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Anisotropies in cortical tension reveal the physical
basis of polarizing cortical flows

Mirjam Mayer"?, Martin Depken'*, Justin S. Bois**, Frank Jiilicher? & Stephan W. Grill"

Asymmetric cell divisions are essential for the development of multi-
cellular organisms. To proceed, they require an initially symmetric
cell to polarize'. In Caenorhabditis elegans zygotes, anteroposterior
polarization is facilitated by a large-scale flow of the actomyosin
cortex”*, which directs the asymmetry of the first mitotic division.
Cortical flows appear in many contexts of development’, but their
underlying forces and physical principles remain poorly understood.
How actomyosin contractility and cortical tension interact to
generate large-scale flow is unclear. Here we report on the subcellular
distribution of cortical tension in the polarizing C. elegans zygote,
which we determined using position- and direction-sensitive laser
ablation. We demonstrate that cortical flow is associated with aniso-
tropies in cortical tension and is not driven by gradients in cortical
tension, which contradicts previous proposals’. These experiments,
in conjunction with a theoretical description of active cortical
mechanics, identify two prerequisites for large-scale cortical flow:
a gradient in actomyosin contractility to drive flow and a sufficiently
large viscosity of the cortex to allow flow to be long-ranged. We thus
reveal the physical requirements of large-scale intracellular cortical
flow that ensure the efficient polarization of the C. elegans zygote.

Understanding polarization of the C. elegans zygote requires an
understanding of cortical flows and their driving forces. At the onset
of polarization, indicators of contractility (myosin foci and membrane
ruffles) are uniformly distributed throughout the actomyosin cortex*. A
centrosome-associated cue disrupts this even distribution by local myo-
sin downregulation near the posterior pole*. This induces anterior-
directed cortical flows, which facilitate the segregation of cell-fate
determinants between the anterior and posterior domain®’. Flows are
subject to biochemical feedback®”~* and persist for several minutes; they
do not resemble a singular elastic relaxation. During polarization the
cortex constantly contracts, rearranges and turns over, suggesting that
its active and fluid properties are important'®"".

Two main factors are known to play a role in cortical dynamics:
actomyosin contractility and cortical tension. It is important to recognize
that they are distinct'?. Actomyosin contractility (active tension) refers to
the forces actively generated by cortical myosin motors. Cortical tension
(total mechanical tension) refers to the forces that actually reside in the
cortex (Supplementary Table 1). Although cortical tension has recently
drawn interest for its function in various stages of animal development",
its role in flows remains unclear. It has been proposed that gradients in
cortical tension constitute the driving force for cortical flow’, but this has
never been tested in vivo.

We characterized cortical tension in the polarizing zygote with both
positional and directional resolution. To this end, we ablated the acto-
myosin meshwork with a pulsed ultraviolet laser'* along a 6-pm line
(cortical laser ablation, COLA, Fig. la, Supplementary Figs 1 and 2) in
embryos expressing green fluorescent protein (GFP)-labelled non-muscle
myosin 2 (NMY-2-GFP) (similar results were obtained with the actin
marker moesin (GFP-MOE), Supplementary Fig. 3). Following COLA,
the adjacent cortex rapidly displaced away orthogonally to the cut line and

continued moving outwards for several seconds (Fig. 1, Supplementary
Movie 1) before undergoing wound-healing'® (Supplementary Fig. 4).
Cortical tension is proportional to the initial outward velocity v, of the
cortex after COLA (Supplementary Section 4.2). The outward velocity
decayed exponentially over time (Figs 1c, fand 2), which is characteristic
of a simple viscoelastic response’®. The associated decay time constant 7 is
a signature of the mechanical properties of the cortex, in particular its
stiffness (Supplementary Information Section 2.4). Thus, COLA allows
position- and direction-sensitive quantification of cortical tension in
living embryos.

