polarization rate, the domain sizes remain roughly equal. This stability follows
from the density-dependent contractility regulation. We therefore propose that cortical material redistribution during flow
provides a mechanical negative feedback that balances anterior and posterior tensions prior to biochemical stabilization
by PAR proteins. Here, cortical density represents overall cortical state changes rather than literal material amounts, a
hypothesis that requires experimental validation.

Our simulations reproduce key features of cortical flow but show quantitative discrepancies with experimental veloc-
ity profiles, particularly in peak flow speeds and flow persistence. These differences likely reflect biophysical properties
absent from our minimal model, including spatially varying cortical viscosity, heterogeneous turnover rates, or nonlinear
feedback between flow and contractility. We deliberately kept model complexity to the minimum sufficient to reproduce
zygotic cortex behavior, adding only the actin bundle network and density-dependent contractility regulation to the DCM.
Spatial variations in cortical viscosity, contractility, or friction could affect the exact flow dynamics, but these factors are
largely unknown, as measurements are lacking and difficult to obtain. We therefore chose not to introduce additional free
parameters to describe such phenomena. The model is grounded in experimental measurements from the literature,
and we characterized cortical flow at high spatiotemporal resolution to identify the key features the simulations must
reproduce.

Several extensions could improve the model’s realism. The axis convergence simulations reveal a small residual
error and slower dynamics. Our diagnosis is that the DCM provides an incomplete capture of long-distance transmis-
sion of viscous forces, which may be refined in future versions. Further, we also did not capture the pronuclei or cyto-
plasmic flow, which may provide a small additive effect [24]. The pseudocleavage furrow is more pronounced in vivo
than in our simulations. In our current model, mesh resolution sets a limit on how tightly bundles can converge, which
likely underestimates invagination depth. A dynamic mesh size would allow bundles to stack more closely, producing
deeper invaginations. Alongside retrograde cytoplasmic flow, focal contractions producing periodic contractility bursts
[15] are not yet included. Our mechanical framework deliberately omitted biochemical dynamics to maintain tractability,
but future work could integrate PAR protein association and dissociation kinetics with cortical material density. Such
coupling would test whether mechanical domain establishment precedes and influences biochemical polarization, or
whether both processes are intrinsically linked. The model also provides a basis to study how nematic structures inter-
act with biochemical polarity cues in other developmental contexts where cortical architecture and biochemical signal-
ing coordinate.

This work provides an explicit three-dimensional modeling of the zygotic cortex, carefully parametrized against exper-
imental observations, and offers insight into how multiple observed phenomena (flow-induced bundle alignment, aniso-
tropic tension, domain stabilization, and axis convergence) combine to complement the primary polarization mechanism.
Our mechanical framework provides a foundation for future studies connecting cortical architecture to biochemical domain
stabilization and to symmetry-breaking events in other developmental contexts.
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Materials and methods
C. elegans strains and maintenance

C. elegans strains were grown on NGM plates at 20 °C as described by Brenner [46].
For Fig 1A, we used imaging from two strains for membrane and actomyosin respectively:

- GZ1559 (nmy-2(ges6(nmy-2::RFP-T +unc-119(+)))l; Itis38[pAA1; pie-1::GFP::PH(PLC1deltal) + unc-119(+)]).

* RJ012, a cross of LP162 (nmy-2(cp13(nmy-2::GFP+LoxP)) I.) [47] and SWGO001 (gesls001 Pmex-5::Lifeact:mKate2::nmy-
2UTR, unc-119+1) [3].

For focus tracking we used GZ2131 (nmy-2(ges6(nmy-2::RFP-T +unc-119(+)))I; xsSi3 [GFP::utrophin + Cbr-unc-119(+)]
), a cross between SWG008 and MG589.

For lateral symmetry breaking in Fig 4A, we used GZ1476 (nmy-2(ges6(nmy-2::RFP-T +unc-119(+)))l; par-2(it328
[ofp::par-2]) sas-7(or1940[gfp::sas-7])lll), previously described by Klinkert et al. [21].

Imaging

Embryos were dissected from gravid hermaphrodites in Shelton’s growth medium [48] and mounted with 20 ;m polysty-
rene beads. Dual-color fluorescence time-lapse imaging was conducted on a Visitron CSU W1 spinning disk confocal
microscope with a 60 U Plan S-Apo oil objective (NA 1.42) connected to an Orca Flash 4.0 sCMOS camera, using a 488
nm and 561 nm laser. Full z-stacks were required (covering 30 um in steps of 1 um) for GZ1559. For lateral symmetry
breaking, GZ1476 embryos were imaged every 10 s in the plane where pronuclei and eggshell are in focus. For cortical
imaging, GZ2131 embryos were imaged at the cortex every 5 s using a z-stack covering 2 um around the cortex in steps
of 0.5 pum.

