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Mechanical strategies supporting growth and 
size diversity in Filamentous Fungi

ABSTRACT  The stereotypical tip growth of filamentous fungi supports their lifestyles and 
functions. It relies on the polarized remodeling and expansion of a protective elastic cell wall 
(CW) driven by large cytoplasmic turgor pressure. Remarkably, hyphal filament diameters and 
cell elongation rates can vary extensively among different fungi. To date, however, how fun-
gal cell mechanics may be adapted to support these morphological diversities while ensuring 
surface integrity remains unknown. Here, we combined super-resolution imaging and defla-
tion assays to measure local CW thickness, elasticity and turgor in a set of fungal species 
spread on the evolutionary tree that spans a large range in cell size and growth speeds. While 
CW elasticity exhibited dispersed values, presumably reflecting differences in CW composi-
tion, both thickness and turgor scaled in dose-dependence with cell diameter and growth 
speeds. Notably, larger cells exhibited thinner lateral CWs, and faster cells thinner apical 
CWs. Counterintuitively, turgor pressure was also inversely scaled with cell diameter and tip 
growth speed, challenging the idea that turgor is the primary factor dictating tip elongation 
rates. We propose that fast-growing cells with rapid CW turnover have evolved strategies 
based on a less turgid cytoplasm and thin walls to safeguard surface integrity and survival.

INTRODUCTION
Survival is a fundamental constraint that shapes the evolution of liv-
ing organisms. The survival, lifestyles and functions of many organ-
isms, including bacteria, fungi and plants, are associated to the syn-
thesis of a rigid cell wall (CW) that encases the plasma membrane to 
mechanically protect these cells. CWs are composed of diverse 
polysaccharides and proteins that largely vary among species and 
phyla. CWs are elastic and, as such, maintain cell shapes, but they 
also remodel locally to incorporate plastic deformation, a process 
key for cell growth (Lew, 2011; Municio-Diaz et al., 2022). Walled 
cells also feature a large internal cytoplasmic turgor pressure, which 
is osmotically generated and can reach values on the order of 
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SIGNIFICANCE STATEMENT

•	 Filamentous fungi feature large variations in cell size and growth speeds but the mechanical under-
pinning supporting these variations are unknown.

•	 The authors provide measurements of turgor pressure, cell wall (CW) thickness and elasticity across 
several fungi to establish scaling laws coupling size, growth, and cell mechanical properties.

•	 This work provides an important resource of numbers on cell mechanics across species and sheds 
light on evolutionary strategies constraining cell morphology, mechanics, and survival.
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several atmospheres (Money, 1990; Lew et  al., 2004; Beauzamy 
et al., 2014). Turgor inflates the CW and puts it under tension, and is 
as such thought to be a key driving element to permit growth 
against fundamental forces including gravity and resistive forces 
from multiple substrates such as soils or host tissues (Bastmeyer 
et al., 2002; Lew, 2011; Mishra et al., 2022). In general, however, 
how walled cell mechanics may be fit to the function, morphology, 
or environment of different organisms remains poorly studied.

Filamentous fungi are ancient walled eukaryotes, which span 
∼600 Myears of evolution (Naranjo-Ortiz and Gabaldón, 2020; James 
et al., 2006; Stajich et al., 2009). They occupy most environments on 
earth and represent an important class of pathogens for animals and 
plants. A wide spread strategy adopted by fungi to colonize space, 
reproduce or infect their hosts is tip growth (Steinberg et al., 2017). 
Tip growth implicates a highly polarized synthesis and remodeling of 
the CW at cell tips, in part regulated by the cytoskeleton and small 
GTPases like Cdc42 and Rac that restrict the secretion of synthesis 
and remodeling CW enzymes to cell tips (Martin and Arkowitz, 2014; 
Davi and Minc, 2015; Steinberg et  al., 2017; Municio-Diaz et  al., 
2022). Interestingly, in spite of conserved mechanisms and effectors, 
tip growth and hyphal shapes feature a remarkable variability across 
species, with some fungi, like Fusarium oxyparum, that grow thin 
hyphae of less than 1 µm in diameter (Ruiz-Roldán et al., 2010), up to 
very large cells found in Neurospora crassa or Sclerotinia sclerotio-
rum that may reach diameters as large as 10–20 µm (Fischer-Parton 
et al., 2000). Tip growth speeds also span a remarkably large range 
of values, from relatively slow elongating yeast cells that grow at 
∼1 µm/h up to some of the fastest fungi that elongate as fast as 
500 µm/h (López-Franco et al., 1994; Taheraly et al., 2020).

