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ABSTRACT A common feature of walled organisms is their exposure to osmotic forces that challenge the mechanical integrity
of cells while driving elongation. Most bacteria rely on their cell wall to bear osmotic stress and determine cell shape. Wall thick-
ness can vary greatly among species, with Gram-positive bacteria having a thicker wall than Gram-negative bacteria. How wall
dimensions andmechanical properties are regulated and how they affect growth have not yet been elucidated. To investigate the
regulation of wall thickness in the rod-shaped Gram-positive bacterium Bacillus subtilis, we analyzed exponentially growing cells
in different media. Using transmission electron and epifluorescence microscopy, we found that wall thickness and strain were
maintained even between media that yielded a threefold change in growth rate. To probe mechanisms of elongation, we devel-
oped a biophysical model of the Gram-positive wall that balances the mechanical effects of synthesis of new material and
removal of old material through hydrolysis. Our results suggest that cells can vary their growth rate without changing wall thick-
ness or strain by maintaining a constant ratio of synthesis and hydrolysis rates. Our model also indicates that steady growth
requires wall turnover on the same timescale as elongation, which can be driven primarily by hydrolysis rather than insertion.
This perspective of turnover-driven elongation provides mechanistic insight into previous experiments involving mutants whose
growth rate was accelerated by the addition of lysozyme or autolysin. Our approach provides a general framework for decon-
structing shape maintenance in cells with thick walls by integrating wall mechanics with the kinetics and regulation of synthesis
and turnover.

INTRODUCTION

Within all kingdoms of life, cellular cytoplasm is often
significantly more concentrated with solutes than the extra-
cellular environment, producing an osmotic pressure known
as turgor pressure. In many cells, turgor pressure can be
several atmospheres (1). Such pressure cannot be borne by
the membrane alone, and hence these cells require a stiff
cell wall such as those found in plants, fungi, and bacteria.
Recent studies have revealed the mechanical role of the cell
wall in regulating the growth and form of eukaryotes,
controlling tip growth in Schizosaccharyomyces pombe
(fission yeast) (2) and pollen tubes (3), and guiding Lilium
longiflorum (Easter lily) pollen grains toward distinct
desiccation-prevention folding pathways and assisting pol-
len closure (4). In virtually all bacteria, the cell wall is
necessary and sufficient for cell-shape determination (5),
and is constantly remodeled during growth (6). The major
constituent of the bacterial cell wall is peptidoglycan, a
macromolecule that is built from disaccharide chains (gly-
cans) cross-linked by short peptides (6). Although the
biochemical composition and assembly pathway of the
cell-wall network are well known, it is largely unknown
how its dimensions are established and maintained during
growth. In particular, the thickness of the wall across bacte-
rial species is highly variable, ranging from the monolayer-
thick walls of Gram-negative species such as Escherichia

coli to the ~100-nm-thick walls of Gram-positive species
such as Corynebacterium glutamicum.

The high solute and nutrient concentrations in the cyto-
plasm of Gram-positive bacteria lead to a relatively high in-
ternal osmotic pressure, which can be up to 30 atm (1,7).
How bacteria grow and divide in the presence of a high
turgor pressure has motivated theoretical (8–13) and exper-
imental studies (14–18) of the structure and mechanical
properties of the cell envelope. According to the inside-to-
outside growth hypothesis proposed by Koch (19) and
Koch and Doyle (20), unstressed peptidoglycan is laid
down in layers on the inner side of the wall while the outer
(older) layers are degraded by autolysis. As the outermost
layer is sloughed off into the medium, all remaining layers
stretch to bear the longitudinal stress due to turgor pressure.
Although this model suggests a biophysical basis for the
elongation of Gram-positive bacteria, it remains untested
because experimental predictions of such a model have
not been described.

Bacillus subtilis is a model rod-shaped, Gram-positive
bacterium that has been used in extensive studies of wall
biochemistry and structure. Cryo-electron microscopy
(cryo-EM) of B. subtilis grown in Lennox broth (LB), a
nutrient-rich medium, indicates that the cell-wall thickness
is relatively constant across cells (21). Moreover, regulated
degradation of the wall is necessary for normal growth (22),
suggesting that wall turnover and synthesis are coupled in
some fashion (23,24). Under conditions of nutrient depriva-
tion or harsh environmental conditions, B. subtilis cells can
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survive through a process known as sporulation, in which
they divide asymmetrically to produce a forespore. The
engulfment stage of sporulation, in which a membrane
and cell wall are synthesized to surround the forespore
within the mother cell cytoplasm, involves a choreographed
spatiotemporal pattern of membrane synthesis, and both
cell-wall synthesis and degradation. Directly before the
onset of engulfment, hydrolase-mediated degradation of
the peptidoglycan between the septal membranes is neces-
sary to allow the mother cell membrane to migrate around
the forespore (25,26), and wall synthesis and hydrolysis
are colocalized at the leading edge of the engulfing mem-
brane (27,28). Thus, the wall properties and biochemical
regulation in different growth conditions provide a strong
constraint for biophysical models of turgor-mediated wall
growth (29).

In this work, we experimentally characterized the growth
rate, wall thickness, andmechanical strain (extension relative
to an unstressed state) of B. subtilis cells grown in a rich me-
dium (LB) and a minimal medium (MM). Although the
growth rate was threefold smaller in MM than in LB, the
averagewall thickness and strainwere essentially unchanged.
To understand themolecularmechanismunderlying these ob-
servations, we developed a mechanochemical model for
the elongation of a rod-shaped Gram-positive bacterium,
conceptualizing its cell wall as an elastic, layered network.
In this model, the turgor pressure is the primary driving force
for elongation, and we used simulations to explore the effects
of the rates of wall synthesis and enzymatic hydrolysis on
growth rate, wall thickness, and strain. Our model suggests
that a cell in which the rate of cell-wall synthesis is propor-
tional to the rate of hydrolysis can vary its growth rate inde-
pendently of wall thickness and global strain. Moreover,
our results indicate that fast growth in rich medium requires
high rates of turnover of cell-wall material, and suggest a
counterintuitive acceleration of growth of Gram-positive
bacteria when treated with antibiotics that inhibit cell-wall
synthesis or under conditions in which densely packed cells
can share enzymes responsible for turnover.

