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SUMMARY

The bacillus—or rod—is a pervasive cellular morphology among bacteria. Rod-shaped bacteria elongate
without widening by reinforcing their cell wall anisotropically, along the cell’s circumference, but it is unknown
how cells prescribe the specific degree of anisotropy that ensures growth at a constant, target width. Through
super-resolution measurements of cell wall mechanical properties, we discovered that the Bacillus subtilis
cell wall exhibits non-linear stress-stiffening and stress-softening exclusively in the circumferential direction.
Furthermore, during steady-state growth, the cell wall is inflated precisely to the acute non-linearity corre-
sponding to softening. Elasticity-based theory explains why this results in cell growth at a constant width.
Finally, dynamic measurements of the non-linear mechanical properties during cell-width adaptation identi-
fied a negative-feedback system that regulates width homeostatically through tuning of both intracellular
pressure and the critical pressure of the non-linearity. In other words, the cell wall is an “adaptive material”

whose exotic mechanical properties are exquisitely engineered to execute cellular morphogenesis.

INTRODUCTION

The peptidoglycan cell wall is a covalently cross-linked polymer
network that defines the size and shape of bacterial cells
(Figures 1A and 1B). Three processes mediate expansion of the
wall during cell growth: peptidoglycan synthesis,' enzymatic hy-
drolysis of the peptide moieties,” and mechanical deformation of
the wall by the large intracellular turgor pressure® (~ 1-30 atm,
depending on species*®). The primary protein machinery that ex-
ecutes peptidoglycan synthesis during the growth of rod-shaped
bacteria is the multiprotein Rod complex, which is scaffolded by
prokaryotic homologs of actin.°® Rod complexes synthesize
peptidoglycan processively, resulting in anisotropic cell wall
microstructure in which the glycan moieties are oriented, on
average, parallel to the cell’s circumference (0; Figures 1A and
1B)? and are connected to one another via the peptide moieties.
It is believed that the oriented glycan polymers promote rod-
shaped growth by mechanically reinforcing the cell wall along
its circumference, effectively “girdling” the cell in this dimen-
sion'® (Figures 1A and 1B). It is also commonly assumed that
peptides are oriented longitudinally’" (/; Figure 1A). If this were
so, hydrolysis of load-bearing peptides would promote cellular
elongation rather than widening.

This model, however, is not sufficient to explain rod-shaped
morphogenesis. Glycans are not oriented strictly circumferen-
tially® (Figure 1B), nor are they infinitely stiff.* Similarly, peptides
are not oriented strictly longitudinally, and in Gram-positive bac-
teria, the requirement for peptides to connect glycans across
the thickness of the cell wall makes this impossible. Finally,
inflation of the cell by turgor pressure causes anisotropic surface
tension in the cell wall whereby the circumferential tension
is approximately twice the longitudinal tension'® (1 = 24;

Figure 1A). Therefore, based on first principles, hydrolysis of pep-
tide moieties during cell growth is expected to lead to both elon-
gation and widening.

In this light, it is not understood how rod-shaped bacteria
avoid widening or how they tune the structure of the cell enve-
lope to control cell width, which they do with ~40 nm precision
(£5%; Figure S1A). Here, we describe how the Gram-positive
bacterium Bacillus subtilis achieves width homeostasis through
a sharp non-linearity in the anisotropic mechanical properties
of its cell wall. More specifically, we found that the cell wall ex-
hibits both stress-stiffening and stress-softening, leading to
distinct regimes of intracellular pressure in which inflation of
the cell causes either cell widening or constriction. Cells maintain
a constant cell width by inflating themselves precisely to one of
the boundaries between these regimes. Finally, we demonstrate
how the bacteria adaptively manipulate these strange mechani-
cal properties to achieve cell width homeostasis.

RESULTS

Peptide hydrolysis causes cell widening

To explicitly test whether peptidoglycan hydrolysis leads to cell
widening, we measured the change in cell width immediately
after exogenous digestion of cell wall peptides in the Gram-
positive bacterium Bacillus subtilis. We effected hydrolysis by
using microfluidics to acutely perfuse exponentially growing
bacterial cells with a purified recombinant amidase derived
from the lytic bacteriophage SPP1'® (Figure 1A) and measured
changes in cell width with <20 nm resolution at the single-cell
level and <10 nanometer resolution at the population level, us-
ing a fit-free super-resolution method that we developed
(Figures 1C and 1D; STAR Methods). As hypothesized,
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Figure 1. Exogenous peptide digestion causes cell widening
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(A) Diagram of the Gram-positive cell wall, including its modes of synthesis and cell surface coordinate system (/,6). P: turgor pressure. A, o are the longitudinal and

circumferential surface tensions.

(B) Atomic force micrograph of the inner surface of the B. subtilis cell wall.” Raw micrograph courtesy of L. Pasquina-Lemonche.

(C) B. subtilis cell wall labeled with the fluorescent D-amino acid HADA.

(D) Fluorescent profile across the width of the labeled cell wall, averaged across cell length (red box in C) before and after 30 s of 300 pg/mL SPP1 amidase

treatment.

(E) Mean change in cell width upon treatment with amidase and denatured amidase. Circumferential swelling upon denatured amidase could result from the
microfluidic device and/or osmotic effects of the protein. Error bars indicate + 1 SD. n = 15-50 cells across two technical replicates per data point.

(F) Mean change in cell length upon amidase treatment, controlling for cell growth. Error bars indicate + 1 SD. n = 20-50 cells across two technical replicates per
data point. Inset: illustration of the effect of hydrolases on cell wall dimensions. ***p < 1074, Student’s two-sided t test (STSTT) comparing active and denatured

measurements.
See also Figure S1.

amidase perfusion led to a small dose-dependent increase in
width (Figure 1E). When controlling for cell growth, the enzyme
had the opposite effect on cell length (Figure 1F). This is not
consistent with longitudinally oriented peptides specifically be-
ing digested or with hydrolysis uniquely determining cell wall
expansion. Perfusion of lysozyme, which digests the glycan
moieties, led to the same qualitative effects (Figures S1B
and S1C).

As an alternative method to measure the effect of hydrolysis
on cell width, we perfused cells with an inhibitory concentration
of vancomycin, which prevents cell wall synthesis without
completely inhibiting hydrolysis,'* leading eventually to lysis
(Figure S1D). Vancomycin caused cell widening even before it
reduced the elongation rate (Figure S1E). Together, these data
indicate that peptidoglycan hydrolysis, when unbalanced by
synthesis, leads to cell widening.

Considering these results, we hypothesized that cells exert a
constrictive force on the cell wall to avoid gradual widening
caused by the peptidoglycan hydrolysis required for cell growth.
It was previously shown computationally that applying pre-
stress to nascent glycan polymers could prevent pressure-
driven widening,'® but this mechanism was not tested, nor is

there an obvious enzyme within the Rod complex that could
exert pre-stress.