We first probed cortical tension in the direction orthogonal to the
anteroposterior (AP) axis (‘orthogonal cortical tension’), because there
are essentially no flows in this direction. We asked whether tension in
this direction differs between the myosin-rich anterior and the myosin-
depleted posterior domains'”'®. To measure orthogonal cortical tension,
we performed COLA along the AP axis of NMY-2-GFP embryos and
followed cortical movements orthogonal to the ablated line. We found a
significantly enhanced response in the anterior cortex, compared with
that in the posterior cortex (Fig. 1a—f, Supplementary Movies 1 and 2),
with an initial orthogonal outward velocity v, , =9.15* 0.84 um
min ' (all errors are errors of the mean at 95% confidence unless other-
wise stated) in the anterior (n = 120) and v, , = 3.81 = 0.82 um min
in the posterior domain (n = 88). The decay time constant 7 differed
slightly between the anterior (2.7 % 0.3 s) and posterior (3.9 = 0.9 s, Fig.
2b insets), consistent with a stiffer anterior cortex due to higher density
of cortical F-actin'® (Supplementary Fig. 5). Our results demonstrate that
orthogonal cortical tension is twice as high in the myosin-rich anterior
cortex as in the posterior cortex, where myosin levels are reduced.

We expect orthogonal cortical tension to be high in both domains
under conditions in which myosin concentrations remain high through-
out the cortex. To test this, we used RNA interference (RNAI) to deplete
embryos of spindle defective 5 (SPD-5), a protein required for centro-
some maturation and symmetry breaking®. Performing COLA along the
AP axis, we observed a strong cut response in both domains (Fig. 1gj,
Supplementary Movies 4 and 5), with similar v, , in the anterior
(10.61 = 2.03 um min ™', n = 26) and posterior cortex (8.61 * 2.40 um
min~ ', n = 23). Hence, orthogonal cortical tension does not differ sig-
nificantly within the cortex under spd-5(RNAi).

We next investigated how cortical tension is biochemically regulated.
Using RNAi against two antagonistic regulators of the small G protein
RHO-1, the GTPase activating protein (GAP) RGA-3 (refs 21, 22), and
the guanine nucleotide exchange factor (GEF) ECT-2 (ref. 8), we tested
for regulation of cortical tension by means of the Rho-GTPase cycle”. We
conducted anterior COLA along the AP axis in zygotes that were globally
depleted of either the GAP or the GEF, but still polarized. Ect-2(RNAi)
embryos displayed a weak recoil (vo, ; = 3.76 = 1.62 um min~_ L, n=16;
Fig. 3, Supplementary Movie 6), similar to posterior COLA in non-RNAi
embryos. Conversely, we observed a vigorous COLA response in rga-
3(RNAi) embryos (vp, =11.39+ 1.75um min~ ', n=35; Fig 3,
Supplementary Movie 7), with v, , exceeding anterior velocities of
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Figure 1 | Orthogonal cortical tension in the anterior and posterior domain
of C. elegans zygotes measured by COLA. a, Schematic of anterior COLA
along the AP axis. COLA (scissors) was performed along a 6-pum line (light
blue). Black arrows, cortical recoil after COLA. A, anterior; P, posterior. b, Pre-
(top left) and post-cut image (bottom left) of anterior COLA in an NMY-2-
GFP zygote. Right, enlarged overlay. Arrows, displacements between pre-cut

non-RNAi embryos. We conclude that reducing RGA-3 upregulates
orthogonal tension in the anterior cortex, whereas reducing ECT-2
downregulates it.

We have so far investigated cortical tension orthogonal to flow,
where the force balance in the cortex is simple: contractility and cortical

NMY-2-GFP only

NMY-2-GFP spd-5(RNAI)

10s

(purple) and post-cut frame (green). ¢, Kymograph (representation of spatial
position over time) recorded perpendicular to the cut line. Arrowheads mark
pre- and post-cut frames, separated by 5s COLA. d-f, Posterior COLA with
schematic (d) and kymograph (f). g, h, Anterior COLA in SPD-5-depleted
NMY-2-GFP zygotes with kymographs. i, j, Posterior COLA in SPD-5-
depleted NMY-2-GFP zygotes with kymographs. Scale bars, 5 um.