MATERIALS AND METHODS

Bacterial growth and imaging conditions

Because B. subtilis cells could not be propagated solely in M9þ0:4%
glucose, we define an MM culture as a 1:100 dilution of LB stationary
phase culture in M9þ0:4% glucose. For imaging experiments, individual
liquid cultures of B. subtilis strains 168, FC332, and AH93 were prepared
by diluting overnight cultures 1:100 into fresh media. In contrast to
B. subtilis 168, strain FC332 is nonchaining and hence isolated cells could
be readily identified. Media for AH93 cultures also contained 20 mM
xylose and 4 mg/mL chloramphenicol. Cultures were grown at 37"C with
shaking into exponential phase with an optical density of 0.3–0.5 at
600 nm in LB or 0.05–0.08 in MM. The bulk growth rates of liquid cultures
were measured with a Tecan Infinite 200 PRO plater reader (Tecan Group
Ltd., San Jose, CA). For live-cell imaging, we pipetted exponentially
growing cells onto a 1% agarose pad containing the appropriate medium.

All phase-contrast and fluorescence micrographs were captured with a
Nikon Ti-E microscope (Nikon, Tokyo, Japan) and a DU-885 cooled
CCD camera (Andor Technology, Belfast, Ireland) using mManager 1.3
software. Cell shape was analyzed using the MATLAB (The MathWorks,
Natick, MA) software MicrobeTracker (30).

Single-cell growth-rate measurements

B. subtilis 168 cells were grown in ONIX Microfluidic Plates (CellASIC,
Hayward, CA) for 60 min in LB or 120 min in MM and imaged every
2 min. Images were analyzed using MicrobeTracker to extract steady-state
elongation rates. The relative growth of the cell ends was determined from
the cell lengths l1 and l2 at successive time points t1 and t2 using

v

l
¼ ðl2 % l1Þ=ðt2 % t1Þ

ðl1 þ l2Þ=2
: (1)

Once a cell reached a steady-state value of v=l, several subsequent measure-
ments were averaged to obtain the relative growth rate for that cell.

Global strain measurements

B. subtilis 168 cells were grown in ONIXMicrofluidic Plates in either LB or
MM for 30 min to ensure exponential growth. The cell wall was labeled
with Alexa Fluor 488 dye bound to the lectin wheat germ agglutinin
(WGA; Life Technologies, Grand Island, NY) by flowing in media contain-
ing the lectin for ~5 min. The cells were then osmotically shocked with 4 M
NaCl solution in appropriate media to release the turgor pressure on the
wall; the cells were simultaneously imaged every 5 s in phase and fluores-
cence. The cell lengths before and after shock were measured using
MicrobeTracker (30). The septa in chains of cells had higher WGA fluores-
cence than the sidewalls and hence could be used as fiducial markers. The
WGA fluorescence signal was averaged across the cell width to obtain a line
profile of intensity along the cell length. The peaks, corresponding to the
septa, were identified using a custom peak-finding algorithm in MATLAB,
and the changes in wall lengths were calculated from the peak-to-peak sep-
arations. All data were manually curated to ensure accuracy.

Transmission EM preparation

For transmission EM (TEM), liquid cultures of B. subtilis 168 were grown
in LB or MM and then harvested during exponential growth (OD600 ¼
0.3–0.5 in LB; OD600 ¼ 0.05–0.08 in MM) by centrifugation at
3500' g. The sample preparation protocols for cells grown in LB and
MM were identical. All reagents were obtained from Electron Microscopy
Sciences (Hatfield, PA) and all treatments were performed at room temper-
ature unless otherwise specified. Cells were fixed by suspending the pellet
in 6 mL of 0.1 M sodium cacodylate buffer with 2% formaldehyde and 4%
glutaraldehyde (pH 7.3) for 1 hr. Cells were centrifuged at 3500' g for
10 min and washed by resuspending the pellet in 6 mL of 0.1 M sodium
cacodylate buffer for 5 min. The washing step was repeated three times
with fresh buffer and the resulting pellet was suspended in 100 mL 10%
gelatin in PBS that was preheated to 37"C. Cells were centrifuged at
3500' g before the gelatin solidified. Immediately after centrifugation,
the pellet was put on ice for 10 min, overlaid with 100 mL of the fixative,
and stored overnight at 4"C.

The pellet was then extracted and cut into four pieces to increase the
surface area. Each piece was separately stained with 500 mL 1% osmium
tetroxide in Milli-Q water for 1 hr at 4"C with shaking. Samples were
then washed three times with fresh Milli-Q water at 4"C for 15 min and
stained with 500 mL 1% uranyl acetate for 8 hr at 4"C with shaking. The
samples were then dehydrated by shaking successively in 1 mL of 50%
and 70% (w/v) ethanol at 4"C for 15 min each. Further dehydration was

Biophysical Journal 104(11) 2342–2352

Role of Turnover in Gram-Positive Bacterial Growth 2343



achieved by shaking successively in 1 mL of 95% and 100% (w/v) ethanol
for 15 min each. The samples were then shaken in 1 mL 100% propylene
oxide for 30 min to substitute ethanol with propylene oxide. Infiltration
of the samples by epon was achieved by first shaking in a 50% solution
(w/v) of epon in propylene oxide for 1 hr, followed by overnight shaking
in a 67% solution (w/v) of epon in propylene oxide. The samples were
then embedded into molds filled with 100% epon and allowed to settle
for 4 hr to let the remaining propylene oxide escape. The molds were baked
overnight at 65"C to harden the epon.