Variations in growth speeds and hyphal shapes may derive from 
the modulation of rates of CW synthesis and turnover and the size 
of polarity/secretion zones, respectively (Köhli et al., 2008; Kelly and 
Nurse, 2011; Bonazzi et al., 2015; Chevalier et al., 2023). However, 
deformation of freshly assembled wall portions is also thought to 
require tensional stresses derived from turgor, as reducing turgor in 
most fungal cells halts growth in a near-instantaneous manner 
(Money, 1990; Minc et al., 2009). Importantly, such tensional stresses 
also entail large risks of CW failure, with CW elastic strains at cell tips 
estimated to be around 20–30% and failure strains, at which the CW 
breaks open, measured to be around ∼40–50% in some fungal spe-
cies (Stenson et al., 2011; Davi et al., 2019). Accordingly, tip burst-
ing is a common phenotype of fungal hyphae treated with a hy-
poosmotic medium to increase turgor pressure or of mutant cells 
defective in CW synthesis (Bartnicki-Garcia and Lippman, 1972; Davì 
et al., 2018). To date, which mechanical strategies fungal cells may 
have employed to cope with the risks associated with rapid cell 
growth have not been tackled in a systematic manner. In part, prog-
ress in this fundamental question has been limited by the low 
throughput associated with typical methods like AFM, commonly 
used to measure CW mechanics and turgor, and that of electron 
microscopy to measure CW thickness. As such, only a few reports 
provide comparative measurements of cell mechanics among differ-
ent species and strains (Davi et al., 2019; Lemière and Chang, 2023).

Here, we adapted a sub-resolution microscopy method to image 
CW thickness (Davì et al., 2018; Chevalier et al., 2023) in live cells 
of seven fungal species selected among distant branches on the 
fungal evolutionary tree based on their differences in hyphal cell 
diameters and elongation speeds. We coupled thickness measure-
ments to strain-stress assays based on CW elastic relaxation 
achieved by ablating CWs with a laser and/or the application of 
ranges of osmotic shocks (Atilgan et al., 2015; Davi et al., 2019). This 
allowed us to measure with medium throughput basal values of 

turgor pressure, CW thickness and elastic moduli. Our results reveal 
relatively dispersed values of elastic moduli both at cell tips and 
sides, plausibly reflecting differences in CW compositions across 
fungi. In contrast, both CW thickness and turgor appeared to in-
versely scale with cell size and tip growth. These findings suggest a 
counterintuitive scaling with rapid growing and large cells featuring 
less tensed CWs. We propose that this strategy may limit the risks of 
failure when CWs remodel rapidly.

RESULTS AND DISCUSSION
Mapping the mechanical properties in different fungal 
species
To analyze how CW mechanics and turgor may vary among fungal 
species that feature cells with different sizes and elongation speeds, 
we selected seven representative species across the fungal king-
dom, namely Neurospora crassa, Botrytis cinerea, Aspergillus nidu-
lans, Penicilium janczewskii, Candida albicans, Schizosaccharomy-
ces pombe and Mucor circinelloides (Figure 1A; Supplemental 
Table S1). Measurements for S. pombe and A. nidulans were taken 
from our own previous studies employing the exact same strategy 
as described here (Davi et al., 2019; Chevalier et al., 2023). Among 
these species, six are septate fungi that belong to different clades of 
ascomycetes, and one, Mucor circinelloides is a more distant non-
septate fungus. Also, several of these selected fungi are known op-
portunistic human pathogens (Mucor circinelloides and Candida al-
bicans), and one is a plant pathogen (Botrytis cinerea). Species were 
selected based on morphological features, especially hyphal diam-
eter and tip elongation speeds from previous reports, and also as 
relatively simple systems to grow in laboratory conditions (López-
Franco et al., 1994; Fischer-Parton et al., 2000; Figure 1B). Impor-
tantly, hyphal cells were all imaged using similar microscopy setups, 
but media and temperature were adapted to the different species 
(Supplemental Table S1).