tension are equal because all contractile forces generate cortical tension.
In the presence of flow, the force balance is more complicated because
viscous stresses arise due to movement and deformation of the flowing
cortex. Therefore, cortical tension could be affected by flow and differ
between the directions along and across the AP axis. We measured
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Figure 2 | COLA response. a, Schematic of COLA along the AP axis (light
blue); red (top, anterior) and dark-blue (bottom, posterior) arrows indicate
displacements. A, anterior; P, posterior. b, ¢, Orthogonal anterior (red) and
posterior (dark blue) outward velocities as a function of time for GFP-only
(b) and spd-5(RNAi) (c) zygotes. Decays are fitted by the sum of a single
exponential and linear decay function (see Methods). Insets, decay time
constants 7. d—-f, COLA orthogonal to the AP axis. Parallel outward velocities as
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a function of time for GFP-only (e) and spd-5(RNAi) (f) zygotes.

g, h, Distribution of cortical tension in non-RNAi embryos (g) during flows and
spd-5(RNAi)-embryos (h) without flow; arrow lengths proportional to v, | in
the orthogonal (closed symbols) and v, || in the parallel (open symbols)
direction. Note that we also observe anisotropies when analysing the spatial
dependence of rupture events between myosin foci (Supplementary Fig. 7).
Error bars, error of the mean at 95% confidence.
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Figure 3 | Orthogonal cortical tension is under control of the Rho-GTPase
cycle. a, Pre- (top left) and post-cut image (bottom left) of anterior COLA
along the AP axis (light blue) in NMY-2-GFP ect-2(RNAi) zygotes. Right,
enlarged overlay. Arrows, displacements between pre-cut (purple) and post-cut
(green) frames. b, Kymograph recorded perpendicular to the cut. Arrowheads

anterior cortical tension along the AP axis (‘parallel cortical tension’) by
performing COLA along a 6-um line orthogonal to the AP axis
(Supplementary Movie 8). The reaction we observed in this direction
was significantly weaker (initial parallel outward velocity, vy | = 4.97
0.93 pum min~ ', # = 63) than the orthogonal response measured in this
domain (see above; Fig. 2b, e, g). This demonstrates a marked aniso-
tropy of cortical tension in the anterior, with parallel cortical tension
significantly smaller than orthogonal cortical tension.

To verify that the observed anisotropy is a direct result of flow, we
tested whether cortical tension is isotropic in polarization-deficient
embryos in which anterior-directed flows are absent. We found that
cortical tension was isotropic and high in both domains of spd-5(RNAi)
embryos (anterior: vy ;, =10.16 = 2.03 um min~ ', n=26; Vo, = 8.76
+ 143 um min~ ', n=25; posterior: v, , = 8.61 * 2.40 um min ',
n=23 vy =886*178um min ', n=21; Fig. 2¢, f h
Supplementary Movies 4, 5, 9 and 10) and similar to anterior ortho-
gonal tension during flows (Fig. 2). Consistent with this, cortical
tension was also isotropic (albeit reduced overall) in non-RNAi
embryos before flow onset (Supplementary Fig. 8). Furthermore, the
decay time constant 7 in the anterior during flows did not differ sig-
nificantly between the two directions, and was similar to that measured
in both domains and both directions when flow was inhibited by
depleting SPD-5 (insets Fig. 2b,c,f). This suggests that the mechanical
properties of the cortex are isotropic and that anisotropies in cortical
tension are a direct consequence of flows.

To understand how cortical flow generates these anisotropies, we
investigated the cortical force balance. We first analysed AP profiles of
flow velocity and myosin density. The myosin density distribution
(serving as a measure of contractility) is uniformly high in the anterior
and decreases towards the posterior pole’. Anterior-directed flows
reach their highest velocity within the posterior domain and slow
down towards the anterior before ceasing near the anterior pole
(Fig. 4a, b, Supplementary Movie 11). This velocity decrease implies
that the cortex is not only moving towards the anterior, but is com-
pressed at the same time. Translocation and deformation are subject to
distinct dissipative effects: translocation is resisted by friction between
the cortex and the cytoplasm/membrane/eggshell; deformation is
resisted by internal viscosity on long time scales, because the actomyo-
sin meshwork requires remodelling during compression (Fig. 4c, d).
Furthermore, we measured a time constant of 28.7 * 2.2 s for cortical
myosin turnover (n = 11, Supplementary Fig. 10a), suggesting that
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mark pre- and post-cut frames. ¢, Anterior COLA along the AP axis with

d, kymograph in NMY-2-GFP rga-3(RNAi). e, Corresponding anterior v, | in
ect-2(RNAi), non-RNAi and rga-3(RNAi) embryos. Inset, COLA schematic.
Scale bars, 5 um. Error bars, error of the mean at 95% confidence.

