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ABSTRACT Plant and animals have evolved different strategies for their development. Whether this is linked to major differ-
ences in their cell mechanics remains unclear, mainly because measurements on plant and animal cells relied on independent
experiments and setups, thus hindering any direct comparison. In this study we used the same micro-rheometer to compare
animal and plant single cell rheology. We found that wall-less plant cells exhibit the same weak power law rheology as animal
cells, with comparable values of elastic and loss moduli. Remarkably, microtubules primarily contributed to the rheological
behavior of wall-less plant cells whereas rheology of animal cells was mainly dependent on the actin network. Thus, plant
and animal cells evolved different molecular strategies to reach a comparable cytoplasmic mechanical core, suggesting that
evolutionary convergence could include the internal biophysical properties of cells.
INTRODUCTION
Although morphogenesis has long been studied by biolo-
gists and physicists in two distinct research communities,
the role of cell mechanics is being increasingly revisited
in biology, thanks to new micromechanical developments
and imaging technologies. Beyond the structural role of
cell mechanics in shape changes, evidence also shows that
mechanical signals, channeled by growth, in turn contribute
to the robustness of animal and plant shapes (1–5). Thus, the
analysis of the cell mechanical properties is becoming cen-
tral to developmental biology.

The rheological properties of animal cells have been
investigated in many studies (6–10). Among all living or-
ganisms, animal cells are unique in that they do not exhibit
cell walls. They indeed rely on a cortical contractile cyto-
skeleton to control their mechanical properties and shapes
(7–9,11–13). In contrast, the cells of most living organisms
are surrounded by a rigid cell wall, from prokaryotes, to
eukaryotes such as fungi and plants. Plant cells exhibit
very stiff pecto-cellulosic walls, notably because of the pres-
ence of cellulose microfibrils, the stiffness of which com-
pares to that of steel. Plant cells are usually under high
turgor pressure notably during growth and when turgid,
the plant cell shape is restricted by their wall. Several micro-
mechanical and nano-indentation methods, coupled with
modeling, have been developed to characterize the mechan-
ical properties of plant cell walls (14–19). However,
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whereas the plant cytoskeleton—in particular the cortical
microtubules—indirectly controls the structure and me-
chanical properties of the cell wall (20–22), its contribution
to plant cell rheology remains unknown. Furthermore, when
plant cells are plasmolyzed because of drought or osmotic
stress, the protoplasts are detached from the wall. In this
context, the cell wall cannot account for the protoplast shape
stabilization and it is unknown whether the cytoskeleton
could play a mechanical role in this context.

Because plant and animal cells share many cytoplasmic
components, such as cytoskeletal proteins, the question
arises of whether wall-less plant cells and animal cells
have a similar mechanical behavior or not. However, studies
on animal and plant cells have been conducted indepen-
dently, on different setups, and focus on different features,
thus hindering any comparative quantitative analysis be-
tween the two kingdoms. In this study we used a single
cell uniaxial rheometer (7,23) to characterize the typical
mechanical properties of a wall-less plant cell and compare
it with that of an animal cell.
MATERIALS AND METHODS

Callus initiation and maintenance

Arabidopsis thaliana (Col-0 accession) calli were prepared from 2-weeks-

old seedlings grown in vitro under sterile conditions. Roots were collected,

transferred to a petri dish containing liquid Murashig and Skoog (24) cul-

ture medium (1� MS þ vitamin containing 30 g/L sucrose, 0.5 g/L

MES, pH 5.7), chopped into thin sections of ~ 1 mm in length, and then

transferred onto solid callus induction medium (1� MS-vitamin, 30 g/L
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sucrose, 0.5 g/L MES, 0.5 mg/L 2,4-D, 2 mg/L IAA, 0.5 mg/L cytokinin

[6-(y,y-Dimethylallyamino) purine Riboside], 7g/L plant agar, pH 5.7) at

25�C. The calli were then transferred to a new medium every 2 weeks.