In order to measure CW thickness around live hyphae, we 
adapted a previous subresolution method developed in S. pombe 
and A. nidulans, based on the subpixel segmentation of the inner 
and outer faces of CWs, labelled with fluorophores of different col-
ors (Davi et al., 2019; Chevalier et al., 2023). We labeled the outer 
face of CWs with either WGA, ConA or GS-IB4 lectins (depending 
on species) bound to far-red emitting fluorophores (Supplemental 
Figure S1; Supplemental Table S2). Membranes were labeled with 
integral or membrane-bound proteins in tractable species (Schizo-
saccharomyces pombe, Aspergillus nidulans, Candida albicans and 
Neurospora crassa; Vauchelles et al., 2010; Davì et al., 2018; Serrano 
et al., 2018; Chevalier et al., 2023), and by using the FM-4 64 dye in 
other species (Supplemental Figure S1; Supplemental Table S2; 
Fischer-Parton et al., 2000). However, as this dye is rapidly endocy-
tosed, cells were placed in open liquid chambers labeled with lec-
tins, and FM-4 64 was added close to the field of view before im-
mediate imaging. After imaging membranes and lectins, cells were 
rapidly pierced using a UV laser-focused on the cell surface. This 
caused cells to deflate and CWs to relax, from which we measured 
CW elastic strains (Atilgan et al., 2015; Davi et al., 2019). Assuming 
that the CW is homogenous, isotropic with a Poisson’s ratio of 0, 
local thickness and elastic strains allowed to estimate local values of 
CW elastic moduli divided by pressure, Y/P, on cell sides or at cell 
tips (Abenza et  al., 2015; Atilgan et  al., 2015; Davi et  al., 2019). 
Finally, CW elastic strains measured from laser ablation were com-
pared with elastic strains at different concentrations of sorbitol 
added to the medium, and media osmolarity was measured with an 
osmometer to estimate turgor values, P (Supplemental Figure S2; 
Atilgan et al., 2015). Therefore, these methodologies allowed us to 
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compute key local and global mechanical parameters at the single-
cell level in multiple filamentous fungi (Figure 2A).

Scaling of cell mechanical parameters with hyphal cell 
diameter
We first explored putative correlations between cell radius, R, CW 
mechanical properties and turgor. In the fungi considered here, val-
ues of thicknesses of lateral CWs ranged from ∼150–200 nm down 
to 30–50 nm, highlighting large variations among different species 
(Figure 2, B and C). Interestingly, lateral CW thickness values were 
generally smaller in wider cells for all the species considered, 
although we noted that S. pombe was above the general trend of 
other fungi. Importantly, the values measured agreed with thickness 
measurements from electron microscopy images found in the 
literature when available (Figure 2, B and C) (Bartnicki-Garcia and 
Nickerson, 1962; Trinci and Collinge, 1975; Zhao et al., 2005; Davì 
et al., 2018; Youssef et al., 2019). In contrast, elastic Young’s moduli 
that reflect bulk material properties of CWs and their polysaccharide 
composition and arrangements were more dispersed (Figure 2E). 
We interpret these variations as a plausible result of large variations 
in CW composition among fungi (Free, 2013; Gow et al., 2017). CW 
surface moduli computed as the product of h and Y, which reflect an 
apparent stiffness for the CW, did not appear to increase with cell 
diameters and were also dispersed (Figure 2D). This suggests that 
wider lateral CWs are not necessarily stiffer among different fungal 
species. Strikingly, turgor values also showed clear dose-depen-
dence variations with cell diameters, but surprisingly, wider cells ap-
peared to feature a less turgid cytoplasm (Figure 2F). We conclude 
that fungal cells exhibit marked scaled variations in the mechanical 

properties of their lateral CWs as well as turgor values with their 
hyphal geometry, with wider cells having thinner walls and being 
less turgid.

