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Cell walls define a cell’s shape in bacteria. The walls are rigid to resist
large internal pressures, but remarkably plastic to adapt to a wide
range of external forces and geometric constraints. Currently, it is un-
known how bacteria maintain their shape. In this paper, we develop
experimental and theoretical approaches and show that mechanical
stresses regulate bacterial cell wall growth. By applying a precisely
controllable hydrodynamic force to growing rod-shaped Escherichia
coli and Bacillus subtilis cells, we demonstrate that the cells can exhibit
two fundamentally different modes of deformation. The cells behave
like elastic rods when subjected to transient forces, but deform plasti-
cally when significant cell wall synthesis occurs while the force is ap-
plied. The deformed cells always recover their shape. The experimental
results are in quantitative agreementwith the predictions of the theory
of dislocation-mediated growth. In particular, we find that a single di-
mensionless parameter, which depends on a combination of indepen-
dently measured physical properties of the cell, can describe the cell’s
responses under various experimental conditions. These findings pro-
vide insight into how living cells robustly maintain their shape under
varying physical environments.

cell shape | dislocation | defects | peptidoglycan | elasticity

Biological systems exhibit many properties rarely found in con-
densed matter physics which are often caused by growth.

When coupled to mechanical forces, growth can drive a wide range
of cellular phenomena such as regulation of the eukaryotic cell
morphology by actin networks (1), collective behavior in tissues (2),
cell differentiation (3), and the shape and division of yeast and
plant cells (4, 5). Of fundamental interest as well as practical im-
portance is understanding the relationship between growth, form,
and structure of bacterial cell walls (6). Bacterial cell walls define
a cell’s morphology and maintain large internal (turgor) pressure.
Many antibiotics target them to efficiently hamper cell growth and
reproduction. As such, cell walls and their synthesis have been the
subject of extensive biochemical (7) and biophysical (6) studies in
the context of cell growth (8), cell shape (9), and cell division (10).
Despite a long history (11), however, we are still far from being

able to predict the shape or dimensions of any cells from first
principles based on the information obtained from studies so
far. Recent experimental work sheds new insights in this regard.
For example, bacteria can significantly deform when grown with
constraints (12, 13) and yet are able to recover their native shape
(13). However, the mechanism underlying deformation and re-
covery, as well as the cues which regulate cell wall growth, have
not been well-understood.
We have developed combined experimental and theoretical

methods to directly address how mechanical stresses are involved
in the regulation of cell wall growth. Our experimental approach
is illustrated in Fig. 1. Rod-shaped Escherichia coli or Bacillus
subtilis cells are inserted into snuggly fitting microchannels where
they are grown in a controlled environment (see Fig. S1). Fila-
mention is induced in these cells by suppressing division (see
Materials and Methods for further details).
The filamentous cell is subjected to precisely calibrated hydro-

dynamic forces. This simple approach has two notable advantages
to previous methods: (i) we can directly probe the mechanical
properties and responses of the cell walls noninvasively for a

wide temporal range (from <1 s to over 1 h), and (ii) we can
achieve force scales several orders of magnitude larger than
what is possible by optical traps (14) or atomic force micros-
copy (AFM) (15). Using this approach, we demonstrate that
the cells can exhibit two fundamentally different modes of
deformations and recover from them. The first mode is elastic
in that the cell recovers its shape as soon as the external force is
removed. The other mode is plastic and requires growth for
morphological recovery. The plastic deformations are due to dif-
ferential growth, as a result of varying mechanical stresses acting
on the cell walls.
We also provide a theoretical framework that quantitatively

explains our experimental findings. The basic idea is that exter-
nal forces are transduced to the activity of the cell wall growth
machinery. To explain shape deformations, we calculated the
effect of force transduction by extending the theory of disloca-
tion-mediated growth of bacterial cell walls (16). We found that
for pulse-like forces that are transient the cell walls respond
elastically in agreement with ref. 14. In contrast, if the duration
of applied forces is comparable or longer than the timescale of
cell wall growth, the force transduction causes differential growth
of the cell walls and plastic deformations as seen in ref. 13.

Results and Discussion
Cells Deform Elastically by Pulse-Like Forces. To show that our ap-
proach can accurately probe the mechanical properties of E. coli
and B. subtilis cells, we applied short pulses of hydrodynamic
force to cells and monitored their response (Fig. 2; also see Fig.
S2 for the algorithm used for image processing). For this, the
cells were grown in excess nutrients initially without flow. As the
cells formed long, straight filaments, we applied a series of pulse-
like flows. Each of these pulses lasted for less than 10 s so that
the effect of growth was negligible. In our setup, for the maxi-
mum flow rate used, the force on a cell (per length) was∼40 pN/μm.
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Thus, for filamentous cells, the force due to viscous drag is
significantly higher than forces achievable with optical tweezers. Fig.
2 and Movie S1 show our typical experimental result. The cells
bent transiently at each pulse, and fully recovered their shape im-
mediately after the applied force was removed.
We can explain the experimental results using the theory of

linear elasticity. In the theory, the long filamentous cell can be
thought of as a cylindrical beam that is bent by a hydrodynamic
force (Supporting Information; also see Fig. S3). Shown in Fig. 2B is
the comparison between data and theory for the tip position (thus
the degree of cell bending) of the cell during a representative
experiment in Fig. 2A. From these experiments, we extracted a