Before measurement, calli were transferred to liquid MS culture medium

(without agar) and maintained at 25�C in a dark incubator at 40 rpm. Cells

from 9-days-old culture were isolated and used for measurements.
Protoplasts preparation

Protoplasts were obtained by a combination of cell wall degradation and

hypo-osmotic shock. Calli in liquid medium were collected by pipetting

and then filtered to obtain a volume of packed cells of 0.2 mL. Packed cells

were gently mixed, in a 2 mL eppendorf tube, with 1.1 mL of enzyme so-

lution containing 2 mM CaCl2, 2mM MgCl2, 10mM MES, 1 mM L-ascor-

bic acid, pH 5.5 with KOH, 17 mg/mL Cellulysin (Calbiochem, La Jolla,

CA), 17 mg/mL Cellulase RS (Yakult, Co. Ltd., Tokyo, Japan), 0.4 mg/

mL Pectolyase Y-23 (Seishin Pharmaceutical Co. Ltd., Nihombashi, Japan),

3.5 mg/mL Bovine Serum Albumin (Sigma, St. Louis, MO), and 600 mOsm

with mannitol, sterilized by filtration. Cells were then incubated for 15 min

with linear shaking (40 rpm) at 21�C. After 3 min spinning at 800 rpm, the

supernatant was discarded and cells were resuspended (5 min shaking) in

washing medium (2 mM CaCl2, 2 mM MgCl2, 10 mM MES, pH 5.5 with

KOH, 600 mOsm with mannitol). Cells were pelleted again (3 min

800 rpm), the supernatant was removed and 1 mL of hypoosmotic medium

(same as washing medium, osmolariry 280 mOsm with mannitol) was

added to release protoplasts. After 10 min of gentle shacking (30 rpm), pro-

toplasts were sorted from aggregates by filtration on a 300 mmmesh. Rheo-

logical measurements on protoplasts were performed around 5 min after

cell wall removal and for no more than 4 h to keep the protoplast wall-

less (synthesis of a new cell wall generally takes 24 h after cell wall removal

(25,26)).
C2-7 culture and preparation

The C2-7 myogenic cell line is a subclone of the C2 line derived from the

skeletal muscle of adult CH3 mice. They were grown in 25-cm2 culture

flasks using Dulbecco0s modified eagle0s medium (DMEM) supplemented

with 10% heat-inactivated fetal calf serum, 2 mM glutamin, 50 units/mL

penicillin, and 50 mg/mL streptomycin and until confluence reached 50%.

All cultures were maintained at 37�C under humidified 5% CO2 atmo-

sphere. Cells at 50% confluence were trypsinized, centrifuged at 140 � g

for 3 min, resuspended in DMEM supplemented with 15 mM HEPES,

and then used for mechanical tests.
Drug treatments

Protoplasts and C2-7 cells were treated with 2 mM cytochalasin D (Sigma-

Aldrich) for 30 min to depolymerize actin microfilaments (27,28) and

then used for rheological experiments. Protoplasts were treated with

20 mM oryzalin (Sigma-Aldrich) for 30 min to depolymerize microtubules

and then used for rheological tests. Oryzalin is thought to sequester the

dimer of plant tubulin at the plus end, and because depolymerization

happens at the minus end, this leads to progressive elimination of micro-

tubules (29). C2-7 cells were treated with 5 mM nocodazole (Sigma-Al-

drich) for 30 min to depolymerize microtubules and they were then

used for rheological tests (30–34). All drugs were dissolved in dimethyl

sulfoxide (DMSO) and the final concentration of DMSO was 0.02% for

experiments.
Medium osmolarity measurement

Osmolarity of the different medium were measured using an osmometer

(micro-osmometer type 6, Löser, Berlin, Germany). The mechanical
Biophysical Journal 107(10) 2237–2244
behavior of a single plant cell was measured in a liquid culture medium

at 180 mOsm/L. The osmolarity of the medium used for protoplasts mea-

surement was 280 and 300 mOsm/L for C2-7 cells measurements.
Complex modulus measurement

To measure the mechanical properties of isolated Arabidopsis single cells,

we used a uniaxial rheometer that we previously developed to characterize

animal cells (7,23). More precisely, we measured the storage (G’: elastic

properties) and loss (G’’: dissipative, viscous-like features) moduli at

the whole cell scale by performing dynamical oscillations tests in the

range of 0.05 to 6.4 Hz. The complex modulus G� ¼ G0 þ iG00 thus

quantitatively describes the way the cell deforms and flows when it is sub-

jected to a calibrated compressive oscillating stress. The cell mechanical

behavior as function of the frequency can thus be represented by

G’(f) and G’’(f); or, alternatively, by the overall viscoelastic modulus

jG�jðf Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G0ðf Þ2 þ G00ðf Þ2

q
and the loss tangent tand(f) ¼ G’’(f)/G’(f)