elastic contributions to the force balance can be neglected when con-
sidering time scales longer than this turnover time****. To quantify the
force balance, we next developed a physical description that treats the
cortex as a thin film of active viscous fluid'****”. Here, cortical tension T
along a given direction x is not only the result of contractility (active
tension) C, but also depends on the effective viscosity 1 within the cortex
and the local rate of compression dv/0x, where v describes the flow
velocity along the x-axis (Supplementary Section 4.3): T= C + 5 dv/
Ox. Additionally, friction affects the tension gradient according to 0T/
0x =7 v, where 7y is a friction coefficient. This thin-film active fluid
description is valid for timescales that are large compared to cortical
turnover time, and for length scales that are large compared to local
inhomogeneities (myosin foci; Supplementary Fig. 6).

We next asked whether friction or viscosity dominates. If the cortex
can be rapidly compressed or expanded, cortical viscosity can be
neglected (1 = 0). Cortical tension is then unaffected by flow, directly
determined by contractility, and isotropic. Conversely, if the cortex can
be easily moved relative to its environment, friction can be neglected
(y = 0). Parallel cortical tension is then constant, and no cortical tension
gradient exists along the AP axis even in the presence of flow (0T/
0x=0). Our experiments revealed that cortical tension is anisotropic,
demonstrating that cortical viscosity cannot be neglected. To determine
whether friction can be neglected, we tested for the existence of an AP
cortical tension gradient by measuring parallel tension in the posterior
cortex (Supplementary Movie 12). We found that the response (v =
429+ 1.06 um min_ ', n=47) was not significantly different from
anterior vo| (Fig. 2). This demonstrates that there is no detectable AP
gradient in cortical tension and implies that external friction can be
neglected. Our finding is in contrast to previous considerations, which
postulated cortical tension gradients as a driving force for cortical
flows®.

Why is cortical flow associated with anisotropies in cortical tension,
but not with tension gradients? We have demonstrated that this is
because viscosity dominates over friction, and now argue that there
is a physiological reason for this. If friction were to dominate over
viscosity, a local contraction would result in the localized expansion
of adjacent material, without affecting the cortex further away. Only a
sufficiently viscous cortex supports a long-ranged flow towards a con-
tracting region (Fig. 4e, Supplementary Movie 13). Our theoretical
description reveals a hydrodynamic length scale € = (i/y)"* (Sup-
plementary Section 4.3), which describes the extent to which the flow

30 SEPTEMBER 2010 | VOL 467 | NATURE | 619

©2010 Macmillan Publishers Limited. All rights reserved



LETTER

a NMY-2-GFP
8 8
8 ki
5 8

b 1.6
-6

-~ 1.4

=

€5 1.2

5 -4 1

= 0.8

£-3

S 0.6

[}

> -2

z 0.4

]

gy 0.2

0 0

0.125 0.375 0.625 0.875

A Relative position x along the AP axis P

¢ Translocation
4. Resisted by an
external friction
Compression
+ « Resisted by an
internal viscosity n
= <= Compressive flow
- d
o}
s
2
‘@
c
[0}
el
8 i
s A Cytoplasm P
(5]
8 Tj
o
2 =
S ,
£ Actomyosin cortex X Eggshell
=z Vitelline membrane

Plasma membrane

e External friction dominates — small £

@ 1 @

Internal viscosity dominates — large £

|

>l |

L[ ]«

Figure 4 | Flow and density profiles demonstrate long-ranged flow.

a, NMY-2-GFP at 30% retraction with PIV flow field; AP velocity proportional
to length of arrows. b, Averaged NMY-2 density (black triangles) and cortical
tlow velocity (green circles) as functions of position along the AP axis. n =75
embryos; error bars, error of the mean at 95% confidence. Green curves,
theoretical velocity profiles, with contractility directly proportional to the
measured NMY-2 density (solid curve, € = 0.30 AP length) and for saturation
(dashed curve, € = 0.27 AP length, Supplementary Information Section 4.3).

