SUPPLEMENTARY MATERIAL

This file contains a detailed description of the theoretical model, one table, 4nseptaley

figures, and legends for eight supplementary movies.

Supplementary theor etical model:

a- Viscoplastic model for cell growth in fission yeast

We describe the fission yeast cell as a cylinder of rdgliasid total length.. The

intracellular turgor pressul® is assumed to be homogeneous within the cell. The cell wall is
also described as a homogeneous elastic material with Young’'s méguargd thickness,
yielding a surface modulus,,= hE, (Figure 1A). Localized secretion and deposition of new
cell wall allows for fission yeast cell growth to occur exclusiveltha tips over a domain of
lengthR [1]. The longitudinal (along the cell long axis) tension in the walls arising fhem

internal turgor pressure is:

T, =—, (Eg. S1)

2h
In the spirit of the models developed for plants [2-5], we assume that growth appears

effectively as a viscoplastic process, where the free growthvgatel /dt is proportional to

the strainT  / E,,in the wall in excess of a threshold plastic stegirAs growth occurs only

in the cap of extensidR , along the longitudinal axis

=Rl g (Eq. 52)
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wherer, is the viscoelastic time scale that encompasseprétise geometry of the cell tip,
putative variations in the Young’'s modulus at te# tp and the molecular timing involved in

cell growth (polarity based distribution of cell Weemodeling factor).

The total turgor pressurB, can thus be represented as the sum of a thregreddurd.
needed for wall elongation and the effective tung@ssurelP=P-P., that sets the growth
rate.P; can be estimated as the pressure needed to resaplashtic yield straie, :

imposingT, / E, = €, yieldsP:=0.w €/R~0.1 MPa when taking a plausible vagge1%, and
the values measured of,, in this study [6, 7]. Thus, replacing in Eq. ($3ds to :

_1R(P-R)

= Eqg. S3
o E (Eq. S3)



b- Cell buckling

Here, we consider the cell as an elastic rod wtierelasticity arises from the cell wall layer.
The energetic cost of buckling the cell is not etiéel by the turgor since it is compensated by
the tension in the wall. The threshold force fockiing is thus given by:
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, (Eq. S4)

with | = 7hR®, the second momentum of inertia of the cell waelr, and_r the distance
between cell tips along the force axis [8]. Repigavith| and simplifying, Eq. (S4) leads to

Eq. (2) presented in the main text.

c- Force associated with chamber deformation

We compute the elastic force associated with tfieramationd induced by the cell on the
chamber by considering the PDMS chamber as ancetmdid being deformed by a cylinder,
in that case [9]:

F= % E..Rd (Eqg. S5)
where the pre-factor 8/3 accounts for the geonatdaanfiguration of a cylinder in contact

with an elastic solid.

d- Cell growth under forces.

Following Eq. S1, if the cell is growing under atternal longitudinal force, F opposing
growth (Figure 3B), the tension in the wall is redd so that:
F

=T, ———. Eq. S6
P~ (Eq. S6)
If we assume that, is independent of the external force, then Eq. {&2he growth rate
becomes:
WF)==L, (Eq. S6)
r, E
which, after straightforward simplifications yields
F
V(F)=v,|1-——|. Eqg. S7
(F) 0( I'RZAPJ (Eq )



Equation S7 describes the change in velocity indigethe presence of an external force. We
note that this change described by the ratig @bes not depend ag and is thus independent

of the local variations of the cell wall elastic dutus or the precise geometry of the cell .

e- Dynamic evolution of force and growth rate:

In the configuration that we describe in the pafier,force, the velocity and the cell length
change over time. The evolution of cell length barobtained by replacing Eqg. (S5) in Eg.
(S7), so that:

dL(t) _ 1- 8E4R

1

— L(t)—-D Eqg. S8
v, dt 3APS(() ) (Eq )
With D the microchamber diameter.

Eq. (S8) yields the evolution of cell length asiadtion of time:
L(t) =v,r. 1-€"'")+D , (Eg. S10)
where time is measured from the contact with thetasibe. Here we introduee the

characteristic time of growth stalling by the ertrforce:

APS
8
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The cell elongation follows an exponentially satungbehavior similar to the one we observe

I = (Eq. S11)

experimentally on Figure 3C. The force-velocithation follows in turn a linear behavior
described by Eq. (S7). This description allowedtich the behavior observed in all
chambers (Figure 3C).

f- Dynamic of cell buckling:

The last set of experiments consist of growingscafid studying whether they can buckle
under the force of their own growth. The cell ugugrows to the chamber border, slows
down very rapidly and stop elongating for a giviemet after which the cell buckles. By
analyzing cells of different length, we saw thas tthelay before bucklind\t, was inversely
correlated with cell length. During the stallinggse, the cell is growing at a fixed length D,
and is thus shortened from its reference lehgbly an amound=L-D, so that the cell is
submitted to a compressive strdil. This situation can be pictured as a coil that acdatas
torsion without elongating. Using the elasticifytlve cell wall, we obtain the force applied

by the chamber on the cell:



F= Z;Ramlr, (Eg. S12)

Using the growth velocity=dd/dt and replacing in Eqg. (S9) we obtain the exteroadd
evolution during the period of stalling (0< AH:

daF [F_APS (Eq. S13)
da 1 r

with a time-scaler:%rV (L is the cell length at buckling and we considex D,L).