representing the relative contributions of dissipative (viscous-like) and

elastic behaviors. The latter was shown to be convenient for the analysis

of animal cell rheology, the signature of which is a weak power law of

the frequency jG�jðf Þ ¼ G0ðf =f0Þa with a constant ratio between G’’

and G’, tand(f) ¼ tan(ap/2), at low frequencies (6,8,9,35). In that case,

the characteristic moduli at the reference frequency f0 ¼ 1Hz express as

G0’ ¼ G0 cos(ap/2) and G0’ ¼ G0 sin(ap/2) and can thus be deduced

from the power law fit of jG*j(f), i.e., from the values of G0 and a.

In practice, a single cell was captured between two custom-made glass

microplates under a bright-field microscope (Fig. 1 A). One microplate is

stiff compared with the cell and the other one is flexible with a calibrated

stiffness k (1-10000 nN/mm). A sinusoidal displacement D(t) ¼ D0 sin(ut),

with u ¼ 2pf, was imposed to the basis of the flexible microplate, leading

thus to a sinusoidal compressive stress applied on the cell. To determine

the cell deformation, the displacement d(t) ¼ d0 sin(utþf) of the tip

of the flexible microplate, with f the phase shift between d(t) and D(t),

was measured through a S3979 position-sensitive detector (resolution
~ 200 nm). The instantaneous stress applied to the cell is given by

s(t) ¼ k[D(t)-d(t)]/A, where A is the cell-plates mean contact area, while

the strain expresses as ε(t) ¼ d(t)/L0, where L0 is the cell length perpendic-

ular to the plates. Fig. 1 B shows typical D(t) and d(t) signals measured at

1.6 Hz, and Fig. 1 C details the procedure for the contact area estimation.

Both D(t) and d(t) signals were well fitted by a sinus function. The storage

and loss moduli were then given by G0 ¼ kL0=S½ðD0=d0Þcosð4Þ � 1� and
G00 ¼ �ðkL0=SÞðD0=d0Þsinð4Þ (see (23) for details). The process was

repeated for different frequencies on the same cell to assess the storage

and loss moduli of the cell as functions of the frequency. All results pre-

sented were performed for strains < 4.5% to avoid nonlinear response

because of too large strains. Compared with other techniques previously

used to analyze plant cell mechanics, the parallel plates method allows us

to measure a broad range of values of stiffness (unlike aspiration), and it

provides an integrated cell-scale measurement of cell mechanics (unlike

nano-indentation). Cells between the microplates were visualized under

bright light illumination with a Plan Fluotar L 63�/0.70 objective and a

Micromax digital CCD camera (Princeton Instruments, Roper Scientific,

Trenton, NJ). The setup, enclosed in a Plexiglas box, was maintained at

25 5 1�C for plant protoplasts, or 37 5 1�C for C2-7 animal cells, by

an Air-Therm heater controller (World Precision Instruments, Sarasota,

FL). Vibration isolation was achieved by a TS-150 active antivibration

table (HWL Scientific Instruments, Tübingen, Germany).
Microplates surface treatment

Plant protoplasts tend to slide between the microplates during the complex

modulus measurement. Thus, the microplates were coated with 0.01%

Poly-L-Lysin (Sigma 70 000-150 000Da) during 30 min before the
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FIGURE 1 Principle of single cell complex modulus measurement. (A) A single cell is trapped between two parallel microplates. One microplate is stiff

whereas the other is flexible with a calibrated stiffness k. An oscillating displacement D(t) is applied at the basis of the flexible microplate and the resulting

displacement d(t) at the tip of this microplate is recorded. (B) Recorded signals for an Arabidopsis protoplast submitted to an oscillating stress at 1.6 Hz.