RJ012 embryos were mounted on slides with M9 buffer and compressed to 20 um with Polybead Microspheres (Poly-
sciences). Imaging was conducted using a Zeiss LSM 880 confocal microscope with a Plan-Apochromat 63/1.4 DIC M27
oil immersion objective.

Observed flow measurements

Myosin foci of polarizing GZ2131 embryos were manually tracked using in-house tracking software (n=6). The series are
synchronized with symmetry breaking at time 0. We only use the velocity component parallel to the AP axis. To reduce
erratic changes in velocity, tracks were smoothed using a moving average that includes both the previous and the next
frame. Fig 2A was made in Python by fitting a 2D tensor spline (package pygam, function LinearGAM) on all the speed
data over time and the AP axis. The fitted spline was plotted using contourf from the package matplotlib.

Cell mechanical model

Zygote simulations are performed using Mpacts, a particle-based simulation framework to compute the motion of inter-
acting particles based on a force balance [30,31]. The core model setup is based on previous cell simulation publications
[29,32,49,50]. The cell is modeled as a foam-like material using the DCM, which considers the cell cortex and membrane
as a viscous shell under tension. Forces like tension and contact pressure act on the nodes of a triangular mesh, caus-
ing realistic deformation of the cell’s shape. A cell is parametrized by cortical thickness ., isotropic surface tension

, and cortex viscosity 7°. It has a reference volume V7,, and experiences resistance to volume change controlled by a
bulk modulus Ky, which exerts additional pressure P on the cell membrane. Interactions with the eggshell are managed
through repulsion. Validations of the DCM regarding geometry and contact angles are provided in Cuvelier et al. [29]. At
the cell-eggshell interface there is also wet friction with friction coefficient £, while medium viscosity n' acts on all nodes.
We also keep track of a cortical material density factor p, describing the expansion and compression of triangle area.
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This density is slowly equalized to neighboring triangles with a diffusive flux J = —D%, where D is the diffusivity and d the
distance between two triangles. The material transfer between triangles is then dependent on the length of the shared
edge L and the time step At: T=J- LAt. A more in-depth description with a force balance per node is included in Text A in
S1 Appendix.

Nematic structure

During polarization, the zygotic cortex forms a network of thick actin bundles and contractile myosin foci. We model this as
a separate layer on top of the mesh representing the cortex, connected via the nodes. To initialize this network, we evenly
sample the surface to assign cell nodes as foci using Trimesh sample surface even [51]. A 3D Delaunay triangulation
on the foci positions and internal scaffold points gives us a way to efficiently connect foci on the surface. On those con-
nections, actin bundles are defined as a surface linker from focus to focus. To integrate them with the rest of the cortex,
every bundle follows the shortest path from focus to focus, via the existing triangle edges of the mesh. Tensile forces will
then be placed on these edges, forcing the path to become straight.

The network is kept stable by spawning and removing foci based on the distance between them. When two foci get
closer than dnn, they get merged and their bundles are combined. They will maintain a bundle to any focus either of them
were connected to, but duplicates are removed. When a cell node gets further than dnax from any focus, it will become
a new focus to fill in the gap, and make new bundles to existing foci using the Delaunay triangulation. We also remesh
the surface, splitting and combining triangles to maintain a typical triangle size. Both foci and bundles get repaired under
remeshing damage to keep them as close to original as possible.

Bundles define a series of connected edges in between two foci, and are modeled as a line tension with a damper.
Each edge experiences line tension v, to mimic actomyosin contractility, in addition to normal (cy) and tangential (cr)
damping to provide a viscous effect. Line tension is considered optimal around p = 1. In low density areas, line tension
gets reduced linearly (Fig 5A) as cortical material gets depleted. Meanwhile, we assume a quadratic downregulation of
line tension in high density areas. For p > 1, line tension is multiplied with 1+(,37_1)2 (see Text Ain S1 Appendix).