is long-ranged. We determined € by calculating the theoretical flow
profile from the experimental myosin distribution (Fig. 4b). The cal-
culated profile best matches the experimentally measured one for
€ =~ 14 um, demonstrating that localized contractions can move the
cortex over a significant fraction of the length of the embryo. We
propose that the existence of anisotropies in cortical tension and the
absence of tension gradients result from the biological necessity of
contractile flow to be long-ranged, suggesting that cortical properties
are tuned to enable long-ranged flow for robust AP polarization.

Finally, we tested whether changes in the turnover and activity of
cortical components affect cortical viscosity***. Mild depletion of the
actin depolymerizing/severing factor cofilin (UNC-60) or the myosin
regulatory light chain (MLC-4) increased the NMY-2-GFP turnover
time approximately 2.5-fold. We observed that it also increased the
hydrodynamiclength scale to more than 25 um in both cases, consistent
with an increased viscosity (Supplementary Fig. 10). Conversely, we
found that treatment with the actin polymerization inhibitor cytocha-
lasin D induced a period of short-ranged flow (Supplementary Fig. 11,
Supplementary Movie 14), consistent with a reduced viscosity due to
actin meshwork disassembly, before flows were lost entirely*. These
results illustrate that the emergence of cortical viscosity is closely related
to the activity and turnover of cortical components, and it might be
interesting to investigate whether cortical viscosity itself is subject to
spatio-temporal regulation®.
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¢, Cortical flow can be decomposed into translocation (anterior movement) and
deformation (compression). d, Sketch of the flowing embryo cortex (grey)
moving with respect to the cytoplasm and outer layers; T/, parallel cortical
tension; T, , orthogonal cortical tension. Green arrow, anterior-directed flow.
e, Internal viscosity and external friction set a hydrodynamic length scale

£ = (/y)""2. If friction dominates (top), local contraction (shaded box) only
results in the expansion of adjacent material. To achieve long-ranged flow
(bottom), viscosity must dominate over friction (Supplementary Movie 13).

By mapping cortical tension through location- and direction-sensitive
COLA measurements, we have unveiled the physical mechanisms of
cortical flow in C. elegans. Many developmental rearrangements both
at the single-cell level and in multicellular tissues rely on tension and
flow>, and it will be interesting to see whether they are governed by
similar physical principles.

METHODS SUMMARY

Culture conditions, strains and gene silencing by RNAi. Worm strains, handling
and RNAi conditions used in this study are detailed in the Supplementary Methods.
COLA. We conducted cortical laser ablation using methods similar to those in ref.
14. We performed COLA at 30% retraction by applying 50 ultraviolet pulses at
500 Hz to five equidistant sites along a 6-pum line. We analysed the initial outward
velocity v, after COLA using particle image velocimetry (PIV).

PIV. We determined the initial outward velocity v, after COLA and the overall
flow fields of polarizing embryos with a custom-made PIV algorithm (detailed in
the Supplementary Methods) using Matlab (Mathworks) and implementing
Gaussian fitting to achieve subpixel resolution.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Culture conditions, strains and sample preparation. We cultured and handled
C. elegans embryos as described®. We used transgenic strains JJ1473 (NMY-2-
GFP; ref. 32) and nnls (unc-119(+) GFP-Dm-MOQOE(437-578); ref. 33), both of
which are under the control of the pie-1 promoter. We grew strains at 20 °C and
imaged them at 22-24 °C. We dissected worms in 0.1 M NaCl/4% sucrose and
mounted embryos on agar pads (2% agarose in 0.1 M NaCl/4% sucrose). We
slightly compressed embryos between the agarose pad and a coverslip to increase
the cortical surface visible in a confocal plane.

Gene silencing by RNAi. We performed RNAi experiments by feeding as
described***> and incubated worms for 14-36 h at 25 °C on feeding plates (nematode
growth medium agar containing 0.5-2.0 mM isopropyl-B-D-thiogalactoside and
25ug ml~" carbenicillin) before analysing their progeny. With the exception of
mlc-4, which was provided by Nate Goehring, and unc-60, which was a gift from
Carrie Cowan, we obtained the feeding clones used from Geneservice (http://www.
geneservice.co.uk).