Black circles correspond to the basis displacement D of the flexible microplate. Open squares correspond to the resulting tip displacement d of the flexible

microplate. Signals are well fitted by sinus functions. (C) Estimation of the contact area. The force applied to the cell is F(t)¼ kd(t), with k the stiffness of the

flexible microplate and d(t) ¼ D(t)-d(t) its instantaneous deflection. The stress was defined as sðtÞ ¼ FðtÞ=A, where A is the mean contact area between

the cell and the plates. Plant protoplasts and animal cells were spherical in shape. As we could not directly measure the contact areas between the cell

and the plates, we assumed they were disk-shaped, with diams. d1 and d2 given by the apparent contact lines between the cell and each of the glass plates

measured from video-microscopy pictures. Thus, the contact areas were given by A1 ¼ pðd1=2Þ2, A2 ¼ pðd2=2Þ2 and the mean contact area

A ¼ ðA1 þ A2Þ=2. To see this figure in color, go online.
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experiments. For experiments on C2-7 animal cells, the microplates were

not coated to avoid, as much as possible, spreading and contractile activity

of these myoblasts cells (36,37).
Real time monitoring of the volume and complex
modulus of protoplasts

First, protoplasts were suspended in 4 mL of the control medium. At time

t ¼ 0 min, 0.8 mL of oryzalin at 30 mMwere added to reach a final concen-

tration of 20 mM. Then a cell was rapidly captured between the microplates

and a first measurement of the complex modulus was performed, generally

at t ¼ 2 min or less. We then performed additional complex modulus mea-

surements on the same cell at t ¼15 and 30 min. The volumes of the pro-

toplasts were measured via ImageJ. Video microscopy images of the

protoplasts were fitted with discoid (region of interest) ROIs. The areas

of the ROI were then used to calculate the radius and the volume of each

protoplast assuming they have spherical shapes. We repeated this procedure

on images at different times (2, 15, and 30 min) after drug treatment. Thus

we assessed the time evolutions of the volume of protoplasts as well as its

complex modulus.
RESULTS AND DISCUSSION

Building on our previous work on animal cells, we used a
single cell uniaxial rheometer (Fig. 1 A) (7,23) to measure
the complex modulus of an isolated plant cell with no
wall (protoplast) and compared it with that of an animal
cell. Briefly, a cell is captured between two parallel micro-
plates, one of which is rigid, and the other one is flexible,
with a calibrated stiffness. The flexible plate serves as a
force sensor and allows applying forces in a range of 1 nN
to 1 mN. Here, cells were submitted to oscillating compres-
sive forces, allowing thus to assess their storage (G’: elastic
properties) and loss moduli (G’’: dissipative or viscous fea-
tures) in the frequency range 0.05 to 6.4 Hz, (see Materials
and Methods). In the parallel-plates geometry, the cells are
globally deformed, so the moduli measured reflect the effec-
tive mechanical response at the whole cell scale.
A wall-less plant cell displays similar mechanical
properties as an animal single cell

Typical elastic and loss moduli measured for an isolated
Arabidopsis protoplast are presented in Fig. 2 A. From these
values of G’ and G’’ we could also represent the viscoelastic

modulus jG�jðf Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G0ðf Þ2 þ G00ðf Þ2

q
and the loss tangent

tand(f) ¼ G’’(f)/G’(f), which quantifies the relative contri-
butions of dissipation (viscous-like behavior) and elasticity
(Fig. 2 C). jG*j was found to be a weak power law of the
frequency, jG*j(f) ¼ G0 (f/f0)

a, whereas tand was almost
constant in the investigated frequency range (Fig. 2 C).
These are features of a complex mechanical behavior with
a broad range of characteristic time scales, qualitatively
similar to what has been usually reported for animal cells
(6,10,38–41), and to the response of C2.7 animal cells tested
again with the same setup (Fig. 2 D). In the following, to
quantify the viscoelastic behavior of plant protoplasts, we
focused on the characteristic values of G’ and G’’ at the
reference frequency f0 ¼ 1 Hz, G0’ ¼ G0 cos(ap/2) and
G0’ ¼ G0 sin(ap/2), deduced from a power law fit of
jG*j, jG*j(f) ¼ G0 (f/f0)

a (solid lines in Fig. 2 C and D).
The mean values of the elastic and loss moduli of plant

protoplasts at 1 Hz are presented in Fig. 2 E. We found
G0’ ¼ 1100 5 125 Pa and G0’’ ¼ 125 5 13 Pa (n ¼ 29
Biophysical Journal 107(10) 2237–2244
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FIGURE 2 Comparison of the mechanical be-

haviors of Arabidopsis protoplasts and C2-7 animal

cells. (A) Elastic (solid squares) and loss (open

squares) moduli of a representative Arabidopsis

protoplast. Inset: picture of a protoplast between

the two microplates; bar 9 ¼ mm. (B) Elastic (solid

squares) and loss (open squares) moduli of a repre-

sentative C2-7 cell. Inset: picture of a C2-7 cell

between the two microplates; bar ¼ 9 mm. (C)