The cell wall is inflated to a non-linearity in its
mechanical properties

The deformation of the cell wall upon peptidoglycan hydrolysis
will depend on its mechanical properties. Atomic force micro-
scopy is commonly used to probe these properties by
measuring the deformation of the cell wall in response to
indentation forces.* However, the largest forces that cells
themselves generate are surface tensions within the cell wall
that result from intracellular pressure (Figure 1A). Therefore,
we measured cell wall mechanical properties by subjecting
cells to a microfluidics-based “osmotic force-extension”
assay that we previously established.’® In this assay, cells
are subjected to a series of osmotic shocks (Figure 2A), which
cause acute changes in pressure. The pressure variations
deform the cell wall (Figure 2B), and the dependence of this
deformation (the longitudinal and circumferential strains, ¢
and ¢gg) on shock magnitude yields an empirical measurement
of the anisotropic mechanical properties of the cell wall
(Figures 2C, 2D, and S2).
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Figure 2. The cell wall exhibits anisotropic stress-stiffening and stress-softening

(A) Extracellular concentration of sorbitol, Cout, versus time during an osmotic force-extension experiment.

(B) Effective population-averaged cell length versus time during the osmotic force-extension experiment.

(C) Longitudinal strain versus shock magnitude across several osmotic-force-extension experiments. n = 20-60 cells across 1-3 replicate experiments per shock

magnitude. Error bars: +1 SEM. The dotted line is a linear regression.

(D) Circumferential strain versus shock magnitude across several osmotic-force-extension experiments. n = 74-174 cells across 1-2 replicate experiments per
shock magnitude. Error bars: +1 SEM. The dotted lines are linear regressions to the three linear regimes of mechanical behavior.

(E) Comparison of the deformation of the cell wall upon modest hyperosmotic shock to a finger-trap toy.

(F) The mechanical behavior of an inflated linear elastic cylindrical cell wall versus the anisotropy and Poisson ratio of the wall. The dotted lines are the behavior

constrained by slopes of the regressions in (C) and (D).
See also Figures S2-S5.

As expected, hyperosmotic shocks, which decrease pressure,
caused longitudinal contraction of the cell wall (negative longitu-
dinal strain, ¢ <0; Figure 2C), whereas hypoosmotic shocks,
which increase pressure, caused longitudinal stretching (e >
0). Moreover, longitudinal strain was inversely proportional to
shock magnitude and reversible (Figures 2B and 2C), meaning
that the cell wall is linearly elastic in this dimension.

To measure deformation in cell width, we combined our os-
motic force-extension assay with super-resolution measure-
ments of circumferential strain. As for the longitudinal direction,
small 100 mM hypoosmotic shocks caused circumferential
stretching of the cell wall (Figures 2C and 2D). Larger shocks
did not cause further circumferential stretching even though
they did cause additional longitudinal stretching. Like hypoos-
motic shocks, modest hyperosmotic shocks also caused
circumferential stretching even though they reduced pressure
(Figure 2C). That is, small decreases in pressure had the oppo-
site effects on cell length and width, similar to the effect of exog-
enous peptidoglycan hydrolysis (Figures 1E, 1F, S1B, and S1C).
This was reminiscent of a finger-trap toy in which longitudinal
compression causes circumferential stretching due to
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mechanical coupling between the two axes of deformation
(Figure 2E). However, we did not expect this behavior for the
cell wall since the tension induced in it by turgor pressure is
not uniaxial, as it is for the toy: reducing pressure decreases
circumferential tension approximately twice as much as longitu-
dinal tension due to the rod-shaped geometry of the cell'? (STAR
Methods). Furthermore, our previous experiments with E. coli did
not exhibit this behavior even though its cell wall is also
anisotropic.'”

It was previously reported that small hyperosmotic shocks
cause thinning of B. subtilis cells'* as measured with phase mi-
croscopy, ostensibly contradicting our results. However, using
our method, we also observed thinning upon hyperosmotic
shock when we used the plasma membrane to measure cell
width (Figure S3A), revealing that the cell wall and plasma mem-
brane deform independently. To support this finding, we used
transmission electron microscopy to image the cell envelope of
chemically fixed cells before and after hyperosmotic shock
(Figure S3B). In unshocked cells, the plasma membrane ap-
peared flush with the cell wall, whereas after hyperosmotic
shock, there was a gap between the membrane and wall,
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explaining how these structures could deform in opposite direc-
tions. A similar gap between the wall and membrane was
observed previously in cryo-fixed cells.'®

The cell wall exhibited linear finger-trap deformation for hyper-
osmotic shocks up to AC,: = 400 mM (Figure 2C); however, we
observed highly non-linear behavior outside of this range. First,
for hyperosmotic shocks between 400 and 800 mM, the circum-
ferential strain plateaued. At AC,,; 800 mM, we observed a
sharp decrease in circumferential strain, whereas for larger
shocks it decreased linearly. Second, since small hypoosmotic
shocks caused circumferential swelling of the cell wall, the cell
wall is inflated precisely to a sharp non-linearity in the mechani-
cal properties of the cell wall during steady-state growth.

The cell wall exhibits anisotropic stress-stiffening and
-softening

It was instructive to use linear elasticity theory to interpret the de-
pendences of the principal strains on shock magnitude in the
different empirical pressure regimes—this is the two-dimen-
sional equivalent of performing a local linear fit of a non-linear
one-dimensional force-extension curve to obtain an effective
stiffness. For an anisotropic two-dimensional material, linear
elasticity can be expressed (STAR Methods):

& = l; 1 2 A )
<€9) T F ala1 — 12) (_,/ a—1)</19>, (Equation 1)

where E; is the longitudinal elastic modulus, a = E,/E; is the me-
chanical anisotropy (ratio of the principal elastic moduli), and v is
a Poisson ratio (generalized to the case of material anisotropy).
The surface tensions, 4 = PR/2 and Ay = PR, balance pres-
sure.'? Imposing the condition that ¢ and ¢y have opposite signs
when pressure is altered reveals that the cell wall deforms as a
finger trap if a=1<v/2, that is, if it is sufficiently anisotropic
(Figure 2F; STAR Methods).

Although the empirical dependence of the strains on shock
magnitude (Figures 2C and 2D) does not uniquely define a« and
v, it constrains them to a line in the two-dimensional (¢~ ', v)
parameter space (Figure 2F). For the pressure regime resulting
in finger-trap deformation, this analysis demonstrated that the
Poisson ratio of the cell wall is between 0.45<v<0.5 and that
a is as high as is physically possible within that range, assuming
there is no other source of tension than pressure.

A similar analysis for the mechanical behavior in the “low-
pressure regime” (AC,yt > 800 mM) demonstrated that the cell
wall has a lower value of anisotropy than in the finger-trap regime
(Figure 2F). Since the linear dependence of the longitudinal strain
on shock magnitude is independent of pressure (Figure 2C), this
means that the transition from the low-pressure regime to the
finger-trap regime reflects anisotropic stress stiffening” exclu-
sively in the circumferential direction.

Similarly, the observation that cells do not behave as a finger
trap for hypoosmotic shocks means that the wall is effectively
softening (exclusively) in the circumferential direction when pres-
sure is increased beyond its steady-state value (Figure 2F).
Therefore, the cell wall undergoes anisotropic stress-stiffening
and stress-softening at different values of pressure (Figure 2C).