The feeding clones contained the respective target sequence amplified with the
following primers and cloned into the RNAi feeding vector L4440, which was
transformed into HT115 bacteria™.
rga-3:K09H11.3 GCAAGGAAGGCAACTCTGTCGTTATTTCTCGGTGTGGC
GT
ect-2: T19E10.1 CTCTGATTTCTGCCAAAGCCGGCAAAGAAATCCGATTCA
spd-5: F56A3.4 CTTTCTCTGGGAAGAATGCGTTTTCGTCTGCTGATGTTCG
unc-60: C38C3.5a TTGGATCCATGAGTTCCGGTGTCATGGT CCGCGGCCG
CTAGTGATCTCCGTATTTCT
For the mic-4 feeding clone the entire genomic sequence (C56G7.1) was subcloned
using the Gateway system into L4440GW, a Gateway derivative of the 14440
feeding vector, and also transformed into HT115 bacteria.

COLA. We conducted laser ablation on a previously described set-up'*. We per-
formed COLA at 30% retraction (that is, when the anterior myosin-rich cortex
occupied 70% and the posterior cortex 30% of the embryo length), or the equi-
valent stage in the cell cycle, by applying 50 ultraviolet pulses at 500 Hz to five
equidistant sites along a 6-pm line. This length was a compromise between aver-
aging over local inhomogeneities (myosin foci, 4.8 um average inter-foci distance;
Supplementary Fig. 6) and keeping the extent of the perturbation small compared
to the size of the embryo. We acquired fluorescent images with an ORCA ER
camera using 2 X 2 binning, and integration times of 150-300 ms. (We exposed
posterior COLA experiments and ect-2(RNAi) zygotes for longer because they had
reduced fluorescence intensities owing to NMY-2 downregulation.) The frame
rate was 1 s before and after COLA; COLA itself had a duration of 5 s, during which
no images were acquired (Supplementary Fig. 1a).

PIV. We quantified cortical velocity both for COLA and for cortical flow mea-
surements using PIV***. Our algorithm is based on the cross-correlation of a pair
of subsequent images (using Matlab’s built-in function normxcorr2), quantifying
movements on the basis of the largest similarity between templates in the first
frame and their respective counterparts in the subsequent frame. PIV does not
depend on the presence of particles of defined shapes or sizes. This allows for an
automated, unbiased calculation of velocity fields in both the anterior and posterior
of non-RNAi embryos and under different RNAi conditions, in which the particles
(NMY-2 foci and puncta) had different features. Our algorithm implemented
Gaussian fitting to achieve subpixel resolution. Before data analysis, we tested
different PIV parameters for computing velocity profiles of cortical flows and
post-COLA responses. These gave comparable results, demonstrating robust quan-
tification by PIV with the use of one defined set of parameters for all analyses.
Quantification of v, and 7 after COLA. The physical properties of interest in a
COLA experiment are cortical tension and cortical stiffness. As shown in
Supplementary Information Section 4.2, cortical tension is proportional to the
velocity away from the ablation line immediately after COLA (v,), and the stiffness
is inversely proportional to the decay time constant of the velocity (7). To deter-
mine the initial outward velocity we applied PIV (see above) to the pre- and post-
cut frames, yielding the velocity field over the 5-s cut duration. The velocity
component orthogonal to the cut line (Supplementary Fig. 1b, black arrows)
was averaged in two regions adjacent to the cut (Supplementary Fig. 1b, yellow
boxes), yielding the mean initial outward velocity, vy" ", over the 5-s cut duration.

To assess the temporal cortical recoil after COLA, we determined the outward
velocity for post-cut frames up to 15 s after COLA, where the time interval between
frames was 1 s, by averaging the orthogonal component of the calculated PTV flow
field over the two adjacent areas. The outward velocity decayed over time in each
experiment separately. The averaged data for each experimental condition showed
similar decay (Supplementary Fig. 1c). Over the first 10s, the initial velocity decay
after COLA was well described by a single exponential decay, consistent with
known viscoelastic properties of actomyosin cortices'*. For times longer than
about 10s after COLA, the data deviated from the single exponential decay

because of wound healing, in which the outward velocities reversed and assumed
negative values (Fig. 2 and Supplementary Fig. 2).