Viscoelastic modulus (solid circles) and loss

tangent (open circles) of a representative Arabi-

dopsis protoplast. Solid line represents a power

law fit of the viscoelastic modulus. (D) Viscoelastic

modulus (solid circles) and loss tangent (open cir-

cles) of a representative C2-7 cell. (E) Diagram

comparing the mean of elastic (dark color) and

loss moduli (light color) of Arabidopsis protoplasts

(green, n ¼ 29) and of C2-7 mouse cells (orange,

n ¼ 7). Error bars are standard errors of the

mean. (F) Comparison of the effective rigidities

G0 found for individual Arabidopsis cells with

wall (n ¼ 38), Arabidopsis protoplasts (n ¼ 29),

and C2-7 animal cells (n ¼ 7). Dotted lines repre-

sent the range of G0 reported for animal cells (8).

The upper part of the panel represents schematic

drawings of the cells in each case. Error bars are

standard errors of the mean. To see this figure in

color, go online.
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protoplasts, see the distributions in Fig. S1 in the Supporting
Material). This shows that protoplasts are three orders of
magnitude softer than plant cells with wall (Fig. S2). To
compare the rheological behavior of protoplasts with animal
cells, we measured the complex modulus of C2-7 mouse
myoblasts. Typical elastic and loss moduli of C2-7 cells
are reported in Fig. 2 B, while the viscoelastic modulus
and loss tangent are shown in Fig. 2 D. We found an elastic
modulus G0’ of 1080 5 180 Pa and a loss modulus G0’’ of
380 5 45 Pa for C2-7 cells (Fig. 2 C; n ¼ 7 cells, see the
distributions Fig. S1). These values are surprisingly close
to those found for plant protoplasts, suggesting that plant
protoplasts behave rheologically as animal cells.

To further compare the rheology of plant protoplasts with
that of animal cells, we next focused on the characteristic
viscoelastic modulus G0 of both cell types at 1Hz (Fig. 2
F) as well as on the ratio G0’’/G0’ representing the relative
contributions of dissipative (viscous-like) and elastic be-
haviors. For C2-7 cells, we found an effective rigidity
G0 of ~ 1150 Pa and a ratio G0’’/G0’ of around 0.35. These
Biophysical Journal 107(10) 2237–2244
results are in agreement with the viscoelastic behavior re-
ported for various animal cell types and with different tech-
niques (8,9,35): G0 is typically in the range of 100 to
2000 Pa (G0 extrema found in literature for animal cells
are notified with dotted lines in Fig. 2 F) and the ratio
G0’’/G0’ of 0.2 to 0.5. For plant protoplasts, G0 is ~ 1100
Pa, and it is noteworthy that the difference in overall effec-
tive rigidity between plant protoplasts and C2-7 cells was
much smaller than the difference between protoplasts and
plant cells with their wall (Fig. 2 F). Nevertheless, for plant
protoplasts, we found a ratio G0’’/G0’ of around 0.11, which
suggests a more solid-like behavior for plant protoplasts
than for animal cells. Indeed, this difference can be directly
observed on the frequency dependence of the viscoelastic
modulus (weak power laws of Fig. 2 C and d). The exponent
of the power law (slope of jG*j(f)) reflects the balance be-
tween viscous- and elastic-like behavior (a ¼ 0 purely
elastic solid, a ¼ 1 viscous liquid). For the plant protoplasts
the power law exponent was found around 0.08 whereas it
was around 0.24 for C2-7 animal cells.
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The difference in the relative contributions of viscous and
elastic components might reflect that different molecular de-
terminants are involved in the mechanical behavior of plant
protoplasts and animal cells. Indeed, the similar modulus
values we found for plant protoplasts and animal cells
were unexpected since the cortex of both cell types is quite
different. In animal cells, cell rheology mainly relies on a
dense network of cortical actin. Microtubules are much
more scattered in animal cells and are instead mainly
involved in intracellular vesicle trafficking during inter-
phase (39,42,43). Conversely, plant cells display a dense
network of cortical microtubule that has notably been
involved in cell wall synthesis (20,44). The actin cytoskel-
eton in plant cells is mostly found within more central re-
gions of the cytoplasm, notably within cytoplasmic
strands. Nevertheless, actin cytoskeleton in living tobacco
protoplasts can be located near the plasma membrane
(45). Thus it is unclear which cytoskeletal network contrib-
utes to protoplast rheology. Therefore, we investigated
whether the similar rheology of plant protoplasts and animal
cells could be uncoupled by dissecting the contribution of
the cytoskeleton in these two contexts.
FIGURE 3 Depolymerizing microtubules decreases the rigidity of