To understand how these values may functionally affect the me-
chanical state of lateral CWs, we computed the circumferential CW 
tension (PR), stress (PR/h), elastic strain (PR/hY), and bending energy 
rescaled to that of pressure (PR3/Yh3; Supplemental Figure S3; Davi 
et al., 2019). We note that the longitudinal counterparts of these 
parameters have a similar dependence on P, R, h or Y, but with a 
prefactor of ½. This analysis showed that the circumferential CW 
tension was generally lower in larger cells but did not reveal any 
simple scaling relationships for CW stress (Supplemental Figure S3, 
A and B). Rescaled bending energy values also increased progres-
sively with cell diameter, suggesting that lateral CWs of wider cells 
found in different species may be easier to bend (Supplemental 
Figure S3D). Finally, with the exception of Candida albicans, which 
was above the general trend, the elastic strain of lateral CWs was 
mostly flat, at values around ∼20%, raising the possibility that limita-
tions in CW deformation may constrain cell diameter definition to 
ensure wall integrity. We conclude that wide fungal cells feature less 
pressurized cytoplasm and thinner lateral CWs, which contribute to 
limiting elastic strains in their lateral CWs.

Scaling of cell mechanical parameters with hyphal cell 
growth
Next, we focused on CW mechanical properties at cell tips to under-
stand how they may be modulated as a function of hyphal cell elon-
gation speeds. As previously reported, wider cells generally grew 
faster (López-Franco et  al., 1994), presumably reflecting a higher 

FIGURE 1:  Diversity of size and speed across the fungal kingdom. (A) Phylogenetic tree showing fungal division, 
subdivision, and species used here. Adapted from refs. 44, 45. (B) Fluorescent confocal images of lectin signal to label 
the CW surface in the different used species, and their mean growth speed. Scale bar = 5 µm.
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CW remodeling activity at cell tips (Taheraly et al., 2020; Figure 3A). 
Interestingly, we found that values of CW thickness at cell tips were 
inversely correlated with growth speeds, suggesting that rapidly 
growing cells feature thinner tip CWs (Figure 3B). In addition, the 
ratio of CW thickness between cell tips and cell sides also increased 
with tip growth speeds, with rapid species like P. janczewskii, M. 
circinelloides, and N. crassa that featured a thicker CW at cell tips as 
compared to cell sides, and relatively slower ones like A. nidulans 
and S. pombe, with the opposite CW thickness polarity (Figure 4A). 
Both CW Young’s and surface elastic moduli at cell tips, exhib-
ited dispersed values among different species as for lateral CWs 
(Figure 3, C and D). Yet, the ratio of both bulk and surface moduli 
between tips and lateral CWs was systematically below one, in 

agreement with the notion that the CW at cell tips is softer than on 
cell sides to promote anisotropic cell elongation (Figure 4, B and C; 
Mishra et al., 2022). In addition, this ratio was smaller in ,faster-grow-
ing cells, indicating that the polarization of CW stiffness may be-
come more pronounced as cells grow faster (Figure 4, B and C). Fi-
nally, one of the most unique and surprising features was the finding 
that faster-growing cells have lower turgor pressure values than 
slow-growing ones (Figure 3E). For instance, fission yeast turgor was 
measured to be around 1.5 MPa with cells elongating at ∼2 µm/h 
and turgor in N. crassa was only ∼0.2 MPa with cells growing at ∼400 
µm/h. Together, these findings suggest a counterintuitive scaling in 
which faster-growing cells feature thinner walls at their cell tips and 
a less turgid cytoplasm.