Serial, ultrathin sections (80 nm) of the embedded samples were cut with
a glass knife made with a Leica EM KMR2 glass-knife maker using a Leica
EM FCS ultramicrotome (Leica Microsystems, Wetzlar, Germany) and
collected on 100 mesh-size formvar carbon grids. While on the grids, the
sections were stained with a 1:1 mixture of 100% uranyl acetate and
100% ethanol for 20 min, followed by rinsing with Milli-Q water. The sec-
tions were further stained with 0.2% lead citrate for 5 min in the presence of
sodium hydroxide pellets to absorb CO2. Finally, the sections were rinsed
with water and dried before they were imaged on a JEM-1400 transmission
electron microscope (JEOL, Tokyo, Japan).

Computational analysis of TEM cell-wall cross-
sections

Cell walls from TEM images were traced using a custom algorithm in
MATLAB similar to bacterial cell midline-detection algorithms (9). The
negative of the image was contrast adjusted and median filtered to avoid
sharp local gradients. Tracing of the cell-wall centerline was initiated at
two user-determined initial locations within the cell wall (r0 and r1)
~10 nm apart that provided the trial starting point ðr0Þ and the trial tangent
direction ðr1 % r0Þ. A linear segment L ( 50 nm in length and perpendic-
ular to the trial direction was drawn through r1. The intensity-weighted cen-
ter point ðrcÞ was computed along this segment using

rc % r0 ¼ 1

N

XN

s¼ 1

ðrðsÞ % r0Þ
ZðsÞ

maxðZÞ
; (2)

where s is the index of points from one end of the line segment, N is the total
number of points between the two ends of the segment, and ZðsÞ is the local
image intensity along s. A new trial tangent direction was defined by
rc % r0 and a new center point was iteratively determined until its position
converged. The next trial point was determined by moving 10 nm along the
trial tangent. This process was repeated until a user-defined end-point along
the cell wall was reached. Linear sections perpendicular to the centerline
running through points along the centerline spanning ~50 nm in length
were used to define smooth intensity profiles. The points of maximum de-
rivative of the resulting profile were used to define the inner and outer edges
of the wall, and the distance between these points defined the wall thick-
ness. The thickness of each cell wall was measured at 150–350 separate po-
sitions, depending on the quality of the micrograph, to estimate the mean
thickness and the SD.

Computational model of elongation

Simulations were initiated by relaxing two layers of effective springs, con-
nected only at the ends, under a constant extensional force F acting on the
cell endcaps representing turgor pressure. Each effective spring represents
the combination of all peptides around the circumference at a given position
along the longitudinal axis of the cell. The effective spring constant of the
ith layer is given by

Ki ¼

 
X

j

k%1
ij

!%1

; (3)

where kij is the spring constant of the jth spring in the ith layer. The energy of
the spring network is thus given by

E ¼ 1

2

X

i

Kiðl% hidÞ
2 % Fl; (4)

where hi is the number of springs in the ith layer, d ¼ 1 nm is the rest length
of each spring, and l is the length of the cell excluding the end caps. For a
given network, the energy was minimized to obtain the cell length at me-
chanical equilibrium.

Under the approximation of uniform strain across the cell wall, the lon-
gitudinal stress is given by s ¼ PAc=Aw, where P is the turgor pressure,
Ac ¼ pr2 is the cross-sectional area of a cell of radius r, and Aw ¼ 2prd
is the cross-sectional area of a cell wall of thickness d. For P ¼ 15 atm,
r ¼ 0:5 mm, and d ¼ 30 nm, s ¼ 125 atm. To parameterize the spring con-
stant of an individual effective spring, we estimate the spring constant of the
entire wall as kw ¼ YAw=l, where Yz50 MPa is the Young’s modulus
(18,31) and l is the cell length. The relaxed length of a peptide cross-link
isz1 nm, and thus the number of cross-links per mm is npz1000. Because
different layers act together to resist turgor forces, the average stiffness of
each peptide is k ¼ nplkw=N ¼ npYAw=Nz225 N=m, where N is the total
number of layers. However, this relation must be modified to account for
variability in the number of springs and spring constants in each layer;
the initial spring constant k0 must be larger than the average k to account
for hydrolysis. Therefore, we set k0 ¼ 400 N/m, which yields a Young’s
modulus of 50 MPa in our simulations.

New layers were synthesized at a rate ks. To mimic the removal of
individual cross-links due to hydrolysis and/or bond rupture, all effective
springs were progressively dissolved by reducing their spring constant at
a rate kh. An effective spring was considered completely dissolved when
its spring constant reached zero. In cases in which we included insertion
within the innermost layer, the rate of insertion of new springs was kih1,
where h1 is the number of springs in the innermost layer. The spring
constant of newly inserted springs was initialized at k0. During each time
step (dt ¼ 20 s), we adjusted the network architecture and spring constants
according to the rules described above and then relaxed the network accord-
ing to Eq. 4. After the network reached a steady-state wall thickness, we
set the turgor force F ¼ 0. As a result of the removal of turgor pressure,
the network shrank from its extended length, l, to a new equilibrium length,
lgl, at which the inner layers were compressed while the outer layers were
under tension. We then calculated the global strain as ggl ¼ ðl% lglÞ=lgl.