The molecular basis for stress-stiffening and -softening is
beyond the scope of this study, but we suggest a qualitative
working model for this behavior (Figure S4). First, at low
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pressures, the cell wall is relatively soft in the circumferential di-
rection because the glycan moieties are not fully extended
(circumferential strain is low). In this soft state, the glycans can
be thought of as circumferential slack. Therefore, increasing
pressure causes the cell wall to stretch circumferentially. How-
ever, when the cell wall is sufficiently inflated, the circumferen-
tially oriented glycans undergo conventional stress-stiffening
(they become taut), which increases anisotropy and leads to
finger-trap deformation. In this state, as pressure increases,
the cell wall contracts circumferentially, decreasing cell width.
Finally, when pressure exceeds a critical value, contraction
causes glycans to exit their taut state, leading to circumferential
softening of the cell wall and loss of finger-trap deformation, and
further increase of pressure therefore causes cell widening. In
this picture, stress-softening is essentially “strain-stiffening” in
reverse. However, since circumferential strain depends non-
monotonically on pressure, circumferential stiffness and anisot-
ropy must also depend on longitudinal strain. For example, there
are values of pressure in the stress-stiffening, finger-trap, and
stress-softening regimes that yield 1% circumferential strain
but correspond to different values of anisotropy (Figure 2C)—
the difference between these three states is the longitudinal
strain.

Finger-trap deformation is correlated with cell-width
control
Because finger-trap deformation corresponds to constriction of
cell width upon elongation, our results raised the possibility that
this behavior was required to avoid runaway widening during
cell growth. To explore this hypothesis theoretically, we con-
structed a simple physical model for the irreversible mechanical
expansion of alinear elastic, layered cell wall that accounts for dy-
namics of cell length and width (Figure 3A). The molecular-scale
spatial relationship of peptidoglycan synthesis and hydrolysis
during cell growth is unknown, but since rod complexes are mem-
brane-bound, it is believed that synthesis of non-load-bearing
peptidoglycan occurs adjacent to the membrane, whereas the
hydrolysis of load-bearing peptidoglycan required for cell growth
occurs further from the membrane.'® We therefore considered a
model in which layers of anisotropic peptidoglycan are added to
the inner face of the cell wall at a constant rate, and they are
removed at the same rate from the outer face via hydrolysis
(STAR Methods). Since the cell wall is under tension, removal of
load-bearing peptidoglycan from the outer face dissipates energy
and causes irreversible deformation, or growth, of the cell wall.
When we solved this model computationally across « and v,
we found that the region of parameter space in which cells thin
during growth was identical to the region where the cell wall be-
haves as a finger trap, mechanically (compare Figure 3B to 2F).
Equivalently, cells widen during simulations of cell growth for
parameter values that do not yield finger-trap deformation. The
reason for the correspondence between the elastic behavior
and growth dynamics is simple: when load-bearing peptido-
glycan is removed from the cell wall, the wall must deform to bal-
ance pressure, and since we analyzed a linear model, the cell
wall deforms as a finger trap regardless of the strain distribution
across the normal direction (Figure 3A). Importantly, any model
in which the cell wall is linear elastic will behave equivalently un-
less mechanical energy is dissipated by specifically relieving
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Figure 3. Finger-trap mechanics are correlated with cell-width control

(A) Diagram of the components of the theoretical linear elastic model for cell growth.

(B) Dynamic behavior of the model versus the anisotropy and Poisson ratio.

(C) Cell width versus induction of mreBCD. n = 22-57 cells across 1 replicate per induction level. Error bars: +1 SD.

(D) Ratio of circumferential strain and longitudinal strain upon 400 mM hyperosmotic shock for three induction levels of mreBCD. Values were calculated from
n =26-90 cells across 1-3 replicate experiments (circumferential strain) and n = 60-78 cells across 1 replicate experiment (longitudinal strain) per induction level.
Error was propagated from the SEM for each respective measurement. **p < 10~#, STSTT compared with 5 mM measurement.

(E) Graphical description of how the dependence between circumferential strain and pressure determines cell width dynamics. The data are the same as shown in

Figure 2D.

stress in the longitudinal direction, which is a generalization of
our model and would only expand the region of the parameter
space leading to finger-trap deformation and thinning during
growth.

Therefore, according to this model, the cell will maintain its
width if its cell wall has mechanical properties that are on the
boundary between the finger-trap and non-finger-trap regions
of parameter space (Figure 3E). Our data demonstrate that cells
achieve this by inflating themselves, precisely, to a non-linearity
between pressure regimes that exhibit finger-trap and non-
finger-trap behavior, respectively.

We reasoned that if the non-linearity, which implicitly re-
quires finger-trap deformation upon pressure reduction,
enables cell growth at a constant width, then the existence
of finger-trap deformation would be correlated with rod-
shaped growth. To test this, we perturbed cell shape by genet-
ically manipulating the structural anisotropy of the cell wall and
simultaneously measured the effect of these perturbations
on circumferential deformation during hyperosmotic shock.
To alter cell wall anisotropy, we titrated the expression of the
mreBCD operon, which encodes several Rod-complex com-
ponents, via xylose induction.’® When biosynthetic flux
through Rod complexes is reduced, the balance is accommo-
dated by PBP1, a non-essential enzyme that synthesizes
peptidoglycan isotropically (Figure 1A). Therefore, when the

1160 Current Biology 36, 1156-1165, March 9, 2026

relative expression of the Rod complex is reduced below
wild-type levels, cell width increases (Figure 3D). At very low
levels (xylose concentrations < 1 mM), cells lose rod shape
and grow semi-amorphously.

As our model predicted, for Rod-complex expression high
enough to generate rods, 400 mM hyperosmotic shock led to
circumferential stretching and longitudinal contraction, leading
to negative values of ey/g; (Figure 3E). Conversely, for Rod-com-
plex expression that led to amorphous growth (0.5 mM xylose),
the cell wall no longer stretched circumferentially upon hyperos-
motic shock. That is, there was a strong correlation between
whether the cell maintained a rod shape and whether the cell ex-
hibited finger-trap deformation upon hyperosmotic shock. For
the expression level that resulted in amorphous growth, the
cell wall was still highly anisotropic (o > 4), demonstrating that
the non-linearity associated with finger-trap deformation, rather
than anisotropy alone, is the key factor underlying cell growth at
constant width.

Pressure-induced wall softening confers width
homeostasis

Our analysis explained how cells maintain a constant cell width
by inflating themselves precisely to the stress-softening non-
linear transition, which is the critical pressure in between pres-
sure regimes that cause widening and thinning, respectively
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(Figure 3E). However, our model also predicted that deviations
from this pressure would lead to either constitutive widening or
thinning. How do cells achieve width homeostasis? We posited
that the non-linear transition could confer an intrinsic mechanism
for width homeostasis if there was feedback between cell width,
pressure, and/or the critical pressure at which the transition oc-
curs. For example, for cells that are wider than their steady-state
width but are dynamically thinning (Figure 4A), we predicted that
the cell wall would be inflated to the finger-trap regime and that
pressure would converge with the critical pressure of the non-
linear transition as width approached its steady-state value.