Cortical resealing after COLA appears to be the combination of two processes:
an accumulation of central actomyosin at the cut site and an inward-directed
movement from the rim of the cut towards its centre (Supplementary Fig. 4).
To account for this inward-directed resealing, which results in negative outward
velocities for longer times, we incorporated a correction term in the exponential fit
functions for the velocity decays after COLA. We assumed this resealing correc-
tion term to be linear in time: v(t) = vy e " — bt. A resealing velocity that linearly
increases with time might arise from the increasing accumulation of actomyosin at
the centre of the cut site'®. However, it is also possible that wound healing leads to a
resealing velocity that is constant in time, resulting in a velocity function of the
form v(£) = v e " — d. In both cases, the individual and the average velocity
decays were well fitted (coefficient of determination, R*>0.98 for all conditions)
and gave consistent results (Supplementary Table 2). Because the associated R*
values were larger on average for the linear resealing kinetics (Supplementary
Table 2), we report these values in the main text.

In addition to determining the decay time constant 7, fitting experimental
velocity decays also provides another way to obtain the initial outward velocity
after COLA, reported as v, in Supplementary Table 2. Importantly, v,™**" and
™ were in very good agreement for all experimental conditions tested
(Supplementary Fig. 1d and Supplementary Table 2), verifying that COLA cap-
tures the dominant fast relaxation due to tension release. The results reported in
the main text as v, are velocities obtained by comparing pre- and post-cut images
(Vomean)'

The specificity of the cortical response to COLA and the reliability of our PIV
algorithm were tested for each experiment in a control by cross-correlating two
frames of 5-s interval before COLA as described above. Because no laser ablation
had occurred, these controls did not show any directed movement in the two
regions averaged for analysis, resulting in outward velocities that were not signifi-
cantly different from zero (Supplementary Fig. 1b, left panel, and Supplementary
Fig. 1d). These controls confirm that the initial outward velocities after COLA
result from the laser ablation and are adequately captured by PIV.

The velocity decay constant is given by © = {/ k, as described in Supplementary
Section 4.2, where k is the elastic stiffness of the cortex and { characterizes fric-
tional interactions between the cortex and the entraining fluid. Because the cytosol,
and therefore the fluid in which the cortex is embedded, is likely to be uniform
throughout the embryo®**, differences in t probably reflect differences in stiffness.
A plausible cause for varying t is a slightly stiffer anterior cortex due to larger
densities of F-actin in that region'*"**. To test whether such an explanation is
quantitatively consistent with the observed anterior and posterior relaxation con-
stants, we quantified the fluorescence intensity of 24 GFP-MOE-expressing
zygotes at the time of 30% retraction in anterior and posterior regions of fixed
area (Supplementary Fig. 5a), normalized them by the background fluorescence
intensity and calculated the ratio of normalized F-actin density between the
anterior and posterior cortex. We found the F-actin density to be on average
1.32 * 0.16 times higher in the anterior than in the posterior domain. Because t
is inversely proportional to the stiffness of the material, we determined the ratio
Tposterior/ Tanteriors ODtaining the result 1.41 = 0.50, which was very similar to the
ratio of actin densities (Supplementary Fig. 5). Therefore, differences in relaxation
times probably represent differences in stiffness, which could simply result from
different associated F-actin densities. We note, however, that alternative explana-
tions, such as strain hardening>**, are also plausible.