Isotropic surface tension is also made dependent on the density factor. We assume a negative linear relationship
(Fig 5B), where a sparse cortex is highly contractile, while a dense cortex is more stable. In practice, the density in the
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Fig 5. Tension forces in function of cortical material density. A: Line tension for bundles builds up linearly, is maximal around density factor 1, and
then decreases quadratically. B: Cortex isotropic surface tension decreases linearly in function of density.

https://doi.org/10.1371/journal.pcbi.1014792.g005
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anterior is close to 2 during simulation. So the dense cortex will still experience a lot of contractile forces from the bundles
present, whereas a sparse cortex will not.

Polarization gets induced by the centrosomes, and its location Xj,quction iS pinned on the cell mesh. Under the assump-
tion of cortex disassembly, any bundles within rj,quction cONtinuously get removed. Additionally, under the assumption
of downregulation, bundles’ tension is reduced to zero at Xjnguciion, linearly building up to the normal level at distance

3 Tinduction -

Nematic order and anisotropic tension

We measure nematic order Q in a manner similar to Reymann et al. [3], by using every bundle segments length L and
angle with the AP axis 6, to measure a directionality bias of the network (equation (1)).

_ L(#9) 2
Q——;w«cosﬂ) —%) "

When Q is positive, it means there is alignment perpendicular to the AP axis, whereas a negative Q means there is paral-
lel alignment.

To measure the directional tension in the simulated cortex, we combine tension information from isotropic surface
tension and local bundle line tension. In case of the kymographs in Fig 3B, a rectangle patch of 40 ym x 20 um is eval-
uated across bins, whereas Fig 3C uses two 12 um % 12 m square patches as shown in Fig 3A. Surface tension Tg
depends on the local material density and is averaged over area to find a baseline isotropic tension in nN/um. Anisotropic
forces are evaluated in the AP direction (x) and the transverse direction (y) using each bundle segment’s length L;, density
dependent line tension T(p;), and unit orientation &

Fyi = LiT(p)tiz”
S2
Fyi = LiT(pi)uyi )

Where we use squared unit vector components so that the total force is correct: u},-2 + u},-2 = LT,-2 = 1. We then add all of the
directed bundle forces together and divide by the sampled surface area S to get a tension result in nN/um, which can be
added to the isotropic surface tension to get the total anisotropic tension in direction x and y.

1
Tx=Ts+§Zi:in

1
Ty—TS+§§i:Fy,-

Supporting information

S$1 Appendix. DCM force balance, simulation parameters, and sensitivity analysis.
(PDF)

S1 Fig. Kymograph of flow speed difference between simulated (Fig 2A) and observed (Fig 2B) polarization.
Biggest error is visible near the posterior side at the end of polarization, as the observed flow persists longer and stronger
than simulations could reproduce.

(EPS)
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S2 Fig. Kymograph of observed myosin signal during polarization for 6 different embryos. Myosin moves anteriorly,
where the cortical density remains similar to its density before polarization. At the bottom center, a gap is present where
the pseudocleavage formed and the fluorescent signal vanished.

(EPS)

S3 Fig. Density of foci during modeled and observed polarization. Modeled foci were excluded when p < 3, which is
the case for the posterior domain where bundles are downregulated. Observed foci were counted from the same tracking
used for the velocity graphs. Both figures show a downwards trend as the expanding posterior domain contains few foci.
Variability is shown with standard deviations around the mean for modeled (n=20) and observed (n=6) samples.

(EPS)

S4 Fig. Simulated flow speed kymographs visualizing the sensitivity analysis of Table B in S1 Appendix. Each
column shows the flow speed profile for an influential parameter varied around its default value. Increasing line tension
or induction range advances and intensifies the flow peak, whereas increasing cortex viscosity or focus distances (fewer
bundles) delays and weakens it. These trends match the v, values reported in Table B in S1 Appendix.

(EPS)

S1 Video. Cortex surface during polarization. Lifeact in red, NMY-2 in green (frames used in Fig 1).
(MP4)

S2 Video. Membrane cross-section during polarization. PH marker in LUT (frames used in Fig 1).
(MP4)

S3 Video. Polarization with spontaneous axis convergence. PAR-2 and SAS-7 in magenta, nmy-2 in blue (frames
used in Fig 4).
(MP4)

S4 Video. Incomplete cortex simulation without turnover or tension regulation, leading to network collapse. Foci
are rendered in green, actin bundles in red, and density in grayscale.
(MP4)

S5 Video. Standard polarization simulation. Foci in green, actin bundles in red, and density in grayscale.
(MP4)

S6 Video. Axis convergence simulation. Foci in green, actin bundles in red, and density in grayscale. The expanding
posterior domain migrates from the lateral induction site to the pole.
(MP4)

Acknowledgments

We thank Jiti PeSek for help with Mpacts and Docker, and Casper van Bavel for development of the tracking software and
LaTeX support.