RESULTS

Single-cell quantification of the elongation rate,
cell-wall thickness, and global strain of B. subtilis
cells

Using phase-contrast microscopy, we measured the width of
B. subtilis cells at subpixel resolution during exponential
growth in both LB and MM (see Materials and Methods).
In both media, we found that the width variability was small
(Fig. S1 in the Supporting Material), illustrating that elonga-
tion is the primary result of growth. To constrain models of
Gram-positive bacterial elongation, we sought to experi-
mentally measure three key quantities: the relative elonga-
tion rate, cell-wall thickness, and global strain. We
measured these quantities for B. subtilis 168 cells in LB
and MM. We chose media with substantially different com-
positions to uncover general growth behaviors. Using time-
lapse imaging in a microfluidic flow chamber (see Materials
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and Methods), we measured the rate of elongation
v ¼ dl=dt, where lðtÞ is the length of the cell as a function
of time. The cells elongated exponentially, and hence the
relative growth rate v=l was constant in time (independent
of length for an individual cell); a doubling time of
20 min is equivalent to v=l ¼ 3:5' 10%2 min%1. In LB,
we observed v=l ¼ 3:650:8' 10%2 min%1 (Fig. 1 A). As
expected, the relative elongation rate was substantially
reduced in MM (1:250:2' 10%2 min%1, corresponding to
a doubling time of ~60 min; Fig. 1 A).

To investigate whether changes in growth rate were re-
flected in changes to the mechanical state of the cell wall,
we measured the global strain by releasing the turgor on
the cell wall through osmotic up-shock (see Materials and
Methods, Fig. 1 B, and Fig. S2 A). The global strain for
exponentially growing cells was 0:2650:04 in LB and

0:2250:03 in MM (Fig. 1 C and Fig. S2 B), indicating
that the wall is stretched by similar amounts in the two me-
dia. Phase and fluorescence images yielded strain values in
agreement to within 3% (Fig. S2 C), indicating that the cyto-
plasm and cell wall experienced the same reduction in
strain. This strategy was previously applied to study the
response of Gram-negative E. coli cells to hyperosmotic
shock (32,33) and produced global strain estimates of the
same magnitude (~10–20%) as our data for B. subtilis.

In a previous study, Matias and Beveridge (21) estimated
the thickness of the B. subtilis cell wall at ~30–40 nm using
cryo-EM. Intriguingly, they also reported that the variability
of the thickness across cells was small (~10–20%). To deter-
mine whether the steady-state wall thickness is uniform
within individual cells, we performed TEM on exponen-
tially growing cells in LB and MM, and developed compu-
tational methods to measure the thickness profiles of
individual cell walls (see Materials and Methods) (9). The
thickness profiles of cells grown in LB were reasonably uni-
form within single cells (<8% variation; Fig. 2, A and B),
and the variability of the average thickness across cells
was also low (3152:5 nm or ~20 layers, n ¼ 55 cells).
For cells grown in MM, thickness was similarly uniform
both within cells (<11%) and across cells (28:553 nm,
n ¼ 37 cells). The agreement between the two media condi-
tions in terms of wall thickness and global strain suggests
that the mechanism of B. subtilis elongation produces a
cell wall whose thickness and strain are insensitive to the
rate of elongation. The contrast between the wall and sur-
rounding material was lower in images of cells grown in
MM compared with LB. This difference could be due to fac-
tors such as the density of teichoic acids or other proteins
intercalated within the wall, the density of the wall itself,
or the staining efficiency. Nonetheless, we could easily
detect a sharp change in density that we interpreted as cor-
responding to the edges of the wall, and therefore computa-
tionally measured wall thickness using the same algorithm
in both media (see Materials and Methods). Thus, we sought
to identify biophysical growth models that yield relatively
constant wall thickness and strain across a wide range of
growth rates to simulate growth in LB and MM.

Biophysical model of rod-shaped Gram-positive
cell-wall elongation

In the rod-shaped Gram-negative bacteria E. coli and
Caulobacter crescentus, cryo-electron tomograms of iso-
lated cell walls have indicated that the glycan strands
are oriented approximately circumferentially and are con-
nected by longitudinally oriented peptide cross-links (34).
Although the details of the architecture of Gram-positive
cell walls are not known, atomic force microscopy has sug-
gested that glycans also have a circumferential organization
in B. subtilis (35) and Lactobacillus helveticus (16). Thus,
we constructed a minimal model of a Gram-positive cell

FIGURE 1 The relative elongation rate decreases threefold in MM rela-
tive to LB, whereas global strain is maintained. (A) Histograms of relative
elongation rate ðv=lÞ of B. subtilis 168 cells in LB (blue, n ¼ 84 cells) and
MM (red, n ¼ 153 cells). (B) Schematic of the osmotic shock process used
to measure global strain. (C) Histograms of global strain ðgglÞ of B. subtilis
168 in LB (blue, n ¼ 79 cells) and MM (red, n ¼ 85 cells).
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wall as a multilayered network of springs (Fig. 3 A). We as-
sume that the stiff glycans are oriented circumferentially
and thus act mainly to determine the cell width. We then
model peptide cross-links as Hookean springs oriented
along the longitudinal axis that act as the primary stress-
bearing components resisting turgor-driven elongation
(Fig. 3 A).

Although growth likely introduces heterogeneity into
the wall architecture, we found using phase-contrast micro-
scopy that B. subtilis cells can nevertheless maintain
their shape and width in a variety of growth conditions
(Fig. S1). Therefore, to focus on elongation dynamics, we
assume that each layer within the peptidoglycan architecture
can be treated as homogeneous in the circumferential
direction and along the cell length, thereby decoupling lon-
gitudinal and radial expansion. Thus, we replace the two-
dimensional cylinder of springs comprising each layer
with a line of identical, effective springs, each of which rep-
resents the summed contributions of all springs around the
circumferential direction at a particular position along the
cell length, with a spring constant k that can be different
for each layer (Fig. 3 A). We initially assume that the wall
is comprised of layers of peptidoglycan that are laid down
sequentially during growth, and later introduce progressive
insertion within an existing layer. The layers are connected
by the polar endcaps that transmit the turgor pressure to the
wall in the longitudinal direction and constrain all layers to
have the same length. We assume that the endcaps play no
active role in elongation mechanics, since experimental ob-

servations indicate that the poles have much slower turnover
of wall material than the cylindrical region (20,36). There-
fore, at any particular time in our simulations, the cell
wall is characterized simply by the number of springs in
each layer and their spring constant, and the overall cell
length.