FIGURE 2:   Cell mechanics and cell size in filamentous fungi. (A) Scheme of hyphal mechanics, representing the radius 
(R), the tip curvature radius (Rt), the turgor pressure (P), the cell wall thickness (h), and the CW Young’s modulus (Y). 
Internal turgor pressure stretches elastically the CW. (B) Color maps of CW thickness for the different fungal species 
considered in this study. (C–F) Mechanical parameters of lateral CWs plotted against the cell radius. Side cell wall 
thickness (n > 16 cells for each species) (C), side CW Young’s modulus (n > 16 for each species) (D), side CW surface 
modulus ((n > 11 for each species) (E), and turgor pressure (n > 15 for each species) (F). Error bars correspond to ±SD. 
Indicated r values on the graphs are Pearson correlation coefficients. Scale bar = 5 µm.
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To understand whether these properties may arise from con-
straints in tip CW tension, stress, or elastic strains, we computed 
these parameters at cell tips by assuming a hemispherical geometry 
for all cell tips considered (Supplemental Figure S4). We found that 
CW tension at cell tips was negatively correlated with tip growth 
speeds, while CW stress did not show such a clear tendency 
(Supplemental Figure S4, A and B). The CW elastic strain was con-
stant, around ∼25% for most species and lower in some of the fastest 
cells (Supplemental Figure S4C). The rescaled bending energy of tip 
CWs exhibited a large diversity of values, with a positive correlation 
with growth speeds (Supplemental Figure S4D). Finally, previous 
modeling approaches have suggested that tip growth speed may 
depend on a product between an effective CW remodeling rate, a, 
and the elastic strain multiplied by the radius (PR2/hY; Davì et al., 
2018). We, therefore, used our mechanical measurements to extract 
the value of a as a function of tip growth speeds and found that 
faster-growing cells may remodel their CWs much faster than slower 
ones and that this parameter could be the most variable effector of 
tip growth speeds (Figure 3F). Together, these results suggest that 
faster-growing cells exhibit less turgid cytoplasm thin apical walls but 
higher CW remodeling rates a strategy which may allow them to 
limit CW strains at cell tips and consequent risks of tip bursting.

In conclusion, we here implemented subresolution imaging and 
stress-strain measurements in a set of representative fungal species. 
These analyses allow for the computation of local thickness, bulk 
CW material properties, as well as turgor and should be applicable 
to other types of fungi, allowing to monitor cell mechanics in situa-

tions representative of infection phases or response to antifungal 
agents, for instance. As such, these data provide an important re-
source of fungal cell mechanical parameters that may impact our 
understanding of morphological variations found across species 
(Campàs et al., 2012; Ohairwe et al., 2024). We found that CW bulk 
material properties vary across fungi and are not necessarily scaled 
with cell size or growth speeds, which we interpret as a signature of 
variations in CW compositions or crosslinks across fungi (Free, 2013; 
Gow et  al., 2017). In contrast, CW thickness and turgor were in-
versely scaled with cell size and growth speeds, being both smaller 
in larger and more rapidly growing hyphae. This inverse scaling 
tended to limit CW tension and elastic strains both on lateral and 
apical CWs. As shown in most fungi, hypoosmotic treatments that 
effectively increase turgor most often cause large tip-bursting and 
lysis phenotypes (Bartnicki-Garcia and Lippman, 1972). Therefore, 
we propose that such mechanical scaling in filamentous fungi may 
arise from the selective pressure to limit CW elastic deformations 
and promote CW integrity. Another important plausible conse-
quence of lowering turgor may also be at the level of membrane 
recycling. As shown in yeast, turgor opposes actin-based forces to 
set the rate of vesicle internalization (Basu et al., 2014; Dmitrieff and 
Nédélec, 2015; Ma and Berro, 2021). As very rapid tip-growing cells 
employ faster recycling rates, we speculate that reducing turgor 
could also be a mechanical strategy to facilitate trafficking events 
such as endocytosis in these cells (Picco et al., 2024). Interestingly, 
mechanical parameters did not seem to be phylogenetically 
constrained with, for instance, very distantly related fungi like 