Author contributions

Conceptualization: Michiel Vanslambrouck, Jef Vangheel, Rob Jelier.
Data curation: Michiel Vanslambrouck.

Funding acquisition: Rob Jelier.

Investigation: Michiel Vanslambrouck, Ella Linxia Muller, Rob Jelier.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014792 September 23, 2026 16/19



https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014792.s003
https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014792.s004
https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014792.s005
https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014792.s006
https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014792.s007
https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014792.s008
https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014792.s009
https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014792.s010
https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014792.s011

PLO.\Sﬁ;- Computational

Biology

Methodology: Michiel Vanslambrouck, Jef Vangheel, Bart Smeets.

Resources: Michiel Vanslambrouck, Ella Linxia Miller, Pierre Gonczy.

Software: Michiel Vanslambrouck, Jef Vangheel, Bart Smeets.

Supervision: Rob Jelier.

Visualization: Michiel Vanslambrouck.

Writing — original draft: Michiel Vanslambrouck, Rob Jelier.

Writing — review & editing: Michiel Vanslambrouck, Ella Linxia Miller, Pierre Gdnczy, Rob Jelier.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Lecuit T, Lenne P-F, Munro E. Force generation, transmission, and integration during cell and tissue morphogenesis. Annu Rev Cell Dev Biol.
2011;27:157-84. https://doi.org/10.1146/annurev-cellbio-100109-104027 PMID: 21740231

Yan VT, Narayanan A, Wiegand T, Jilicher F, Grill SW. A condensate dynamic instability orchestrates actomyosin cortex activation. Nature.
2022;609(7927):597—604. https://doi.org/10.1038/s41586-022-05084-3 PMID: 35978196

Reymann A-C, Staniscia F, Erzberger A, Salbreux G, Grill SW. Cortical flow aligns actin filaments to form a furrow. Elife. 2016;5:17807. https://doi.
org/10.7554/eLife.17807 PMID: 27719759

Cowan CR, Hyman AA. Acto-myosin reorganization and PAR polarity in C. elegans. Development. 2007;134(6):1035—43. https://doi.org/10.1242/
dev.000513 PMID: 17287245

Nishikawa M, Naganathan SR, Julicher F, Grill SW. Controlling contractile instabilities in the actomyosin cortex. Elife. 2017;6:€19595. https://doi.
org/10.7554/eL ife.19595 PMID: 28117665

Balasubramaniam L, Mége R-M, Ladoux B. Active nematics across scales from cytoskeleton organization to tissue morphogenesis. Curr Opin
Genet Dev. 2022;73:101897. https://doi.org/10.1016/j.9de.2021.101897 PMID: 35063879

Gan WJ, Motegi F. Mechanochemical Control of Symmetry Breaking in the Caenorhabditis elegans Zygote. Front Cell Dev Biol. 2021;8:619869.
https://doi.org/10.3389/fcell.2020.619869 PMID: 33537308

Mayer M, Depken M, Bois JS, Julicher F, Grill SW. Anisotropies in cortical tension reveal the physical basis of polarizing cortical flows. Nature.
2010;467(7315):617-21. https://doi.org/10.1038/nature09376 PMID: 20852613

Munro E, Nance J, Priess JR. Cortical flows powered by asymmetrical contraction transport PAR proteins to establish and maintain anterior-
posterior polarity in the early C. elegans embryo. Dev Cell. 2004;7(3):413-24. https://doi.org/10.1016/j.devcel.2004.08.001 PMID: 15363415

Albertson DG. Formation of the first cleavage spindle in nematode embryos. Dev Biol. 1984;101(1):61-72. https://doi.org/10.1016/0012-
1606(84)90117-9 PMID: 6692980

Goldstein B, Hird SN. Specification of the anteroposterior axis in Caenorhabditis elegans. Development. 1996;122(5):1467-74. https://doi.
org/10.1242/dev.122.5.1467 PMID: 8625834

Sadler PL, Shakes DC. Anucleate Caenorhabditis elegans sperm can crawl, fertilize oocytes and direct anterior-posterior polarization of the 1-cell
embryo. Development. 2000;127(2):355-66. https://doi.org/10.1242/dev.127.2.355 PMID: 10603352