Arabidopsis protoplasts. (A) Typical viscoeleastic moduli

(jG�jðf Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G0ðf Þ2 þ G00ðf Þ2

q
) measured for an untreated protoplast (cir-

cles), a protoplast treated with 2 mM of cytochalasin D (squares), and a pro-

toplast treated with 20 mM of oryzalin (triangles). Dotted lines represent

power law fits of the data. (B) Diagram comparing the effects of 2 mM of

actin depolymerizing drug cytochalasin D (left, n ¼ 13) and 20 mM of

microtubule depolymerizing drug oryzalin (right, n ¼ 11) on the values

of the elastic (dark gray) and loss (light gray) moduli of protoplasts. The

mean values of elastic and loss moduli of treated cells are respectively

normalized by the mean value of elastic and loss moduli measured for

untreated cells. Error bars are normalized standard errors of the mean, *P

value < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test.
Wall-less plant cell mechanics primarily depends
on microtubules, in contrast to animal cells

First, we determined the complex moduli of plant proto-
plasts after treatments with cytoskeletal-destabilizing drugs.
Fig. 3 A compares the typical complex moduli either
measured on untreated protoplasts, or on protoplasts treated
for 30 min with 2 mM cytochalasin D or 20 mM oryzalin.
Cytochalasin D, which promotes actin filaments depolymer-
ization, had no significant effect on the mechanical response
of plant protoplasts. In contrast, the depolymerization of
microtubules with oryzalin led to a significant decrease
of the effective rigidity of protoplasts. The mean values of
the elastic and of the loss moduli measured on protoplasts
treated with cytoskeletal drugs are shown in Fig. 3 B. Our
results demonstrate that the elastic modulus of plant proto-
plasts is divided by two when microtubules are depolymer-
ized, whereas the alteration of the actin network has no
significant effect (G0’¼ 4505 80 Pa for protoplasts treated
with oryzalin, n ¼ 11, whereas G0’ ¼ 1100 5 270 Pa for
protoplasts treated with cytochalasin D, n ¼ 13; distribu-
tions in Fig. S3). We first confirmed that the final concentra-
tion of the solvent DMSO used in the experiments (0.02%)
had no significant effect on the elastic and loss moduli of
plant protoplasts (Fig. S4). Then, we checked the presence
of cortical microtubules in these conditions using proto-
plasts from the p35S::GFP-MBD lines (4) (Fig. S5). We
also confirmed that microtubules were depolymerized after
oryzalin treatment (Fig. S5). Our data suggest that, in
contrast to animal cells, cortical microtubules are the main
contributors of plant protoplast rheology. It is well known
that the rheology of animal cells mainly depends on actin
and myosin activity (6,10,38–41,43,46). Consistently, we
found that the elastic modulus of C2-7 animal cells was
divided by five when cells were treated with 2 mM of cyto-
chalasin D for 30 min (see Fig. S6). In contrast, for C2-7
cells treated with the microtubule depolymerizing agent no-
codazole, no significant difference were found when
compared with the control condition (Fig. S6). Altogether
these results demonstrate that a similar rheological behavior
is achieved through different cytoskeletal networks in plant
and animal.

Importantly, the external osmolarity of plant protoplasts
and animal cells media during the measurements were
roughly similar (280 mOsm/L for protoplasts and 300
mOsm/L for C2-7 cells; see Materials and Methods) and
both cell types were spherical in shape. According to the
Laplace law, the spherical shape indicates that each cell
type is under pressure and that a surface tension balances
the pressure difference between inside and outside the
cell. Indeed, it has been demonstrated that in animal cells,
the plasma membrane alone cannot bear such a pressure
Biophysical Journal 107(10) 2237–2244



Time a�er addi�on of oryzalin (min)

G 0 (
Pa

)

N
orm

alized volum
e

0

0.5

1

1.5

2

Normalized volume Normalized G0

Untreated
Oryzalin (20μM)