To test this, we cultured cells to steady-state growth at low
Rod-complex expression, acutely induced high Rod-complex
expression (Figure 4A), and then performed circumferential os-
motic-force-extension experiments before, during, and after
relaxation to steady state. As for wild-type bacteria, both
hypo- and hyperosmotic shocks caused circumferential
swelling of the cell wall for cells grown to steady state at low,
medium, and high Rod-complex expression (Figures 4B-4D).
However, hypoosmotic shocks up to 600 mM caused thinning
of cell wall width for cells that were actively thinning (Figure 4D).
In other words, during cell thinning, the cell wall was inflated to
the finger-trap regime, not the non-linearity. The validation of
this non-intuitive prediction strongly supports our model that
bacteria exploit the non-linear mechanical properties of their
cell wall to homeostatically control cell width. Further support-
ing this model, the circumferential stretching we observed
immediately after modest hyperosmotic shock of wild-type
cells was transient (Figure S5): this is expected if deflation of
the cell wall into the finger-trap regime subsequently causes
cell thinning, although osmoregulation®’ will also influence
these dynamics.

After acute de-induction of Rod-complex expression, there was
a long, variable lag time before cells began to grow and widen,
which prevented us from testing whether the cell wall was inflated
to the stress-softening regime during widening. However, our
observation that the cell wall is in the finger-trap regime during
thinning but not during steady-state growth suggested that turgor
pressure and/or the critical pressure of the non-linear transition
are variable during width adaptation. Since finger-trap-mediated
cell thinning occurs when turgor pressure is lower than the critical
stress-softening pressure, we considered two possibilities for the
mechanism of cell width homeostasis after acute Rod complex in-
duction: (1) that thinning increases pressure until it equals the crit-
ical stress-softening pressure, which then leads to widening, or (2)
that thinning leads to a decrease of the critical pressure of the
stress-softening transition until it equals the actual pressure, lead-
ing to widening. Either of these processes would provide a nega-
tive-feedback loop that regulates cell width.

To measure pressure, we performed our longitudinal osmotic-
force-extension assay (Figure 2C), and in a second experiment
we lysed cells and measured length contraction upon loss of
turgor pressure. We thus quantified the magnitude of hyperos-
motic shock that caused contraction of the cell wall to the
same length as cell lysis, which gives an empirical measurement
of turgor pressure in units of osmolarity (Figure 4E).

Contrary to our initial expectations, we found that turgor pres-
sure was inversely dependent on Rod-complex expression
(Figure 4F). This corresponded to a positive correlation between
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pressure and cell width during steady-state growth. Since, at
steady state, cells are inflated to the stress-softening non-line-
arity regardless of Rod-complex expression level (Figures 4B-
4D), these measurements led us to conclude that the critical
stress-softening pressure is dynamic during width adaptation.

Despite the correlation between pressure and cell width during
steady-state growth, upon acute induction of Rod-complex
expression, pressure equilibrated to its low, steady-state value
rapidly, while cells were still thinning (<15 min; Figure 4F), and
therefore before the critical pressure of the non-linearity had
been established at the new low pressure (Figure 4D). This
implied that pressure is directly dependent on the specific mo-
lecular architecture of the cell wall (determined by the balance
of Rod-complex and PBP1 expression) rather than directly on
width.

The migration of the non-linear transition to lower pressures as
cells thin led us to a model for cell width homeostasis that incor-
porates molecular and mechanical signals (Figures 4G and 4H).
According to this model, if cells are wider than their target
steady-state value, then their pressure is lower than the critical
pressure of the stress-softening non-linearity, the cell wall is in
the finger-trap regime, and cells thin dynamically during growth.
As cells thin, the critical pressure (a mechanical property of the
cell wall) decreases until it reaches the actual pressure, and
further thinning would position the cell wall in the stress-soft-
ening regime, which would cause them to widen, completing
the negative feedback. Conversely, if cells are thinner than their
steady-state width, then their cell wall is in the stress-softening
regime, and they widen during cell growth until the critical pres-
sure increases until the actual pressure.

Finger-trap deformation is exhibited by other Gram-
positive rod-shaped bacteria and plants

We explored the generality of this mechanism of cell-width con-
trol by testing for finger-trap deformation across other organ-
isms. Like B. subtilis, the Gram-positive rod-shaped bacterium
Listeria seeligeri also exhibited finger-trap deformation upon hy-
perosmotic shock (Figure 5A). Conversely, Corynebacterium
glutamicum, another rod-shaped Gram-positive bacterium, did
not exhibit finger-trap deformation. However, unlike B. subtilis
and L. selegerii, C. glutamicum elongates via polar growth: for
this mode of growth, cell width must be maintained through con-
trol of the size of the polar growth zone, and therefore
C. glutamicum would have no use for the mechanism we
described here. Previous measurements of E. coli did not exhibit
finger-trap deformation,’”” a result we confirmed here. This
means that neither finger-trap deformation nor the non-linearity
are inevitable properties of anisotropic peptidoglycan and that
Gram-negative bacteria use another mechanism to control width
in spite of turgor pressure. Since pressure is much lower in these
species,” anisotropy in peptidoglycan insertion or pre-stretching
of glycans'® may play a greater role than in Gram-positive bac-
teria. Finally, we discovered that the roots of Arabidopsis thaliana
plants, which are multicellular elliptic cylindrical tissues that, like
rod-shaped bacteria, grow along their length and must maintain
their width, are also inflated precisely to a non-linearity equiva-
lent to the one we identified in B. subtilis (Figures 5B, 5C, and
S6), which may represent a remarkable example of convergent
mechanobiology.
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Figure 4. Strain-softening confers cell width homeostasis

(A) Cell width versus time after acute induction of mreBCD. Cells were grown to exponential phase in 1 mM xylose, and then xylose concentration was increased
to 10 mM. n = 20 cells across 1 experiment for each time point.

(B-D) Circumferential strain versus shock magnitude at 1, 5, and 10 mM xylose induction of P,,,-mreBCB. n = 30-50 cells across 1-3 replicate experiments per

shock magnitude. Error bars: +1 SEM.

(E) Assay to measure turgor pressure by measuring the magnitude of hyperosmotic shock that causes the cell wall to contract to its rest length. n = 60-175 cells
across 1-2 replicate experiments per shock magnitude. n = 73-90 cells across 2 replicate experiments for each lysis strain measurement. **p < 1074, STSTT

compared with 1 mM measurement.

(F) Mean turgor pressure versus induction of P,,-mreBCB. Error was propagated from that of the lysis strain and regression of the osmotic force-extension (STAR

Methods).

(G and H) Qualitative negative-feedback model of cell width homeostasis based on finger-trap mechanics and stress-softening.
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(A) Ratio of circumferential strain and longitudinal strain upon 400 mM hyperosmotic shock for wild-type B. subtilis, L. seeligeri, C. glutamicum, E. coli, and
A. thaliana roots. B. subtilis statistics are the same as in Figures 2C and 2D. For L.s. n = 20 cells across one experiment. C.g.: n = 20 cells across 1 experiment for
circumferential strain and n = 306 across 1 experiment for longitudinal strain. For E.c.: n = 22-37 cells across two experimental replicates for circumferential strain,
n =238 cells across 3 experimental replicates for longitudinal strain. For A.t.: n = 6 biological replicates (roots). **p < 10~4, STSTT compared with zero. Error bars

were propagated from + 1 SEM.