Rose L, Gonczy P. Polarity establishment, asymmetric division and segregation of fate determinants in early C. elegans embryos. WormBook.
2014;:1-43. https://doi.org/10.1895/wormbook.1.30.2

Hird SN, White JG. Cortical and cytoplasmic flow polarity in early embryonic cells of Caenorhabditis elegans. J Cell Biol. 1993;121(6):1343-55.
https://doi.org/10.1083/jcb.121.6.1343 PMID: 8509454

Munro E, Bowerman B. Cellular symmetry breaking during Caenorhabditis elegans development. Cold Spring Harb Perspect Biol.
2009;1(4):a003400. https://doi.org/10.1101/cshperspect.a003400 PMID: 20066102

Saha A, Nishikawa M, Behrndt M, Heisenberg C-P, Julicher F, Grill SW. Determining Physical Properties of the Cell Cortex. Biophys J.
2016;110(6):1421-9. https://doi.org/10.1016/j.bpj.2016.02.013 PMID: 27028651

Munro EM. PAR proteins and the cytoskeleton: a marriage of equals. Curr Opin Cell Biol. 2006;18(1):86-94. https://doi.org/10.1016/].
ceb.2005.12.007 PMID: 16364625

Beatty A, Morton D, Kemphues K. The C. elegans homolog of Drosophila Lethal giant larvae functions redundantly with PAR-2 to maintain polarity
in the early embryo. Development. 2010;137(23):3995-4004. https://doi.org/10.1242/dev.056028 PMID: 21041363

Hoege C, Constantinescu A-T, Schwager A, Goehring NW, Kumar P, Hyman AA. Lgl can partition the cortex of one-cell caenorhabditis elegans
embryos into two domains. Current Biology. 2010;20(14):1296—-303. https://doi.org/10.1016/j.cub.2010.05.061

Blanchoud S, Busso C, Naef F, Génczy P. Quantitative analysis and modeling probe polarity establishment in C. elegans embryos. Biophys J.
2015;108(4):799-809. https://doi.org/10.1016/j.bpj.2014.12.022 PMID: 25692585

PLOS Computational Biology | https:/doi.org/10.1371/journal.pcbi.1014792 September 23, 2026 17719



https://doi.org/10.1146/annurev-cellbio-100109-104027
http://www.ncbi.nlm.nih.gov/pubmed/21740231
https://doi.org/10.1038/s41586-022-05084-3
http://www.ncbi.nlm.nih.gov/pubmed/35978196
https://doi.org/10.7554/eLife.17807
https://doi.org/10.7554/eLife.17807
http://www.ncbi.nlm.nih.gov/pubmed/27719759
https://doi.org/10.1242/dev.000513
https://doi.org/10.1242/dev.000513
http://www.ncbi.nlm.nih.gov/pubmed/17287245
https://doi.org/10.7554/eLife.19595
https://doi.org/10.7554/eLife.19595
http://www.ncbi.nlm.nih.gov/pubmed/28117665
https://doi.org/10.1016/j.gde.2021.101897
http://www.ncbi.nlm.nih.gov/pubmed/35063879
https://doi.org/10.3389/fcell.2020.619869
http://www.ncbi.nlm.nih.gov/pubmed/33537308
https://doi.org/10.1038/nature09376
http://www.ncbi.nlm.nih.gov/pubmed/20852613
https://doi.org/10.1016/j.devcel.2004.08.001
http://www.ncbi.nlm.nih.gov/pubmed/15363415
https://doi.org/10.1016/0012-1606(84)90117-9
https://doi.org/10.1016/0012-1606(84)90117-9
http://www.ncbi.nlm.nih.gov/pubmed/6692980
https://doi.org/10.1242/dev.122.5.1467
https://doi.org/10.1242/dev.122.5.1467
http://www.ncbi.nlm.nih.gov/pubmed/8625834
https://doi.org/10.1242/dev.127.2.355
http://www.ncbi.nlm.nih.gov/pubmed/10603352
https://doi.org/10.1895/wormbook.1.30.2
https://doi.org/10.1083/jcb.121.6.1343
http://www.ncbi.nlm.nih.gov/pubmed/8509454
https://doi.org/10.1101/cshperspect.a003400
http://www.ncbi.nlm.nih.gov/pubmed/20066102
https://doi.org/10.1016/j.bpj.2016.02.013
http://www.ncbi.nlm.nih.gov/pubmed/27028651
https://doi.org/10.1016/j.ceb.2005.12.007
https://doi.org/10.1016/j.ceb.2005.12.007
http://www.ncbi.nlm.nih.gov/pubmed/16364625
https://doi.org/10.1242/dev.056028
http://www.ncbi.nlm.nih.gov/pubmed/21041363
https://doi.org/10.1016/j.cub.2010.05.061
https://doi.org/10.1016/j.bpj.2014.12.022
http://www.ncbi.nlm.nih.gov/pubmed/25692585