***

a

b

FIGURE 4 Dynamics of the volume and overall effective rigidity of indi-

vidual plant protoplasts after oryzalin addition. (A) Evolutions of the overall

effective rigidity (black circles) and volume (red squares, the volume is

normalized by its value at t ¼ 2 min) of an individual protoplast after addi-

tion of 20 mM of microtubule depolymeryzing agent oryzalin. Error bars

represent the estimated uncertainties of measurements. Pictures show a pro-

toplast before oryzalin treatment on the left and 30 min after treatment on

the right; scale bar ¼ 10 mm. (B) Diagram representing the mean values of

the normalized volume (for each cell tested, the volume at t ¼ 30 min is

divided by the volume at t ¼ 2 min) and the normalized overall effective

rigidity (for each cell tested, G0 at t ¼ 30 min is divided by G0 at t ¼
2 min) for untreated protoplasts (dark gray, n ¼ 10) and protoplasts treated

with 20 mM of oryzalin (light gray, n¼ 10). Error bars are standard errors of

the mean. ***P < 0.001, Student’s t-test. To see this figure in color, go

online.

2242 Durand-Smet et al.
difference, this pressure is more likely balanced by the
tension generated by the acto-myosin cortex, which also
controls the cell mechanical properties (47,48). Our result
with oryzalin strongly suggests that the rigidity of proto-
plasts is in contrast mainly controlled by microtubules. If
true, we reasoned that osmotic pressure in plant protoplasts
should be balanced by the microtubules cortex stiffness.
Although the microtubule cortex is not contractile, the flex-
ural rigidity of microtubules is indeed about three orders of
magnitude higher than that of actin microfilaments (49). To
test this hypothesis, we measured the time evolutions of the
volume and the complex modulus of individual plant proto-
plasts after addition of oryzalin (Fig. 4 A and B; distributions
in Fig. S7 and S8). As the overall effective rigidity
decreased, the volume slightly increased of around 5%, sug-
gesting that microtubules could indeed resist osmotic pres-
sure. When plant cell are plasmolyzed, the protoplast is
detached from the wall. The wall cannot be responsible
for the plant cell shape in this context. Our results suggest
that the microtubule cortex mechanically contributes to sta-
bilize the shape of the plant protoplast.

To conclude, our results suggest that plant cells and ani-
mal cells have developed different strategies to converge
to the same intracellular mechanical behavior. Interestingly,
although the overall rigidity of animal cells is not signifi-
cantly different from that of plant protoplasts, the slightly
more dissipative behavior of animal cells (more important
viscous-like component with G0’’/G0’ ~ 0.35 vs. G0’’/G0’
~ 0.11 in protoplasts) may relate to the involvement of
different cytoskeletal networks in the two kingdoms. In
particular, the actin cortex associated with myosin motors
in animal cells is likely to exhibit a slightly more viscous-
like dissipation than the microtubule network at the plant
cell cortex (41). Interestingly it was found that in vitro
gels of actin exhibit more liquid-like behavior in the pres-
ence of active myosin motors (50). More importantly, the
ratio G0’’/G0’ is around 0.6 for in vitro actin gels (51),
whereas it reaches only 0.25 for microtubule networks
(52). These lower value of G0’’/G0’ for microtubule net-
works as compared with actin gels in vitro is in line with
our results on single plant and animal cells. This observation
supports what we found with drug treatment, namely that
the microtubules are the main determinants for plant proto-
plasts rheology, whereas animal cell mechanics depend
mainly on actin. Note, however, that in both kingdoms,
the overall rheology of the cell is dominated by its elastic
modulus, which is roughly the same in both plant and ani-
mal cells.

In this context, it is also noteworthy that plant cells and
plant protoplasts display large vacuoles, in comparison
with animal cells. Actually, in turgor conditions, the cyto-
plasm of differentiated plant cells is compressed by the vac-
uole against the cell wall, probably leading to increased
viscosity and jamming (53). Future investigations should
test whether or not this confinement of the cytoplasm could
Biophysical Journal 107(10) 2237–2244
explain why many mechanical processes usually controlled
by actin in animal cells are microtubule-dependent in plants
(54). For instance, it has now been established that microtu-
bules serve as tracks for the cellulose synthase (20) and can
dynamically reorient plant cell growth directions, via their
impact on the mechanical anisotropy of the wall (22).
Because of their higher persistence length, microtubules
might be more effective than actin filaments to establish
pattern and to reorient in a highly confined and crowded
environment.
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