(B) Representative micrographs of an Arabidopsis thaliana root before and after 500 mM hyperosmotic shock. The roots are aligned by their quiescent center,
which expresses mCherry and was used as a fiducial marker to calculate strains.
(C) Longitudinal and circumferential strain versus shock magnitude for A. thaliana plant roots. n = 13, 6, and 7 roots for untreated, hyperosmotic shock, and

hypoosmotic shock experiments. Error bars: +1 SD.
DISCUSSION

Transduction of forces within mammalian cells is mediated by
molecular mechanosensors?? that elicit biochemical and genetic
responses, which, in turn, manipulate forces within the cell. For
example, when force is applied to branched actin networks,
they rapidly increase the amount of force they can sustain
through structural alterations, a process that is hardwired into
the biochemistry of actin-binding proteins.?® Like actin, we found
that the Gram-positive bacterial cell wall is a “smart material”
that internally senses and responds to forces. In this paradigm,
negative-feedback regulation of cell width is embedded the
non-linear properties of the wall.

One important question that is motivated by our model is the
mechanistic basis underlying the inverse correlation between
Rod-complex expression and turgor pressure (Figure 4E). In
concurrent work,”* we identified a molecular mechanism by
which B. subtilis directly senses cell wall microstructure and re-
lays this information to osmoregulation systems via cyclic-di-
AMP signaling, which could explain this correlation. Consistent
with this hypothesis, we found that when pressure was modu-
lated by altering cyclic-di-AMP levels, cell width was correlated
with pressure, as our model predicts.

A second open question is the specific mechanism by which
the critical pressure of the non-linear transition depends on cell
width. We hypothesize that a key variable missing from our model
is the surface area-to-mass ratio, which determines the meta-
bolic flux through the peptidoglycan biosynthesis pathway.'*
For example, the critical pressure could depend on the quantita-
tive ratio between this flux and the rate of peptidoglycan hydro-
lysis. Combined with our model, such a mechanism would
provide quantitative scaling relationships that predict how cell
width depends on environmental variables, including nutrients
and osmotic pressure.

The two-dimensional mechanical model that we used to
analyze our data (Equation 1) implicitly ignores mechanical stress

in the direction normal to the cell wall. Normal stress will be much
smaller than surface tensions since the cell wall is relatively thin
compared with the cell’? but could still perform physiological
functions during cell growth. Importantly, generalizing our model
to include normal stress would only expand the space of
mechanical behavior, including the region yielding finger-trap
deformation (Figure 2F); therefore, the model we used is the
most conservative one that explains our data. However, we
observed preliminary evidence of normal stress from our trans-
mission electron microscopy data (Figures S3B-S3D). Specif-
ically, we found that hyperosmotic shock not only caused
detachment of the cell wall from the plasma membrane but
also caused slight thinning of the cell wall (on time scales much
faster than hydrolysis could be expected to do so). These data
need to be validated further since the fixation protocol prior to im-
aging causes lysis and deformation of the cells, but if confirmed,
this would mean that the wall is stretched in the normal direction
during steady-state growth. This would contribute to circumfer-
ential constriction via mechanical coupling of the normal and
circumferential directions and could play a role in supporting
the molecular physiology of cell growth near the membrane.
The origin of such a tensile normal stress is not obvious.

The non-linearity corresponding to stress-softening as well as
the migration of the critical pressure of the non-linearity during
width adaptation were unforeseen mechanical behaviors.
Stress-stiffening (or strain-stiffening) of polymer networks is a
more familiar phenomenon that occurs, for example, due to
stretching of polymers beyond their soft “entropic” regime.?® In
the present case, softening and stiffening may be two sides of
the same coin since within the finger-trap regime, stress reduces
circumferential strain. However, it is unlikely that the stress-soft-
ening non-linearity can be explained with existing paradigms given
the narrow range of strain over which it occurs. Finally, for the
Gram-positive cell wall, stress-stiffening is likely to be a require-
ment for the existence of finger-trap behavior (and, in turn,
stress-softening) due to geometric constraints. Specifically, since
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peptidoglycan is synthesized at or near the plasma membrane, it
must stretch circumferentially as it is advected through the wall
during cell growth.” However, if peptidoglycan were in the
finger-trap regime when it is synthesized, it would only contract
during growth. Therefore, stress-stiffening and -softening are
probably both required for width homeostasis, underscoring the
exquisite, adaptive mechanical properties of the cell wall.

At this point, we can only speculate as to the detailed molecular
basis for stress-stiffening, stress-softening, or migration of the
non-linearity, which will depend on the complex but poorly
understood interactions between peptidoglycan synthases, hy-
drolases, and the microstructure of the cell wall. This will be a
major challenge since, after all, even linear elasticity is a phenom-
enological model. The cell wall’'s extraordinary non-linear me-
chanical properties, however, are clearly functional for the cell.
Ultimately, biological mechanism is physical phenomenology,
and a deeper materials science understanding of the mechanics
we have described will be an exciting direction for future research.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Bacillus subtilis PY79 Lab stock N/A

Bacillus subtilis PY79 amyE::erm Pxyl-mreBCD,
AmreBCD::spc PmreB-minCD

Garner Lab*°

Strain ID: bMD545

Bacillus subtilis PY79 amyE:erm:phyperspank- Garner Lab Strain ID: bZB112
SPOIllJ-haloTag

Corynebacterium glutamicum Theriot Lab N/A

Escherichia coli MG1655 Lab Stock N/A

Escherichia coli CG/plV::25His Sao-Jose Lab N/A

Listeria seeligeri Meeske Lab*® N/A

Chemicals, peptides, and recombinant proteins

RADA Tocris Bioscience Cat. No. 6649
HADA Tocris Bioscience Cat. No. 6647

Ni Sepharose High Performance histidine-tagged

protein purification resin

Cytiva

Cat. No. 17526802

Alexa Fluor 647 succinimidyl ester dye ThermoFisher Cat. No. A20006
Janelia Fluor 549 HaloTag Ligand Promega Cat. No. HT1020
Lysozyme Millipore Sigma Cat. No. L6876
N-lauroylsarcosine sodium salt Millipore Sigma Cat. No. L9150
Sorbitol Millipore Sigma Cat. No. 56755
Critical commercial assays

HisTrap Desalting column Cytiva Cat. No. 17140801
CellASIC Microfluidic Plates for Bacteria Millipore Sigma Cat. No. BO4A

ONIX Microfluidic Perfusion System Millipore Sigma Cat. No. CAX2-S0000

Experimental models: Organisms/strains

Arabidopsis thaliana

Arabidopsis Biological

Resource Center

Stock Number: CS2106156

Software and algorithms

MATLAB

Custom MATLAB Image and Data Analysis Scripts

Nikon Elements

MathWorks
This work
Nikon

https://www.mathworks.com/
https://github.com/TheRojasLab/Bardetti2025
N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The following bacterial strains were used in this study:

Bacillus subtilis PY79

Genotype: domesticated wild-type. Source: lab stock.