The force exponentially relaxes to a maximum fargeal toAPS:

At

F, =APS(-€ ), (Eq. S14)
Using values ofy andAP from the experiments and replacing in Egs. (4&)expect in
the range 5-30 min. The measured delstysmnge from 5-30 min and thus plotting & a
function of At should remain almost linear at Atlwhich is consistent with observations
(Figure 4C).



Supplementary Table S1: Strain List

FC1234
NM11
NM33
NM183
NM185
NM189
NM209

cdc25-22
cdc25-22
cdc25-22
cdc25-22
cdc25-22
cdc25-22

leul-32:SV40:GFP-ath2[leul+]
leul-32:SV40:GFP-atbh2[leul+]
JK148-nmt41-GFP-CHD:leul+
gpdl::kanMX leul-32:SV40:GFP-ateall+]
styl-GFP::kanMX
leul-32:nmt::GFP-papl [leul+]
for3::kanMX leul-32:SV40:GFP-atbQfle]
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Figure S1 Tuning the elasticity of PDM S chambers

We varied the elasticity of PDMS by altering theéaaf crosslinker/polymer ratio. A)
Schematic of a strain-stress experimental devied ts measure the elasticity of the polymer:
A large block of PDMS (typically 10cm* 4cm*1 cm) &tached to a fixed table at the bottom
and to a rope at the top. The rope is connectadotisket through a pulley. Increasing
weights are placed in the basket and the deforméimeasured. B) Plot of the force as a
function of the relative deformation of the PDM®dK. Small deformations (up to 30%) are
linear and allow for an estimate of the Young's wlod. For very large deformations, we can
observe a saturation corresponding to a non-liekeatic response of the polymer. Error bars
represent imprecision in the deformation measurésned) Young’s modulus of the PDMS
as a function of the crosslinker/polymer ratio.detvars represent standard deviations.
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Figure S2 Bending and growing cellsunder force does not induce a strong stress

response.

As markers of cellular stress, we imaged styl-GkdP@FP-papl. Both proteins are largely
cytoplasmic in the absence of stress, and accuenuldhe nucleus upon stress. A) Images of
styl-GFP cells (NM185) grown in normal media (cohtells), immersed 5 minin 1 M
sorbitol (osmotic stress) or bent in the chambefomin in normal media. The graph shows
guantification of the nuclear/cytoplasmic fluorestcatios (n=10 cells/condition). B) Images
of GFP-paplcells (NM189) in normal media, treatmdsf min in 2mM HO; (oxidative

stress), or bent in the chamber for 15 min. Thelyshows quantification of the
nuclear/cytoplasmic fluorescence ratios (n=10 fmitsdition). C) Nuclear/cytoplasmic
fluorescence ratios of styl-GFP in cells immersedrbin media containing increasing
concentrations of sorbitol (n=10 cells for eachnppiError bars represent standard deviations.
D) Styl-GFP cells were imaged in time-lapse as tgrew and deform a chamber. Graph
shows the nuclear/cytoplasmic fluorescent ratistpi-GFP as a function of time. E) Time-
lapse images of a cell growing and buckling iteeh chamber. Graph shows the
nuclear/cytoplasmic fluorescent ratio as a functibiime. Scale bargbn.
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Figure S3 Growth rates of unconstrained cells.
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A) Free average elongation rates of bipolar wild typiés in very large chambers of different
elasticity (n=10 per condition). Error bars repragbe standard deviation. The strain is
NM11 (cdc25-22 mutant, grown at 25°C). B.) Free average eloogaates of bipolar wild-
type and mutant cells in very large chambers (ngefOmutant). Error bars represent the
standard deviation. The strains are NM11, NM209R1.83 (allcdc25-22 mutants, grown

at 25°C).
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Figure 4 Microtubule and actin cytoskeletons are not changed in constrained cells.
A) Time-lapse images of cells expressing GFP-tub{NiM11) while growing in and
deforming soft chambers. Maximum intensity prameiconfocal images are shown. B)
Time-lapse of cells expressing an actin marker GBHER (Calponin homology domain)

fusion protein (NM33), under constrained (left) amstonstrained conditions (right). 2s per
slice. Scale bargbn.
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Supplementary movie legends
Movie 1l Cells growing in very large chambers (Strain NM11).

Movie 2 A single cell is being pushed and bent severaldime row into a microchamber
by overfocusing the objective. When popping outhibke, the cell immediately recovers its
straight shape illustrating the elasticity of tled gvall. (Strain NM11).

Movie 3 A single cell grows and deforms a soft chamber @Bcb6MPa). The deformation of
the chamber provides a dynamic measurement obtie.f(Strain NM11).

Movie4 A single cell grows and deforms a chamber of intstiate stifness (Ech=0.35 MPa),
and then buckles when reaching the threshold ugkéirce. (Strain NM11).

Movie 5 Wild-type cells immobilized in a microfluidic flowhamber are exposed to a media
containing 1M sorbitol. The cells shrivel and thhenover within 10-20 min their initial
volumes by up-regulating internal turgor. (StraikliL).

Movie 6 gpdl4 cells immobilized in a microfluidic flow chambereaexposed to a media
containing 1M sorbitol. The cells shrivel and failrecover their initial volumes, even after
90 min, illustrating a failure in regulating turdewels. (Strain NM183).

Movie 7 Cells growing in a stiff chamber (Ech=1.5 MPa) &udkling under their own force.
(Strain NM11).

Movie8 A single cell grows and buckles in a stiff chamf{igch=1.5 MPa), and then divide.
Upon septation the daughter cells recover theiiairstraight shape, illustrating that the
buckling transition induced by cell growth is siarito the one induced by pushing the cell
with the objective (Movie 1)
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