We assume that new layers are synthesized at a rate ks in
an unstressed state with enough springs to precisely span the
length of the cell at the time of synthesis. Importantly, the
addition of a new, unstressed layer alone does not perturb
the mechanical equilibrium of the existing layers and there-
fore does not affect the cell length, indicating that a second
biochemical process is required to perturb the distribution of
stresses within the cell wall network. One possibility is the
removal of cross-links, which can occur either through
enzymatic action by hydrolases or through bond rupture at
high strain. For simplicity, we focus on a model in which
peptides are removed at a constant rate kh throughout the
wall; we will refer to this process as hydrolysis for the
remainder of the text. As the layers undergo hydrolysis,
the effective spring constants decrease linearly with a rate
dk=dt ¼ %kh until they reach zero, signifying that the layer
is lost because it can no longer bear any stress. The
decreasing spring constants lead to the further extension
of all layers. The thickness of the wall is defined as the num-
ber of layers with nonzero spring constant. In the limit of
extremely fast hydrolysis, the cell wall will disintegrate
because a new layer will be completely hydrolyzed before
the next layer is synthesized. However, for moderate values

FIGURE 2 Cell-wall thickness is maintained
within cells and across growth conditions. (A and
C) Representative TEM cross-sections of cells
grown in LB (A) and MM (C), with computation-
ally detected boundaries (red) and thickness mea-
surements (green) separated by at least 100 nm.
Although the walls did not stain with as much
contrast in MM as in LB, the borders were easily
detected. Numbers label the thickness of the wall
at the adjacent green lines. Scale bar: 100 nm. (B
and D) Average cell-wall thickness (solid black)
and mean5 1 SD (gray rectangle) for cells grown
in LB ðn ¼ 55Þ and MM ðn ¼ 37Þ. A random sub-
set of thickness profiles from eight cells is shown in
each panel, demonstrating the low variability
within individual walls.
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of kh, this framework qualitatively matches the inside-to-
outside growth mechanism proposed by Koch (19) and
Koch and Doyle (20): it results in a progressive movement
of layers away from the membrane and eventually complete
loss of material composing a layer (Fig. 3 B), which is
balanced by the synthesis of new layers.

The biophysical parameter in our model characterizing
wall stiffness is the effective spring constant of a newly syn-
thesized layer k0, whose value we chose to yield the
measured B. subtilis cell wall Young’s modulus of 50 MPa
(14,15,37) (see Materials and Methods for more details).

Previous experiments indicated that the time interval from
incorporation of radiolabeled peptidoglycan precursors
into the wall until the first release of the isotope is approx-
imately one doubling time (20 min for growth at 37"C in
LB) (20). Therefore, for a cell wall with ~20–30 layers of
thickness ~1 nm, the cells must be laying down layers at a
rate ks ( 1–1.5 layers per minute.

To determine whether our model permits a steady-state
wall thickness, we performed simulations of the elongation
dynamics of a multilayered cell wall for the experimentally
motivated synthesis rate ks ¼ 1:2 min%1, and a hydrolysis
rate kh ¼ 0:06 min%1 selected to produce a doubling time
of ~20 min. To challenge the system to achieve a steady
state, we initialized the network with two layers and allowed
the network to relax under the applied extensional load of a
turgor pressure P ¼ 15 atm (7). The thickness stabilized at
a steady-state value of 20 layers on the timescale of
doubling, as expected since the spring constant of each layer
decreases to zero with a regular time constant proportional
to 1=kh. At steady state, we found that the strain of a given
layer increased linearly with its distance from the membrane
(reflecting its age), with a corresponding linear decrease in
the spring constant (stiffness; Fig. 3 B, inset). The outermost
layers were too soft to contribute significantly to stress
bearing, and the newest layers were not yet extended enough
to absorb significant amounts of the stress. The competition
between these two trends led to the middle layers bearing
most of the stress (Fig. 3 B, inset). The model also predicted
an exponential elongation of the cell length at steady state,
since new layers are being synthesized with a surface area
proportional to the length of the cell and hydrolysis occurs
at a constant rate for all wall material.

Even though different layers experienced different strains
at steady state, the fact that they were constrained to have
the same length by virtue of being connected by common
endcaps dictated an overall extensional strain in the wall
due to turgor pressure. We define this wall property as the
global strain ggl ¼ l=lgl % 1, where l is the extended length
under turgor pressure and lgl is the equilibrium length for
zero turgor pressure at which the inner layers are com-
pressed and the outer layers are under tension (Fig. S3).
The global strain is proportional to the turgor pressure and
inversely correlated with the wall spring constant k0.