B. subtilis bMD545

Genotype: PY79 amyE::erm Pxyl-mreBCD, AmreBCD::spc PmreB-minCD. Features: Xylose inducible induction of mreBCD operon.

Source/reference: Garner Lab.*°

B. subtilis bZB112

Genotype: PY79 amyE:erm:phyperspank-SPOIllJ-haloTag. Features: IPTG inducible induction of SpolllJ-Halo Tag. Source:

Garner Lab.

el Current Biology 36, 1156-1165.e1-e5, March 9, 2026


https://www.mathworks.com/
https://github.com/TheRojasLab/Bardetti2025

Current Biology ¢? CelPress

OPEN ACCESS

Corynebacterium glutamicum
Genotype: wild-type. Source: Theriot Lab.

Escherichia coli MG1655
Genotype: domesticated wild-type. Source: lab stock.

Listeria seeligeri
Genotype: wild-type. Source: Meeske Lab.?®

Arabidopsis thaliana
Genotype: pWOX5::H2B-2x-mCherry. Features: Quiescent center expresses mCherry. Source: Birnbaum Lab.?”

Culture Conditions

B. subtilis and E. coli strains were grown in Luria-Bertani (LB) medium at 37°C with shaking at 180 RPM. Corynebacterium glutamicum
and Listeria seelegeri cells were grown in Brain Heart Infusion medium (BHI) at 30°C with shaking at 180 RPM. For induction of Pxy/-
mreBCD, cells cultured overnight in LB supplemented with 3mM xylose were diluted in fresh media with the indicated amount of
xylose until exponential phase. Hyperosmotic shocks were done using media supplemented with sorbitol. For hypoosmotic shocks,
cells from overnight culture were back-diluted in media supplemented with 1M sorbitol and lower concentrations of sorbitol were
used to shock the cells.

METHOD DETAILS

Light microscopy

All light microscopy was performed on a Nikon Eclipse Ti2 inverted fluorescence microscope with a sCMOS camera (BSI), controlled
by Nikon Elements software, and equipped with an environmental chamber (Haison). An oil-immersion 100X object (NA 1.40) was
used for imaging).

Spp1 endolysin purification

The bacteriophage endopeptidase, Spp1lys, was purified by using a previously established protocol,'® from E. coli strain CG/
plV::25His. Cells were grown at constant shaking at 28°C until an OD of 0.6-0.8, and then transferred to 42°C for 30 min and finally
16°C for 14 hours to induce protein expression. Cells were collected by centrifugation (4000 rpm for 30 min at 4°C) and resuspended
in lysis buffer (20 mM Hepes, 500 mM NaCl, 20 mM imidazole, 1% glycerol and 1mM DTT, pH 6.5). Resuspended cells were lysed by
sonication. The supernatant was collected after centrifugation (10000 rpm for 30 min at 4°C) and the enzyme was purified using a
column packed with Ni Sepharose High Performance histidine-tagged protein purification resin. The elution buffer was the same
as the lysis buffer except that the concentration of imidazole was 500 mM. The eluted fraction containing the purified protein was
concentrated and the buffer was exchanged to a phosphate-based buffer (50 mM phosphate-Na, 500 mM NaCl, 25% glycerol,
and 1 mM DTT, pH6.5) using a 5 mL HisTrap Desalting column. Whole extract, lysate, and eluted fractions were analyzed by
SDS-PAGE and western blot. For western blot, proteins were transferred to a polyvinylidene difluoride membrane using Trans-
Blot Turbo system (Biorad). For the detection of SPP1Lys an antibody against the His-tag was used and visualized with a
ChemiDoc imaging System. Protein concentrations were determined using a nanodrop (e= 32.89, M.W.=30.705). The purified en-
zymes were divided into small aliquots and kept at -80°C in the elution buffer.

Osmotic force-extension assays

To perform the osmotic-force-extension assay, consecutive osmotic shocks were performed using commercial microfluidic plates
controlled by the ONIX microfluidic platform. Overnight cells were diluted in fresh media and grown until early exponential phase.
Cells were then back-diluted into the loading well of the in the pre-warmed microfluidic plate and incubated for 30 min prior to
the experiment. During this time the microfluidic channels and perfusion chamber were primed at a pressure of 4 psi. The cells
were then loaded into the imaging chamber, and osmotic shocks were performed by perfusing media supplemented with sorbitol
at a pressure of 8 psi. Osmotic shocks were performed every 5 min for a duration of 3 min each. Alexa Fluor 647 succinimidyl ester
dye was used as a tracer dye to monitor media switching. To calculate the change in length resulting from osmotic shocks, for every
cell, the longitudinal strain was calculated for during each osmotic shock, e= (I;—)/I;, where /; is the length of the cell at the beginning
of the interval and /s is the maximum length of the cell during the interval.

Super-resolution measurement of single-cell width deformation

To perform single-cell measurements of circumferential strain the cell wall of B. subtilis was labeled with fluorescent D-amino acid
RADA. Before the experiment, overnight cultures were back-diluted into fresh media and incubated until exponential phase was
reached (OD 0.3-0.4). RADA was added to a concentration of 10 mM 1 hour before the start of the experiment. The same concen-
tration of RADA was added to the cell loading well of a microfluidic chip. Images were taken 30 s before and 30 s after the osmotic
shock.
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Circumferential strain was measured using a super-resolution, fit-free method. Images of labeled single cells pre- and post-shock
were computationally aligned by rotating them along their vertical axis. In each image, the sections of the cell wall not containing the
septa were cropped, leaving only the cylindrical, sidewall section. Each image was then averaged along the vertical axis to obtain a
single-cell average of the fluorescence profile across the width of the cell (Figure 1C). To calculate circumferential strain, pre- and
post-shock profiles were normalized, one of them was scaled along the horizontal (width) axis at sub-pixel intervals, and then
cross-correlated with the other profile.

The width distribution in Figure S1A was calculated by comparing the fluorescent profile of each cell from a population of cells to
each other cell in the population. This resulted in a relative distribution of widths, which we calibrated using the established average
cell width from the literature.

To measure the circumferential strain versus shock magnitude during dynamic relaxation of cell width (Figure 4D), first cell width
versus time upon induction of the Rod complex was measured. To induce the Rod complex, an overnight culture induced with 3 mM
xylose was back-diluted into a fresh media with 1mM xylose. The culture was grown to exponential phase before back-diluting it into
LB supplemented with 10 mM xylose. Then, cell width was measured on LB agarose pads supplemented with 10 mM xylose every
20 minutes. The data revealed that cell width began decreasing within 15 minutes after the Rod complex induction (Figure 4A). There-
fore, to measure circumferential strain upon osmotic shock during cell thinning, cells that had equilibrated to growth in 1 mM xylose
were loaded into the perfusion chamber perfused with 10 mM xylose for 15 minutes prior to performing osmotic shocks. A similar
protocol was used to measure lysis strain during width relaxation (see below).