N\ Computational
PLO\Sﬁ\' Biology

21. Klinkert K, Levernier N, Gross P, Gentili C, von Tobel L, Pierron M, et al. Aurora A depletion reveals centrosome-independent polarization mecha-
nism in Caenorhabditis elegans. Elife. 2019;8:e44552. https://doi.org/10.7554/eLife.44552 PMID: 30801250

22. Oswald F. A precise and rapid uv laser ablation system for cell biology. Dresden: Technische Universitat Dresden, Institut fir Biophysik. 2010.

23. Strome S. Fluorescence visualization of the distribution of microfilaments in gonads and early embryos of the nematode Caenorhabditis elegans. J
Cell Biol. 1986;103(6 Pt 1):2241-52. https://doi.org/10.1083/jcb.103.6.2241 PMID: 3782297

24. Bhatnagar A. Nestler M. Gross P, Kramar M, Leaver M, Voigt A, Grill SW. Axis convergence in c. elegans embryos. Current Biology, 33(23):5096—
108.e15, Dec. 2023. ISSN 0960-9822. https://doi.org/10.1016/j.cub.2023.10.050

25. Goehring NW, Trong PK, Bois JS, Chowdhury D, Nicola EM, Hyman AA, et al. Polarization of PAR proteins by advective triggering of a
pattern-forming system. Science. 2011;334(6059):1137—41. https://doi.org/10.1126/science.1208619 PMID: 22021673

26. Gross P, Kumar KV, Goehring NW, Bois JS, Hoege C, Jllicher F, et al. Guiding self-organized pattern formation in cell polarity establishment. Nat
Phys. 2019;15(3):293-300. https://doi.org/10.1038/s41567-018-0358-7 PMID: 31327978

27. Naganathan SR, Firthauer S, Rodriguez J, Fievet BT, Julicher F, Ahringer J, et al. Morphogenetic degeneracies in the actomyosin cortex. Elife.
2018;7:e37677. https://doi.org/10.7554/eLife.37677 PMID: 30346273

28. Salbreux G, Julicher F, Prost J, Callan-Jones A. Theory of nematic and polar active fluid surfaces. Physical Review Research. 2022;4(3):033158.
https://doi.org/10.1103/physrevresearch.4.033158

29. Cuvelier M. Vangheel J. Thiels W. Ramon H. Jelier R, Smeets B. Stability of asymmetric cell division: A deformable cell model of cytokinesis
applied to c. elegans. Biophysical Journal, 122(10):1858-67, May 2023. https://doi.org/10.1016/j.bp}.2023.04.017

30. Odenthal T, Smeets B, Van Liedekerke P, Tijskens E, Van Oosterwyck H, Ramon H. Analysis of initial cell spreading using mechanistic contact
formulations for a deformable cell model. PLoS Comput Biol. 2013;9(10):e1003267. https://doi.org/10.1371/journal.pcbi. 1003267 PMID: 24146605

31. Smeets B, Cuvelier M, Pesek J, Ramon H. The Effect of Cortical Elasticity and Active Tension on Cell Adhesion Mechanics. Biophys J.
2019;116(5):930-7. https://doi.org/10.1016/j.bpj.2019.01.015 PMID: 30773295

32. Vanslambrouck M, Thiels W, Vangheel J, van Bavel C, Smeets B, Jelier R. Image-based force inference by biomechanical simulation. PLoS Com-
put Biol. 2024;20(12):1012629. https://doi.org/10.1371/journal.pcbi.1012629 PMID: 39621778

33. Kapoor S, Kotak S. Centrosome Aurora A regulates RhoGEF ECT-2 localisation and ensures a single PAR-2 polarity axis in C. elegans embryos.
Development. 2019;146(22):dev174565. https://doi.org/10.1242/dev.174565 PMID: 31636075