Proportional synthesis and turnover decouples
wall thickness and growth rate

We comprehensively explored the minimal model described
in Fig. 3 across all values of the parameters ks and kh
(Fig. 4), and found that there is a region of parameter space
that simultaneously fits our experimental data in LB for wall
thickness (Fig. 4 A), growth rate (Fig. 4 B), and global strain
(Fig. 4 C). Because ks sets the timescale for the appearance
of new layers and kh sets the timescale for a newly inserted
effective spring to dissolve completely, the steady-state

FIGURE 3 Model for Gram-positive cell-wall elongation through bal-
ance between synthesis and turnover. (A) The membrane transfers force
due to turgor pressure onto the cell wall, which is assumed to have a multi-
layered structure (zoomed-in cross-section shown in rectangle). The stiff
glycan strands (green circles) are oriented along the circumference perpen-
dicular to the long axis of the cell, and the peptide bonds connecting the
strands are oriented parallel to the long axis (red cylinders). In our model,
each peptide is an effective spring representing the summation of restoring
forces from all cross-links around the circumference. New, unstressed
layers are added at a rate ks. Material can also be inserted within the existing
innermost layer at a rate ki, thereby compressing the layer. All layers are
subject to hydrolysis that reduces the peptide spring constant k with a
rate %kh, and to a longitudinal extensional force F borne primarily by the
peptides. The layers are connected at the poles by the end caps. (B) Results
from simulation of growth with ks ¼ 1:2 min%1, kh ¼ 0:06 min%1, ki ¼ 0,
and turgor pressure P ¼ 15 atm. Inset: Normalized values of the steady-
state spring constant and stress, and absolute values of the strain across
the layers. The middle layers bear most of the extensional stress.
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number of layers N scales linearly with the ratio ks=kh
(Fig. 4 A). In contrast, the growth rate v=l scales with 1=ks
because every new layer strengthens the cell wall and allows
the cell to resist expansion due to turgor pressure. The
growth rate scales quadratically with k2h because an increase
in hydrolysis weakens the wall not only by weakening the
springs within each layer but also by reducing the steady-
state thickness of the wall (Fig. 4 B). This provides a qual-
itative description of why growth rate can increase if both
wall synthesis and turnover rates increase.

We can make these heuristic scalings concrete by using a
continuum model of cell-wall density in which we assume
that new layers are synthesized at a rate ks in an unstressed
state spanning the length of the cell at the time of synthesis.
Each layer can be characterized by its length l, relaxed

length l0, and an extensional strain g ¼ l=l0 % 1 that we
now assume is smoothly varying across layers. Therefore,
the wall can be characterized by the time-dependent density
of layers nðg; tÞ with strain between ½g;gþ dg*, with kh as
the rate of cell-wall material removal (e.g., due to hydroly-
sis). The function n does not represent the density of mate-
rial within individual layers, but rather is a convenient
representation of the state of the cell wall across its thick-
ness that can be used to calculate the total number of layers,
as we demonstrate below. Here, we assume that kh is con-
stant across all layers and in time. All layers with strain
g% dg at time t % dt will extend to have strain g in a
time interval dt; thus, the evolution of nðgÞ is given by

nðg; tÞ ¼ nðg% dg; t % dtÞ % khnðg; tÞdt: (5)

FIGURE 4 Model predictions for cell-wall properties are consistent with experimental data in both LB and MM. (A–C) We used simulations to predict the
steady-state number of layers comprising the cell wall N (A), the relative elongation rate v=l (B), and the global strain ggl (C). The gray lines outline a region
of parameters consistent with each of our experimental measurements individually: (A) N ¼ 2055, (B) v=l ¼ 3:650:8' 10%2 min%1, and (C)
ggl ¼ 0:2550:05. The white quadrilateral represents the overlap of consistency regions in A–C in which the values of ks and kh simultaneously reproduce
all three experimental measurements. (D–F) Based on our observation that growth rate decreased threefold in MM, we scaled the range of values of ks and kh
by threefold. Gray lines and white regions represent consistency with experimental measurements in MM: (D) N ¼ 2055, (E) v=l ¼ 1:250:3' 10%2 min%1,
and (F) ggl ¼ 0:2550:05. The turgor pressure and Young’s modulus are held constant in all simulations at P ¼ 15 atm and Y ¼ 50 MPa, respectively.
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The steady-state density nðgÞ at which vnðg; tÞ=vt ¼ 0 de-
termines the steady-state wall thickness. To solve for nðgÞ,
we expand Eq. 5 to first order in g and t, giving

vnðgÞ
vg

¼ %khnðgÞ
dg=dt

: (6)

The strain rate is related to the velocity of the cell ends v by
the relation dg=dt ¼ 1=l0ðdl=dtÞ ¼ vðgþ 1Þ=l; inserting
into Eq. 6 gives

dnðgÞ
n

¼ %lkh
v

dg

1þ g
: (7)

Note that Eq. 7 holds generally for kh replaced by any choice
of peptide-removal function khðgÞ that is dependent only on
strain.

The steady-state density can be determined by integrating
Eq. 7 from 0 to g, giving

nðgÞ ¼ n0

!
1

1þ g

"a

; (8)

where n0 is the layer density at g ¼ 0, and a ¼ khl=v. Note
that for nðgÞ to be time independent, a and hence l=v must
also be time independent. Therefore, the exponential growth
law v ¼ dl=dtfl follows naturally from our analysis. To
solve for a and n0, we apply the mass and force balance
constraints

ks ¼
ZN

0

khnðgÞdg; (9)

s

Y
¼
ZN

0

gnðgÞdg; (10)

where s ¼ PAc=Al for turgor pressure P, cellular cross-
sectional area Ac, and unit layer cross-sectional area Al,
and Y is the Young’s modulus of the wall material. In Eq.
9, synthesis of new layers is balanced by the combined
removal of layers, giving

ks
kh

¼ n0
1

a% 1
0a ¼ 1þ n0

kh
ks
: (11)

For Eq. 10 to be integrable, a>2 is required, thereby setting
a lower bound kh>2v=l. We can solve for n0 from Eq. 10,
giving

k2h
k2s

s

Y
n0 ¼ 1þ kh

ks

s

Y
0n0 ¼ Y

s

k2s
k2h

þ ks
kh
: (12)

The steady-state cell-wall thickness is

N ¼
ZN

0

nðgÞdg ¼ ks
kh
; (13)

and the doubling time is

l

v
ln 2 ¼

!
2

kh
þ Yks
sk2h

"
ln 2: (14)