To calculate the circumferential strain of the plasma membrane, the membrane was labeled by expressing a fusion between
Spollld and a Halo tag. Strain bZB112 (PY79 amyE:erm:phyperspank-SPOIllJ-haloTag) was grown overnight on an LB plate. The
next day, a single colony was inoculated into 1 mL of LB supplemented with 5 uL IPTG to induce expression of the Halo-tagged pro-
tein. Cells were incubated until early exponential phase. One hour before the experiment, 200 nM of JaneliaFluor HaloTag 549 ligand
was added to the culture. Osmotic shocks were performed using the protocol described above. The same concentration of the
HaloTag ligand was added to the loading well of the microfluidic device.

To measure changes in cell width in C. glutamicum and L. selegerii, 0.5 mM of RADA was used to label the cells 1 hour before
the experiments. For E. coli MG1655, the cell wall was labelled with HADA for 1 hour. Osmotic shocks were performed using the
same protocol described above.

Hydrolysis assay

Hydrolysis experiments were performed in microfluidic devices at 37C. Lysozyme (Sigma Aldrich) was dissolved in the desired media
before the experiments. Purified Spp1 was added directly to the media in the designated chamber at the indicated concentration.
Cells were grown in rich media in the perfusion chamber for 5 minutes prior to the perfusion of the hydrolase. To control for cell lysis,
0.1uM of propidium iodide (Sigma Aldrich) was added to the media with the enzymes. To measure changes in width and length,
images were taken 1 minute before and after adding the enzymes.

Derivation of Equation 1 and theoretical phase space
Two-dimensional linear elasticity with no shear is given by

(x)- (& 2)()
Ay Eyw Ey )

where E; and Ey are the principal elastic moduli and Ejy is the modulus that couples deformation in the principal directions. Inverting

this equation gives
(EI) B 1— (*H "’)(’1’)
£ EE, — E2 Ey E Ao

Substituting v=E;x/E¢ and a= Ey /E, to eliminate Ejy and Eg yields Equation 1 of the main text:

(&) gm0 )2

Note that in Equation 1 the non-dimensional Poisson ratio, v, was not defined in the traditional manner (E;¢/E) since the cell wall is
anisotropic and there are two options for how to define it: E\¢/E; or E¢/E,. Arbitrarily defining it as E\¢/E, leads to the non-dimensional
diagonal element that appears in Equation 1. Using the alternate definition does not affect the analysis. The boundary between the
finger trap regime and the no-finger trap regime comes from solving Equation 1 for the condition £y=0. The condition that o= ' > 12
results from imposing the physicality condition that the determinant, £,E, — E2, be positive. Note that this constraint only strictly ap-
plies in the limit of the thin shell approximation, which is likely to be approximately true for B. subtilis since the thickness of the cell wall
is ~#40nm and the radius of the cell is ~400nm. Contributions of normal stress to the balance of turgor pressure would shift this
boundary.

The slices through parameter space that constrain the mechanical properties of the low pressure, finger trap, and stress-softened
regimes were found by first finding the slopes of the regression to the circumferential strain versus shock magnitude in the three
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regimes (slopes mg of dotted lines in Figure 2D), and then substituting these as well as the slope of the regression to longitudinal strain
versus shock magnitude, ml into Equation 1 as g9 = m;9ACqy:. This assumes that in each of these three regimes the cell wall is a
linear material near an appropriate reference state. Rather than assuming that the material is linear globally (it obviously is not) this
analysis is simply a way to estimate the relative local mechanical properties in the three regimes. Furthermore, all materials are linear
for small deformations and non-linear for large deformations, and whether the reference state is the rest state need not affect whether
the material behaves locally like a linear elastic material with given parameters a and v.

Cell lysis assay

To measure changes in dimensions in response to lysis, cells were lysed with 5% N-lauroylsarcosine sodium salt. The cell depleted of
the turgor pressure shrank to its rest length. To measure the change in length in response to lysis, images were taken 1 min before the
addition of the detergent and after the detergent was washed away using LB. To calculate changes in dimensions for different levels
of Rod complex induction, cells grown overnight in LB with 5 mM xylose were back diluted in LB supplemented with 0.5 mM, 5 mM, or
30 mM xylose. The same xylose concentrations were added to the media with detergent and the washing media.

Pressure measurements

To measure pressure, osmotic force extension experiments were combined with measurements of lysis strains. Pressure was calcu-
lated empirically as the hyperosmotic shock magnitude that caused contraction of the cell wall to the rest length observed upon lysis.
This was found by finding the intercept of the lysis strain with the regression of the two data points from the osmotic force-extension
curve that were immediately above and below the lysis strain. Error in pressure was propagated from the s.e.m. of the lysis strains and
the standard error of regression of the osmotic force-extension data points.

Mathematical model of cell morphogenesis

To model morphogenesis of a rod-shaped cell where width could change dynamically, we considered a cylindrical cell wall with a
constant thickness of 40 nm and pressure of 10 atm. To balance pressure, making the thin-shell approximation, the total longitudinal
tension borne by the cell wall is 4, = % and the circumferential tension is 4y = PR. We discretized the cell wall into 100 layers and
allowed the stress and strain to vary across the thickness of the cell wall given these global force-balance constraints. To model
dynamic growth and morphogenesis of the cell, we defined an arbitrarily small time step. During each time step we removed one
layer (1/100'" of wall thickness) from the outer surface of the cell wall and added a unstretched layer to the inner surface of the
wall, and then allowed the cell wall to deform to satisfy the global force balance constraints using a standard energy minimization
routine.

Transmission electron microscopy

Transmission electron microscopy of thin sections of formaldehyde-fixed freeze-substituted B. subtilis cells was performed as fol-
lows. An overnight culture of wild-type B. subtilis was back-diluted into 5 mL of LB and incubated at 37 °C with shaking for 2.5 hours.
2 x 1 mL of culture was transferred to 1.5 mL tubes containing either 1 mL pre-warmed LB or 1 mL pre-warmed LB+1 M sorbitol (to
apply 500 mM hyperosmotic shock). Cultures were briefly vortexed and then spun for 4 min at 3500 RPM. Supernatant was removed
and pellet was re-suspended in 600 mL PBS to wash, spun 4 min at 3500 RPM, and resuspended in 1ml LRR fixative solution®®
(0.5 mL 0.15% ruthenium red, 125 pL 16% formaldehyde, 0.0155 g lysine acetate (Sigma); distilled water to 1 mL).

Samples were then subjected to high pressure freezing and freeze substitution. 3 mm planchette with 100 mm deep were lightly
coated with hexadecene before being filled with approximately 1.2mL of fixed sample. An absorbent filter paper was used to soak out
extra liquid, and then the sample was slightly dry for ~ 5 min. The hats were then sealed in the planchette holder for high-pressure
freezing (Leica ICE High Pressure Freezing Platform, Leica Microsystems). The frozen samples were immediately transferred into
liquid nitrogen and then into cryovials containing freeze substitution solutions (2-ml cryovials (Nalgene) containing 2% (wt/vol)
osmium tetroxide (OsO,4) and 0.1% (wt/vol) uranyl acetate in anhydrous acetone with 0.075% (wt/vol) ruthenium red and 2% H,0)
under liquid nitrogen temperature. The samples were brought into a Leica AFS2 EM freeze substitution unit (Leica Microsystems)
and left in the -90°C for 79 hours. Since the acetone:osmium mixture liquifies at -90°C, the hats were slowly submerged in the freeze
substitution media. The temperature of the unit was raised 5°C per hour to -60°C and incubated for 12 hours, then to -30°C for an
additional 6 hours, and finally to a temperature of 0°C for 6 hrs.