34. Reich JD, Hubatsch L, lllukkumbura R, Peglion F, Bland T, Hirani N, et al. Regulated Activation of the PAR Polarity Network Ensures a Timely and
Specific Response to Spatial Cues. Curr Biol. 2019;29(12):1911-1923.e5. https://doi.org/10.1016/j.cub.2019.04.058 PMID: 31155349

35. Zhao P, Teng X, Tantirimudalige SN, Nishikawa M, Wohland T, Toyama Y, et al. Aurora-A Breaks Symmetry in Contractile Actomyosin Networks
Independently of Its Role in Centrosome Maturation. Dev Cell. 2019;48(5):631-645.€6. https://doi.org/10.1016/j.devcel.2019.02.012 PMID:
30861375

36. Yamamoto K, Ichbiah S, Pinto J, Delbary F, Goehring N, Turlier H, et al. Dissecting the subcellular forces sculpting early C. elegans embryos.
bioRxiv. 2023. https://doi.org/10.1101/2023.03.07.531437

37. Murrell MP, Gardel ML. F-actin buckling coordinates contractility and severing in a biomimetic actomyosin cortex. Proc Natl Acad Sci U S A.
2012;109(51):20820-5. https://doi.org/10.1073/pnas.1214753109 PMID: 23213249

38. Wilson CA, Tsuchida MA, Allen GM, Barnhart EL, Applegate KT, Yam PT, et al. Myosin ii contributes to cell-scale actin network treadmilling through
network disassembly. Nature. 465(7296):373—7, May 2010. ISSN 1476-4687. https://doi.org/10.1038/nature08994

39. Padmanabhan A, Ong HT, Zaidel-Bar R. Non-junctional e-cadherin clusters regulate the actomyosin cortex in the c. elegans zygote. Current Biol-
ogy, 27(1):103-12, Jan. 2017. ISSN 0960-9822. https://doi.org/10.1016/j.cub.2016.10.032

40. Caroti F, Thiels W, Vanslambrouck M, Jelier R. Wnt Signaling Induces Asymmetric Dynamics in the Actomyosin Cortex of the C. elegans Endome-
sodermal Precursor Cell. Front Cell Dev Biol. 2021;9:702741. https://doi.org/10.3389/fcell.2021.702741 PMID: 34604213

41. Hirani N, lllukkumbura R, Bland T, Mathonnet G, Suhner D, Reymann A-C, et al. Anterior-enriched filopodia create the appearance of asymmet-
ric membrane microdomains in polarizing C. elegans zygotes. J Cell Sci. 2019;132(14):jcs230714. https://doi.org/10.1242/jcs.230714 PMID:
31221727

42. Cheeks RJ, Canman JC, Gabriel WN, Meyer N, Strome S, Goldstein B. C. elegans PAR proteins function by mobilizing and stabilizing asymmetri-
cally localized protein complexes. Curr Biol. 2004;14(10):851-62. https://doi.org/10.1016/j.cub.2004.05.022 PMID: 15186741

43. Robin FB, McFadden WM, Yao B, Munro EM. Single-molecule analysis of cell surface dynamics in Caenorhabditis elegans embryos. Nat Methods.
2014;11(6):677-82. https://doi.org/10.1038/nmeth.2928 PMID: 24727651

44. LiY, Munro E. Filament-guided filament assembly provides structural memory of filament alignment during cytokinesis. Dev Cell.
2021;56(17):2486-2500.€6. https://doi.org/10.1016/j.devcel.2021.08.009 PMID: 34480876

45. Chugh P, Clark AG, Smith MB, Cassani DAD, Dierkes K, Ragab A, et al. Actin cortex architecture regulates cell surface tension. Nat Cell Biol.
2017;19(6):689-97. https://doi.org/10.1038/ncb3525 PMID: 28530659

46. Brenner S. The genetics of Caenorhabditis elegans. Genetics. 1974;77(1):71-94. https://doi.org/10.1093/genetics/77.1.71 PMID: 4366476

47. Dickinson DJ, Pani AM, Heppert JK, Higgins CD, Goldstein B. Streamlined Genome Engineering with a Self-Excising Drug Selection Cassette.
Genetics. 2015;200(4):1035—49. https://doi.org/10.1534/genetics.115.178335 PMID: 26044593