We can also solve for the global strain within a wall of
length l by using 1þ g ¼ l=l0 to rewrite nðgÞ as

nðl0Þ ¼ n0

!
l0
l

"a

(15)

for l0<l. When the turgor stress s is set to zero, all layers
adopt a length lgl that satisfies Eq. 10, which yields the
global strain

ggl ¼
l

lgl
% 1 ¼ 1

a% 2
¼ s

Y

kh
ks
: (16)

Thus, N and ggl have the same kh=ks scaling.
For a cell wall mimicking B. subtilis with Nz20,

l=vln 2z20 min, and Y=sz0:35, we can then estimate
ksz6=min and kh ¼ 0:3=min from Eqs. 13 and 14. Using
these values, we obtain an estimate of gglz0:15 that
matches reasonably well with our experimental measure-
ments (Fig. S4). This agreement indicates that our quantita-
tive measurements of global strain are consistent with our
predictions based on measured values of the Young’s
modulus of the B. subtilis cell wall (18,31), providing
further evidence of the mechanics of growing B. subtilis
cells. Thus, our continuum model is a powerful tool that
can also be applied to more complex biochemical models
of cell-wall synthesis and turnover.

The scaling of Nwith ks=kh indicates that thickness is pre-
served if ks varies proportionally with kh. Given that the cell-
wall thickness in LB is maintained in MM, the scaling of v=l
with k2h=ks indicates that a threefold change in growth rate
can be achieved without affecting thickness by reducing
both ks and kh by a factor of 3. Indeed, simulations based
on our discrete model predict that the thickness will be un-
changed upon a threefold reduction of ks and kh (Fig. 4 D),
whereas the growth rate will experience a threefold reduc-
tion (Fig. 4 E). Our model then predicts that the global strain
in MM will be very similar to that in LB (Fig. 4 F), consis-
tent with our experimental observations. An alternative
explanation for the reduction in growth rate in MM would
be an ~3-fold reduction in the turgor pressure. However,
in that scenario, the global strain would decrease by a
similar factor, contrary to our experimental measurements
(Fig. S5). Although we cannot exclude the possibility that
in MM there is a lower turgor pressure that nevertheless pro-
duces similar global strain due to certain details of wall
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mechanics, such as nonlinear responses not included in our
model, our data nevertheless suggest that B. subtilis cells
maintain the same turgor pressure in LB and MM, based
on our experimental determination that wall thickness and
strain are maintained. Taken together, our findings suggest
that elongation results from the competing effects of cell-
wall synthesis and hydrolysis, with the reduction in growth
rate in MM potentially resulting from a similar scaled
decrease in both synthesis and hydrolysis rates.

DISCUSSION

We have presented a minimal, mechanochemical model of
Gram-positive cell-wall elongation that accurately predicts
the relationships among growth rate, cell-wall thickness,
and strain. In our model, turgor pressure plays a major
role in determining the growth rate and the global strain,
whereas the wall thickness is roughly independent of turgor
pressure. In particular, the model explains how B. subtilis
cells can maintain their wall thickness and global strain
while growth rate is reduced threefold. To achieve this, cells
can downregulate wall synthesis and hydrolysis proportion-
ally while maintaining a constant turgor pressure. This also
indicates a means by which B. subtilis cells can leverage
control over wall synthesis and hydrolysis rates by regu-
lating the expression of precursors and hydrolases to shift
wall thickness and growth rate independently of each other.
These conclusions provide motivation for future explicit
quantitative measurements and perturbations of the rates
of synthesis and hydrolysis, and for direct measurements
of turgor pressure. In comparing growth in MM and LB,
our intention was to determine whether cell-wall properties
could be maintained despite the large metabolic and growth
differences between the two media. The development of a
high-throughput method for measuring cell-wall thickness
would allow for a more comprehensive exploration of
growth in other media, temperatures, and Gram-positive
species.

Our results make several explicit predictions that warrant
further experiments: 1), the strain is greatest in the outer-
most intact layer; 2), the stress is greatest in the middle
layers (Fig. 3 B) (20); and 3), as a result, a small patch of
material excised from the wall of an elongating cell would
have an asymmetric stress distribution across the wall thick-
ness upon removal of turgor pressure (Fig. S3), and hence
could adopt a nonplanar geometry that could be observed
by EM. Moreover, any hydrolases that are not covalently
anchored to the membrane and/or wall could be lost to the
extracellular environment after unbinding from a site of ac-
tivity. In this case, nearby cells in a densely packed commu-
nity could also capture these lost hydrolase molecules and
use them to speed up growth, at the cost of weakening their
walls. Similar sharing of metabolic enzymes within a com-
munity of tens of cells has been shown to accelerate growth
in budding yeast (38).

In addition to our own data, our model captures several
phenomena previously reported in the literature. Our model
supports the hypothesis that controlled degradation of the
cell wall is necessary for normal elongation of B. subtilis
cells, and that growth can be accelerated by increasing the
rate of hydrolysis (22). Consistent with the inverse relation-
ship between growth rate and wall thickness predicted by
our model, a temperature-sensitive mutant with impaired
autolysin activity was previously shown to have a slower
growth rate and thicker wall than wild-type cells (22). More-
over, the addition of lysozyme or purified B. subtilis autoly-
sin increased growth rate (22) and reduced the wall
thickness (39), as would be predicted by our model with
an increase in kh. This intriguing behavior has nontrivial im-
plications for the effects of treating Gram-positive bacteria
with sublethal concentrations of molecules that degrade
the existing cell-wall material and hence could increase
the rate of elongation and even proliferation. However, cells
that have increased growth rate at the cost of having a
thinner, softer cell wall may be more susceptible to lysis
due to osmotic shock or other mechanical perturbations.