FIGURE 3:  Apical mechanical parameters dependence on tip growth speed. Mechanical and geometrical parameters 
plotted against average growth speed for different fungal species. Radius (n > 23 cells for each species) (A), tip CW 
thickness (n > 11 for each species) (B), tip CW Young’s modulus (n > 11 for each species) (C), tip CW surface modulus 
(n > 7 for each species) (D), pressure (n > 15 for each species) (E), and effective CW remodeling rate (F). The effective 
remodeling rate is calculated as the growth speed divided by PR2/Yh. Error bars correspond to ±SD. Indicated r values 
on the graphs are Pearson correlation coefficients.
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M. circinelloides and N. crassa featuring a similar range of values for 
both CW thickness and turgor pressure. This suggests that param-
eters such as turgor and CW thickness may have evolved relatively 
rapidly in the fungal tree to facilitate adaptation to different cell sizes 
and growth speeds. Future work coupling mechanical measure-
ments with biochemical characterization of CWs and turgor regula-
tion may help address how biomechanical and biochemical designs 
have coevolved to support morphogenetic diversity and survival.

MATERIAL AND METHODS
Request a protocol through Bio-protocol.

Fungal growth conditions and medium
Culture media were adapted to each species (see Supplemental 
Table S2). Cells were grown on either Vogel’s medium (1.5% su-
crose), MAE (2% malt and 2% glucose, 0.1% peptone), MCA (1% 
glucose and 5 mM ammonium tartrate), spider (1% nutrient broth 
and 1% mannitol), DO (2% glucose), or YE5S (3% glucose). Cultures 
were less than a day old, grown in liquid from spore solutions, using 
eight-well dishes (IBIDI GmbH, Martinriesd, Germany). Candida al-
bicans was grown on liquid YPD (2% glucose), and cells in exponen-
tial growth were then harvested, rinsed, and placed in spider me-
dium to induce filamentation, and experiments were only carried 
out on the hyphal form.

Membrane and CW labeling
The CW was labeled using either 10 µg/ml of WGA (Sigma, L9640) 
or 70 µg/ml of ConA (ThermoFisher, C21421), depending on the 
species (see Supplemental Table S2). For some nontractable fungi, 
the plasma membrane was labeled using FM4-64 (Thermo Fisher, 
T13320). To circumvent rapid endocytosis of the marker, droplets of 
∼1 µl of 1 µg/ml of FM4-64 were added close to the chosen hyphae, 
yielding a bright membrane signal, and the images were taken 
within less than a minute after dye addition.

Sorbitol treatments
Sorbitol shocks were done either in Ibidi wells or in PDMS chambers 
in which hyphal cells were maintained in the plane by being sand-
wiched in between dialysis membranes and cover glasses to con-
straint hyphae in two dimensions (Charvin et al., 2008; Haupt et al., 
2018). Cells were grown overnight from spore cultures in 1 × 4 cm 
PDMS chamber or in ibidi wells. Next, cells were imaged, rinsed 

with a medium supplemented with sorbitol, and imaged again less 
than a minute later. For Mucor circinelloides and Penicillium jancze-
wskii a single layer of dialysis membrane was positioned between 
cells and the roof of the PDMS in order to constrain hyphae to stay 
relatively flat and limit movements of hyphae after osmotic shocks.

For N. crassa, cells were grown on agar media for 1 d at 30°C in 
the dark and 1 d at 4°C. An agar square with front-line hyphae was 
then cut and placed in an ibidi chamber filled with liquid media 
(López-Franco et al., 1994). After the hyphae reached the border of 
the agar zone, images were taken, medium supplemented with sor-
bitol was added, and the same hyphae were imaged.