Survival and classification of embryos in response to COLA. We observed four
different reactions when cutting the cortex of worm embryos using COLA
(Supplementary Fig. 2). Under the conditions we used, most of the ablation
wounds quickly resealed again, and non-RNAi embryos proceeded to divide
normally, which we verified by differential interference contrast imaging.
Cortical resealing happened in 73% of all experiments and was typically associated
with an accumulation of actomyosin at the cut site (in 203 out of 208 resealing
NMY-2-GFP embryos, Supplementary Fig. 4). We observed this accumulation in
both the anterior and the posterior, but detected it more easily in the anterior, in
which the overall concentration of actin and myosin is higher under normal
conditions. Wound healing involved both an inward-movement of the cortex
from the rim of the wound towards its centre and a central accumulation of cortical
material (Supplementary Fig. 4). Both processes seemed to occur simultaneously,
and usually the wound resealed completely within 20-30s post-cut. Some
embryos did not reseal their wounds on the time scale on which the embryos were
fluorescently monitored after COLA, but they nevertheless underwent a slightly
slower, but otherwise normal, first cell division. This condition was named ‘stable
hole alive’ and was observed only rarely (Supplementary Fig. 2). Similarly, some
embryos with stable, persistent holes failed to divide (‘stable hole dead’). The most
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severe reaction to COLA caused the embryo to spill, probably in response to a
severe puncture of the membrane.

Quantification of flow and density profiles. We used the same PIV algorithm
that was used for COLA analysis to also record flow-velocity profiles along the AP
axis of NMY-2-GFP-labelled zygotes. To this end, we cross-correlated two frames
of 5-s interval immediately before each COLA experiment and obtained a flow
field for the entire embryo at roughly 30% retraction (Fig. 4a). We omitted velocity
vectors positioned outside the visible bounds of the embryo. The AP component of
individual velocity vectors was averaged in each of 12 bins in an 8-pm wide stripe
along the AP axis, giving an AP velocity profile. We subtracted the background
fluorescence intensity of NMY-2-GFP from the same images, normalized the
fluorescence intensity and averaged it along the AP axis in the same 12 bins,
providing an AP NMY-2-GFP density profile. We averaged individual velocity
and density profiles over 75 embryos, a subset of the embryos subjected to COLA,
using two frames (with 5-s interval) immediately before laser ablation. We selected
the embryos from the total set of NMY-2-GFP non-RNAi samples, using only
those zygotes for which the imaged cortical plane covered more than 70% of the
entire length of the embryo and which were exposed brightly enough to provide a
velocity field over the entire cortex without compromising the dynamic intensity
range. The resulting graph is displayed in Fig. 4b. We omitted one bin on either
side owing to the larger error of PIV close to the poles, which probably arises from
the local high curvature of the cortex in three-dimensions and the proximity to the
embryo boundaries. We obtained the flow and density profiles for the RNAi
conditions in Supplementary Fig. 10 in the same manner.

Fluorescence recovery after photobleaching (FRAP). We conducted FRAP
experiments on an inverted Zeiss Axio Observer Z.1 microscope using a 63X
water-immersion lens (plus 1.6X Optovar), a spinning-disk confocal head
(Yokogawa), an Andor iXon EMCCD camera and an Andor FRAPPA system.
We acquired the images as cortical Z-stacks of three planes at 0.5-pum spacing with
an interval time of 2 s between individual stacks (iQ software, Andor Technology).
We performed FRAP by bleaching a square of 12 um X 12 pm at double repetition,
with a laser dwell time of 120 us per pixel. We monitored the recovery for a sub-
square (6 um X 6 um) at the centre of the bleach square, and normalized it by
means of the fluorescence intensity in an area of equivalent size outside the bleached
area. Weaveraged the normalized recovery curves of several FRAP experiments and
determined the characteristic recovery time by fitting the fluorescence-intensity
data with an exponential function (Supplementary Fig. 10a-d).

Cytochalasin D treatment. We carried out treatment with cytochalasin D
(Sigma) as described*®*>**. We immersed C. elegans zygotes at the stage of polarity
establishment and polarizing flows in embryonic growth medium containing 5 pug
ml™" cytochalasin D, as in ref. 47. We performed imaging on an inverted Axiovert
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200M microscope (Zeiss) with a 63 X water-immersion lens (C-Apochromat, NA
1.2, Zeiss), a spinning-disk confocal head (Yokogawa) and an ORCA ER camera
(Hamamatsu). We acquired images in the cortical plane at 2-s intervals, and
ablated the eggshell in the midplane of the embryo with the same ultraviolet laser
used for COLA experiments, ablating 100 pulses at a single spot with high fre-
quency (988 Hz). Until we permeabilized the eggshell by ultraviolet laser ablation,
the embryos were protected from the drug.
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