In a recent study, Dyson et al. (40) developed a mathemat-
ical model of plant cell-wall elongation that has many char-
acteristics in common with our model. In brief, it formulates
the osmotic-pressure-driven deformation of the plant cell
wall in response to enzymatic cleavage of flexible, longitu-
dinally oriented hemicellulose polymers. Like our model,
their model predicts that stress is maximal in the middle
layers of the cell wall, suggesting that this may be a general
property of inside-out growth mechanisms in which wall
material is deposited on the inside of the wall at zero stress,
and is then continually stretched as it is advected toward the
outer surface of the wall as it is hydrolyzed. On the other
hand, their model imposes a constant wall thickness,
whereas we allow synthesis and consequently wall thickness
to be a free parameter, which allows us to validate our model
by fitting the experimentally observed wall thickness.
Finally, their model includes a term that describes nonlinear,
stretch-induced breakage of the load-bearing elements,
which may be necessary to attain a theoretical yield stress
(a stress below which the wall does not expand). This has
long been known to be a mechanical property of the plant
cell wall, although it has not yet been observed in
prokaryotes.

The coupling between peptidoglycan hydrolysis and syn-
thesis is not well elucidated in the literature due to the large
number of enzymes that participate in each process and the
presumed regulatory complexity. However, our model pro-
vides a simple mechanical picture of elongation, without
requiring elaboration of the specifics of the molecular ma-
chinery, that suggests how synthesis and hydrolysis of the
cell wall may be linearly coupled to maintain wall thickness
and global strain. Recent experiments showed that the dy-
namics of the cytoskeletal protein MreB can be rapidly ar-
rested in B. subtilis with the use of antibiotics such as
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vancomycin (41,42). In those experiments, the cell wall
continued to expand around the MreB fluorescence density
for ~30 s to 1 min after MreB motion arrest (41). A simple
interpretation of this transient behavior is that hydrolysis
continued, softening the cell wall and permitting continued
elongation due to turgor pressure. However, the fact that
cells can avoid lysis even when wall synthesis has been
stopped indicates that the cell must employ a currently un-
known mechanism to shut off hydrolysis.

Although our minimal model successfully predicted our
experimental measurements of growth rate, wall thickness,
and global strain, it can also easily be modified to capture
other processes, such as bond rupture at high strain, or local-
ized or strain-dependent hydrolase activity. Lower hydroly-
sis rates in layers that are relatively unstrained (e.g., due to
reduced hydrolase binding) could provide a buffer against
lysis for fast-growing cells. In this scenario, we speculate
that mechanics could also provide feedback for biochemical
regulation. For example, a growing cell subject to compres-
sion from the surrounding microenvironment could experi-
ence a reduction in growth rate due to less turnover as the
effective hydrolase concentration in the cell increases, and
this increase could be used as a chemical signal. Moreover,
we have considered the effects of inserting peptidoglycan in
localized bursts in addition to layers. Our simulations indi-
cate that including insertion of peptidoglycan patches into
the newest, mostly unstressed layer of the wall does not
significantly affect the predicted dimensions or growth
rate of the cell (Supporting Material; Fig. S6). Currently,
our model assumes a circumferential organization of the
glycan strands and a layered structure. Recent results from
atomic force microscopy suggested that Gram-positive cell
walls may have a more complex three-dimensional architec-
ture (16,35), although it is not clear how the stress-bearing
elements of such a network would be oriented. Future
studies examining the architecture of Gram-positive cell
walls will provide the opportunity to refine our model by
highlighting other experimental measurements that can act
as constraints.

Based on our findings of low variability in cell width
within and across single cells (Fig. S1), we assumed that
each layer is homogeneous, and hence focused only on the
mean thickness of the wall. However, our discrete model
can easily be modified to account for heterogeneity within
each layer, and future implementations will focus on vari-
ability in wall thickness, such as the nutrient-dependent
changes in septal wall thickness observed in the round
Gram-positive bacterium Staphylococcus aureus (43).
Here, we assumed a constant rate of hydrolysis for all
cross-links; we note that the decreasing number of bonds
in each layer moving outward from the membrane indicates
that the total amount of hydrolysis per unit time is lower in
layers farther from the membrane, consistent with a
morphogen-like gradient of hydrolase molecules produced
at the membrane that then diffuse throughout the wall and

are captured. A full exploration of the extent to which
spatial- and strain-dependent hydrolysis affects the state of
the wall will be the subject of future investigation.

In summary, we have developed a model for the me-
chanics of elongation in B. subtilis that successfully predicts
a conserved wall thickness and global strain in LB and MM,
and suggests that a coincident threefold reduction in both
synthesis and hydrolysis can yield our observed threefold
reduction in growth rate in MM relative to LB. The mainte-
nance of wall thickness and global strain between these con-
ditions indicates that the cell wall has similar local
architectures and distributions of stress in the two growth
conditions. If this similarity exists across other growth me-
dia, it may allow cells to transition more easily between
different environments, because the cells would not be any
more susceptible to mechanical perturbations in one me-
dium than in another. Maintenance of thickness even under
nutrient-poor conditions suggests that wall integrity is a
high priority, supporting the notion that cell-wall pathways
are critical for both shape maintenance and survival. Finally,
the recurrent theme of coupled synthesis and hydrolysis in
both elongation and sporulation suggests that these pro-
cesses generate mechanical forces that can be transduced
by the cell for a variety of morphogenetic programs that
should serve as the basis of future modeling research, with
the cell-wall growth machinery acting as a type of motor
that can drive not only proteins but also cellular-scale
structures, such as membranes, in a directed fashion. Our
approach of integrating a minimal model with physical
measurements provides insight into general cell-wall regu-
latory mechanisms that may also be applicable to many
walled organisms beyond Gram-positive bacteria.
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