Microscopy
Imaging was done at room temperature, using an inverted spinning-
disk confocal microscope equipped with a motorized stage, auto-
matic focus (Ti-Eclipse, Nikon, Japan), a Yokogawa CSUX1FW spin-
ning unit, and a 100X oil-immersion objective (CFI Plan Apo DM 
100X/1.4 NA, Nikon). We used either an EM-CCD camera (ImagEM-
1K, Hamamatsu Photonics, Japan) with a 2.5X additional magnify-
ing lens or a Prime BSI camera (Photometrics).

Laser ablation of the CW was done using a diffraction-limited 
spot from a 355-nm laser, with an iLas2 module (Gattaca, France) in 
the “Mosquito” mode, and performed on a 60X oil-immersion ob-
jective (CFI Apochromat 60X Oil lS, 1.4 NA, Nikon). Images were 
acquired with the 100X oil-immersion objective. The microscope 
was operated with the Metamorph software (Molecular Devices).

Tracking of cell shape during osmotic shocks was done using a 
Leica DMI6000 B microscope equipped with an A-Plan 40x/0.65 
PH2 objective and an ORCA-Flash4.0LT Hamamatsu camera.

Image analysis
CW thickness analyses.  CW thickness measurements were done 
according to previous work (Davì et al., 2018; Chevalier et al., 2023), 
using two-color mid-slice confocal images. Using an automated 
script, the positions of both signals were extracted by Gaussian 
fitting. Local distances between signals, which correspond to local 
values of CW thickness, were computed after chromatic shift and in/
out signal correction.

Turgor pressure measurement.  Turgor pressure was measured as 
in (Atilgan et  al., 2015; Chevalier et  al., 2023) by comparing the 
shrinkage of cells rinsed with media supplemented with sorbitol at 

FIGURE 4:  CW mechanical anisotropies and cell growth. Ratio of apical over lateral CW thickness (A), CW bulk 
modulus (B), and CW stiffness (C) plotted against mean growth speed. Error bars correspond to ±SD. Indicated r values 
on the graphs are Pearson correlation coefficients.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e24-04-0171
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different concentrations (0–4 M) with the shrinkage obtained by 
photo-ablation of the CW. Shapes were compared before and less 
than a minute after the osmotic shock to limit osmoadaptation. Cell 
diameters were measured manually using Image J. The internal os-
molyte concentration C0 was measured as:

= +C C Cmediun0 0

With C0 the sorbitol concentration at which the cell shrinks as 
much as with photoablation and Cmediun the molarity of the medium 
used was measured using a vapor pressure osmometer (5600, Vapro 
Vapor Pressure Osmometer).

From this, we calculated the effective concentration of the cyto-
plasm in the normal state C1:

=
− β

− βC C

V
V
11 0

0

1

Where V V/0 1 is the ratio between the volume before and after 
ablation, and β the inaccessible volume fraction, taken to be 0.22 
(Atilgan et al., 2015).

This yields an estimate of turgor, P, from the relationship:

( )= −P C C RTmedia1

CW Young’s modulus.  The Young’s modulus (Y) divided by pres-
sure (P) was obtained by combining CW thickness measurement 
and photo-ablation assays. Assuming that the CW is homogenous 
and isotropic, with a Poisson’s ratio of 0, the force balance in the 
cylindrical part yields:

=Y
P

R
h R

side

side

1

1

Where (R1) and (R0) are lateral cell radii before and after photoabla-

tion respectively, and = −R R R
R1

1 0

0
, the elastic strain of the lateral CW.

For the hemispherical shape of tips, force balance leads to:

=
Y
P

R
h R2

tip t

tip t

1

With = −R R R
Rt

t t

t
1

1 0

0
 the elastic strain at cell tips, Rt1 being the tip 

radius of curvature before ablation, and Rt0 after. Importantly, these 
analytical formula were show previously to be valid for relatively 
long tubes through numerical simulations (Davi et al., 2019).
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