After removal from freeze substitution unit, samples were washed in pure ethanol 3 x 1 hour on ice to rinse out osmium. They were
then washed with 1:1 100% ethanol:LR White for 2 hours on ice, 1:2 100% ethanol:LR White overnight at 4°C, pure LR White for 8
hours on ice, and finally pure LR White overnight at 4°C. Samples were then embedded in gelatin capsules filled with LR White at
room temperature and polymerized for 48 hours at 55-60 °C. Thin sections were cut onto 200 mesh grids and counterstained
with 4% aqueous uranyl acetate for 5 min. Stained grids were examined under JEOL1400 Flash transmission electron microscope
(Japan) and photographed with a Gatan Rio 16 camera (Gatan Inc. Pleasanton, CA). All chemicals and EM grids are purchased from
Electron Microscopy Sciences Hatfield, PA.

Osmotic shocks on Arabidopsis roots
Arabidopsis thaliana (Col-0 ecotype) plants carrying the transgenic reporter, pWOX5::H2B-2x-mCherry,”” were used. Seeds were
stratified at 4C for 2 days, sterilized, placed on agar plates containing 0.5X Murashige and Skoog (MS) salts (Sigma M5524),
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0.5% (w/v) sucrose (Sigma S0389). Plates were grown vertically in growth chambers at 22°C under long-day conditions (16 h light/
8 h dark).

For hyperosmotic shock experiments, roots were placed on a glass slide with liquid 2 MS with 0.5% (w/v) sucrose media (liquid
0.5X MS) and imaged using a Zeiss LSM800. The media was then replaced with liquid 120.5X MS with 0.5 M D-Mannitol (Sigma
M4125) to induce a hyperosmotic shock and re-imaged.

For hypoosmotic shock experiments, roots were initially placed in liquid 0.5X MS with 0.5 M D-Mannitol for 1 hour, then imaged in
the same medium. After imaging the media was replaced with liquid 0.5X MS to induce a hypoosmotic shock, and roots were re-
imaged.

For width (radial) measurements, the pWOX5-labeled quiescent center (QC) was used as a central reference point, and distances
were measured from the QC to the outermost cell files on both the left and right sides of the root. For longitudinal strain measure-
ments, distances were measured from the QC to the root tip.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests for comparisons, p-values, precision measures, all n numbers, and their meanings, are found in the figure legends.
Comparisons were deemed significant if the p<0.05.

e5 Current Biology 36, 1156-1165.e1-e5, March 9, 2026



Current Biology, Volume 36

Supplemental Information

Non-linear stress-softening of peptidoglycan

mediates bacterial cell shape homeostasis

Paola Bardetti, Felix Barber, Dylan Fitzmaurice, and Enrique R. Rojas



A Variation B C
01 -005 0 005 0.1
018 ‘ ) ; ) ‘
—@—
0.16- 2 5 i < 1 n.s
> < *x § %) § n.s.
= 0124 k<] ] 0= ===~
5 S 15 é 5 @
_8 % % *kk
& 0084 o 14 n.s. 811 . ®
£ £
° .| 5. @
0.04- 05 i o2 ok
< c
&8 s ¢
0 S [CReal : : : ‘
670 710 750 790 830 O‘ 0‘5 1‘ 1 ‘5 2‘ 0 0.5 1 1.5 2
Cell width (nm) Lysozyme Conc. (ug/ml) Lysozyme Conc. (ug/ml)
D R E
—~ 25+ : g .3
< Vancomycin perfusion Q
£ 5] < E
10 =
® 15 o
c . 2 2
S 14 Cell lysis =
T &)
S s A A °
o £
S g 1
= 9 s
[0}
8§ -05 5
T T T T T 1 0 4
-5 0 5 10 15 20 25
Time after vancomycin treatment (min) % ‘5\3 6‘3
4,;’00 %
(2
%%
D)

Figure S1. Lysozyme and vancomycin treatment cause cell widening. Related to Figure 1.
A) Distribution of cell width as calculated using the super-resolution method developed in this
study. n=31 cells. Error bars indicate +/- 1 s.d. B) Mean change in cell width upon lysozyme
treatment. Error bars indicate +/- 1 s.e.m. B) Mean change in cell length upon lysozyme treatment,
controlling for cell growth. Error bars indicate +/- 1 s.e.m. D) Population-averaged cellular
elongation rate versus time during acute perfusion with 10 mg/mL vancomycin. n=18 cells across
1 experiment. E) Change in cell width during 5 minutes of growth in the microfluidic chip (control)
and during 5 minutes of treatment with 10 pg/mL vancomycin. ***: p<10, student two-sided t-
test (STSTT) compared to untreated control.



Same data as Fig. 2D
with standard deviation
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Figure S2. Circumferential strain is resolved to within +/- 1%. Related to Figure 2.
The same data as in Fig. 2D of the main text except where error bars respresent +/- 1 s.d.



Transmission electron microscopy of the cell envelope
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Figure S3. The plasma membrane constricts upon modest hyperosmotic shock. Related to
Figure 2.

A) Circumferential strain versus shock magnitude across several osmotic force extension
experiments, as measured by tracking the plasma membrane (red circles). The membrane was
labeled by expressing a fusion between SPOILJ and a HALO tag (Table S1). n=25-40 cells across
1 replicate experiments per shock magnitude. Error bars: +/- 1 s.e.m. The gray circles show the
circumferential strain calculated by tracking the cell wall, which is the same data shown in Fig.
2D of the main text. ***: p<10* STSTT comparing cell wall and plasma membrane deformation .
B) Transmission electron microscopy of the cell envelope before and after 500 mM hyperosmotic
shock. C) Thickness of the cell wall before and after 500 mM hyperosmotic shock. n=10 cell wall
segments for each condition. Error bars represent +/- 1 s.d. n.s.: not significant compared to
untreated control.



Putative molecular model of anisotropic non-linear cell wall mechanical properties
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In the deflated cell wall Pressure-induced wall tension causes
wall polymers not stretched both glycans and peptides to stretch,
and glycans are relatively soft leading to anisotropic stress-stiffening of glycans

Finger-trap induced circumferential contraction
leads to re-softening of glycans

Figure S4. Putative qualitative molecular model of the anisotropic non-linear cell wall
mechanical properties. Related to Figure 2.
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Figure SS. Finger trap deformation is transient. Related to Figure 2.

Circumferential strain upon a 400 mM hyperosmotic shock, as measured 30 s and 2 min after the
shock, demonstrating that finger trap deformation is transient, as predicted by our model. For
these experiments, the absolute circumferential strain was corrected by subtracting the
circumferential strain caused by growth in the microfluidic chip for the same amount of time. n=27
and 22 cells across one experiment for 0.5 and 5 minute measurements, respectively. Error bars
represent +/- 1 s.e.m. ***: p<10-2, STSTT compared to standard 0.5 minute measurement.
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