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014792 September 23, 2026 18/19



https://doi.org/10.7554/eLife.44552
http://www.ncbi.nlm.nih.gov/pubmed/30801250
https://doi.org/10.1083/jcb.103.6.2241
http://www.ncbi.nlm.nih.gov/pubmed/3782297
https://doi.org/10.1016/j.cub.2023.10.050
https://doi.org/10.1126/science.1208619
http://www.ncbi.nlm.nih.gov/pubmed/22021673
https://doi.org/10.1038/s41567-018-0358-7
http://www.ncbi.nlm.nih.gov/pubmed/31327978
https://doi.org/10.7554/eLife.37677
http://www.ncbi.nlm.nih.gov/pubmed/30346273
https://doi.org/10.1103/physrevresearch.4.033158
https://doi.org/10.1016/j.bpj.2023.04.017
https://doi.org/10.1371/journal.pcbi.1003267
http://www.ncbi.nlm.nih.gov/pubmed/24146605
https://doi.org/10.1016/j.bpj.2019.01.015
http://www.ncbi.nlm.nih.gov/pubmed/30773295
https://doi.org/10.1371/journal.pcbi.1012629
http://www.ncbi.nlm.nih.gov/pubmed/39621778
https://doi.org/10.1242/dev.174565
http://www.ncbi.nlm.nih.gov/pubmed/31636075
https://doi.org/10.1016/j.cub.2019.04.058
http://www.ncbi.nlm.nih.gov/pubmed/31155349
https://doi.org/10.1016/j.devcel.2019.02.012
http://www.ncbi.nlm.nih.gov/pubmed/30861375
https://doi.org/10.1101/2023.03.07.531437
https://doi.org/10.1073/pnas.1214753109
http://www.ncbi.nlm.nih.gov/pubmed/23213249
https://doi.org/10.1038/nature08994
https://doi.org/10.1016/j.cub.2016.10.032
https://doi.org/10.3389/fcell.2021.702741
http://www.ncbi.nlm.nih.gov/pubmed/34604213
https://doi.org/10.1242/jcs.230714
http://www.ncbi.nlm.nih.gov/pubmed/31221727
https://doi.org/10.1016/j.cub.2004.05.022
http://www.ncbi.nlm.nih.gov/pubmed/15186741
https://doi.org/10.1038/nmeth.2928
http://www.ncbi.nlm.nih.gov/pubmed/24727651
https://doi.org/10.1016/j.devcel.2021.08.009
http://www.ncbi.nlm.nih.gov/pubmed/34480876
https://doi.org/10.1038/ncb3525
http://www.ncbi.nlm.nih.gov/pubmed/28530659
https://doi.org/10.1093/genetics/77.1.71
http://www.ncbi.nlm.nih.gov/pubmed/4366476
https://doi.org/10.1534/genetics.115.178335
http://www.ncbi.nlm.nih.gov/pubmed/26044593

N Computational
PLO\Sﬁ\\ Biology

48. Shelton CA, Bowerman B. Time-dependent responses to glp-1-mediated inductions in early C. elegans embryos. Development. 1996;122(7):2043—
50. https://doi.org/10.1242/dev.122.7.2043 PMID: 8681785

49. Ongenae S, Svitina H, Belpaire TER, Vangheel J, Martens T, Vanden Berghe P, et al. Active foam dynamics of tissue spheroid fusion. Nat Com-
mun. 2025;16(1):10467. https://doi.org/10.1038/s41467-025-65463-y PMID: 41290657

50. Vangheel J, Ramon H, Smeets B. Rigidity transitions in a three-dimensional active foam model of cell monolayers with frictional contact interac-
tions. Phys Rev Research. 2026;8(1). https://doi.org/10.1103/7syt-bjgy

51. Dawson-Haggerty, et al. https://trimesh.org/

PLOS Computational Biology | https:/doi.org/10.1371/journal.pcbi.1014792 September 23, 2026 19719



https://doi.org/10.1242/dev.122.7.2043
http://www.ncbi.nlm.nih.gov/pubmed/8681785
https://doi.org/10.1038/s41467-025-65463-y
http://www.ncbi.nlm.nih.gov/pubmed/41290657
https://doi.org/10.1103/7syt-bjgy
https://trimesh.org/

	Nematic structures contribute to robust zygotic polarization in C. elegans
	Introduction
	Results
	Model of the cortex
	Domain stabilization
	Parameter tuning using flow measurements
	Anisotropic tension and bundle alignment
	Nematic order and axis convergence

	Discussion
	Materials and methods
	C. elegans strains and maintenance
	Imaging
	Observed flow measurements
	Cell mechanical model
	Nematic structure
	Nematic order and anisotropic tension

	Supporting information
	References


