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Supplementary Material: Feeling stressed or
strained? A biophysical model for cell wall
mechanosensing in plants

Antoine Fruleux, Stéphane Verger, and Arezki Boudaoud

We present one-dimensional models for sensors associated with a major or a minor load-bearing structure,
and analyse their response to stress and strain rate.

1 CELL WALL

We model the cell wall as a viscoelastoplastic material, represented by a spring of elastic modulus K, in
series with a dashpot of viscosity 7, in parallel with a frictional block of yield stress Y (Fig. 3). The cell

wall dynamics is governed by
o o(t)=-Y
e ] (S1)
Ky, Tw
where o is the cell wall tension, the dot stands for the derivative with respect to time ¢, and -y is the strain
rate that combines growth (irreversible expansion) and elastic deformations. The comparison of the viscous
and the elastic term in (S1) yields a relaxation time 7, = 7y /K. Y is the yield stress above which the

wall starts to show viscous properties. 7, therefore depends on the wall tension ¢ and the threshold Y,

o if o>Y,

W= b if o<V, (52)

For simplicity, we also consider the stress in excess of the theeshold 0 = o — Y.

2 SENSOR ASSOCIATED WITH A MINOR LOAD-BEARING STRUCTURE

2.1 Model

The sensor is assumed to be inserted into a visco-elastic medium in parallel to the wall (Figs. 4A,B). An
elastic modulus Ks accounts for the effective elastic properties of the sensor and the structure in which it is
inserted, whereas a viscous coefficient 7); accounts for the viscosity of the structure. The relaxation time
above which the medium exhibit viscous behaviour is 75 = 15/ K. Given that the cell wall has a relaxation
dominated by its slowest component, it is expected that 75 is at most comparable in magnitude to 7.

The impedance of the structure in which the sensor is assumed small. Therefore, the force exerted on the
sensor F'is small as compared to the force in the overall cell wall o, and is governed by

L _olh) | olt) (S3)
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2.2 Response to a stress

We first study the response of such sensor to stress. Equation yields

F(t) = Z—w [:—f&s&(w +(5(0), (S4)
where 0
(G(t))r, = / i—T e 5(t+ 7) (S5)
is the slow tend of stress ¢ and
Arc(t) =a(t) — (a(t))r (S6)

contains its fast variations. If the structure relaxes much faster than the cell wall (75 < 7,), slow fluctuations
are filtered out. Assuming stress fluctuations comparable in magnitude to average stress, the sensor is
then mainly sensitive to the fast fluctuations of the stress (of timescales under 7). If the structure and the
wall have similar relaxation times (75 ~ T,), then the sensor is sensitive to both fast and slow wall stress
fluctuations.

2.3 Response to growth

We now study the response of such sensor to strain rate. The relation between the force exerted on the
sensor and the expansion rate v is found to be

F(t) = ns(y(t))r (S7)

where ((t))r, is the expansion rate where fast variations (with timescales below 75) are filtered, defined as

in Eq. (S3).

3 SENSOR ASSOCIATED WITH A MAJOR LOAD-BEARING STRUCTURE
3.1 Model

3.1.1 Constitutive law

We model this wall sensor as a spring of strength kg in parallel with a segment of the cell wall. We write
the elastic and viscous coefficients of the segment of the wall &y and ay,. If [ is the size of the wall sensor,
then we estimate k,, ~ Il{—;v Oy ™~ 7—: and %—:VV ~ Ty. For simplicity, we consider aw /ky, = Ty in the
following. We make the reasonable assumption that the sensor is much less stiff than the wall, so that
F < 0. As aresult, wall expansion forces the extension of the sensor, so that the the force in the sensor is
governed by

F 6 &
- = 4= S8
ks Fw * Olyy (58)

3.1.2 Dissociation

The sensor is stretched by the cell wall until it dissociates. The dissociation rate 1/7; of the sensor must
depend on the force in the sensor 1/74 = 1/7.f(F/F.), where 7. is the characteristic dissociation rate and
I is the typical force above which dissociation systematically occurs. If the sensor is able to reach forces
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of magnitude ~ F in times smaller than 7., then wall tension is mostly reflected by the lifetime 7, of the
sensor, else the wall tension is mostly reflected by the force at which the sensor dissociates.

3.2 Response to stress

We first study the response of such sensor to stress. The relation between the force F' exerted on a sensor
associated at time ¢, and the stress of the cell wall is deduced from Eq. (S8)):

PO = |50 - 600} + (G0N | (59)
where 0oy
(= [ dlt+) (510)

is the stress smoothed with a resolution ¢ — ¢,. The sensor response to mechanical signals depends on the
value of the dissociation force as discussed in the next subsections.

3.2.1 High dissociation force

Let 0,0 be the magnitude of wall stress fluctuations at a timescale smaller than 7. If F,. > k/kyw0..0
and I > kg/ky ¢/ Tw((G(t)))t—t,, then the sensor detaches after 7; ~ 7., with a force

k . . Te )~
F(t) ~ k—s {6(t) —a(t — 7o)} + —((5(t))r| - (S11)
W 7-W
For 7. /7y, < 1, the sensor is sensitive to fast variations of the wall stress, which correspond to the elastic
behaviour of the cell wall. In contrast, for 7. /7 > 1, the sensor is sensitive to slow variations of the wall
stress.

3.2.2 Low dissociation force

For low dissociation force, when F. < kg/ky 67,0 or F, < ks/kywt./Tw({G(t)))r,, then the sensor
dissociates when F' ~ F,. In this case, the sensor is very sensitive to fast variations of wall stress. When
the wall stress d,,0 varies much faster than 7, the dissociation frequency is 1 [Tq ~ 174 ks/ky 07 40 / Fe.
When the wall stress varies much slower than 7, the rate of dissociation is sensitive to such slow variations,

1/1q ~ 1/ 7w ks /kw <<5(t)>>7d/Fc-
3.3 Response to growth

We now study the response to strain rate.The relation between the force exerted on a sensor F' associated
at a time ¢, and the growth rate of the cell wall is deduced from Egs. (ST|[S9):

F(t) = (t = ta)ks((v())) 1t (S12)

where (((t)))¢¢, is the expansion rate smoothed at timescale ¢ — t,, like in Eq. (S10). Depending on
the value of the dissociation force, the sensor will respond differently to mechanical signals. For high
dissociation force F. > 1.ks{({7(t)))r., the sensor dissociates for a force F'(t) ~ Tcks{({y(t)))r., after a
time 74 ~ 7.. For low dissociation force, I, < 7.ks((7()))r., the sensor dissociates for a force ' ~ Fy
and the frequency of dissociations is 1/74 ~ ks((Y(t)))r,/ Fe.
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