flexural rigidity of approximately 5× 10−20 N·m2, comparable to
the result of approximately 3× 10−20 N·m2 obtained by mechan-
ical manipulation of E. coli cells using optical traps (14). As-
suming a cell wall thickness of 4 nm, this corresponds to a Young’s
modulus of 30 MPa. It should be noted that the small mismatch
between the bacterium’s diameter and the width of the end of the
channel has to be taken into account (see Supporting Information
and Fig. S4 for further details). We also show in Supporting
Information that the turgor pressure does not contribute to the
restoring torque (Fig. S5). Similar experiments were performed
for B. subtilis (Fig. S6) giving a Young’s modulus of 20 MPa,
consistent with past results (17). From these results, we conclude
that both E. coli and B. subtilis cells respond to fast mechanical
perturbations as a linear elastic rod.

Plastic Deformations Require Growth and Long-Term Forces. The
elastic deformation and recovery of the cells from pulse-like forces
is consistent with the view that E. coli and B. subtilis cells can
be thought of as elastic cylindrical beams (14, 15). The linear
elasticity theory, however, cannot explain the observations that
bacteria can also deform plastically (12, 13). For plastic defor-
mations, we noticed that the cells in refs. 12 and 13 were grown
with geometric constraints for a duration comparable to or longer
than their mass-doubling time. Because these geometric con-
straints may exert forces on the cells, we hypothesized that ex-
ternal forces were transduced to the cell wall synthesis machinery
during growth. Therefore, force transduction may cause differential
growth of the cell wall, and, thus, shape deformation.
As a first step to testing our hypothesis, we grew the cells

with a constant hydrodynamic flow of the growth medium. The
filamentous cells grew into a curved shape because of contin-
uous hydrodynamic forces (Fig. 3). The curved shape of the cell,
however, was not easily distinguishable from the elastically de-
formed cells in Fig. 2. To confirm that the cells deformed plastically,
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Fig. 1. Illustration of the experimental approach. Single E. coli or B. subtilis
cells are inserted into microchannels 25 μm in length. The cross-section of the
microchannels is square (∼1.2 μm × 1.2 μm) and the cells fit snuggly. Cell
division is blocked to induce filamentation. The cells were grown typically
up to 50 μm during measurements. Controlled hydrodynamic forces are
exerted on the cells by the viscous drag of the growth media (Supporting
Information).
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Fig. 2. Cells are deformed elastically by pulse-like forces. (A) Microscopy images of the E. coli cell from Movie S1 taken at different stages of the experiment. The
cell initially grows straight out of the microchannel. We applied pulse-like flow to the straight cell repeatedly every several minutes (Upper). This resulted in com-
pletely reversible deformations (two examples are shown, Lower Left and Lower Right). (B) The tip positions (x, y) of the cell frommultiple experiments are compared
with the theoretical predictions of the linear elasticity theory (Supporting Information). An actual cell shape is superimposed on one of the theoretical curves.
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we abruptly switched off flow when the cells significantly bent.
The cells did not recover their straight shape immediately, i.e.,
they deformed plastically (Fig. 3A and Movie S2).
We repeated the experiments with nongrowing filamentous cells,

and the cells did not show plastic deformation despite the long-term
application of forces (Fig. S7). We conclude that plastic deformation
requires both cell wall synthesis and the application of forces for a
duration in which substantial cell wall synthesis can occur.

Elastic and Plastic Components of Deformation Can Be Decoupled.
The plastic deformation experiments in Fig. 3 unraveled an im-
portant feature of bacteria cell walls. As the external forces were
removed, the cells always partially snapped back. This is clearly
seen in the time trace of the cell’s tip position (Fig. 3B). The
partial snap-back suggests that the cell bending in Fig. 3 has both
elastic and plastic components. In other words, external forces
not only cause elastic bending, but may also lead to differential
growth which further bends the cell. The two components may be
decoupled by removing the external forces, upon which the elastic
component should vanish instantly.
To test our hypothesis, we developed a quantitative, phenom-

enological model that incorporated force transduction and growth.
We describe our model next and its comparison with data. We
found the data and theory in good quantitative agreement.

Theoretical Framework for Coupling Mechanical Stresses to Cell Wall
Growth.Our starting point for understanding the data is the theory
of dislocation-mediated growth that we developed recently (16,
18). The model was inspired by recent experimental observations
that, in both Gram-positive (19, 20) and -negative (21) bacteria,
actin homolog MreB proteins, associated with cell wall growth,
move processively along the cell’s circumference. Processive cir-
cumferential insertions resemble the climb of edge dislocations in

a 2D crystal (22), and thus one can use the well-developed theory
of dislocations from materials science.
In the previous versionof the growthmodel, we studied themotion

of dislocations on a perfect cylinder in the absence of external forces
(16, 23). Therefore, the previous version cannot account for defor-
mations. We extended our theory to allow for differential growth
by transduction of external stress to dislocations (growthmachinery).
In our theory, tensile (stretching) stress can have two different

effects: (i) increase the speed of processive motion of dislocations
(Fig. 4A) or (ii) reduce the activation energy for nucleation (Fig.
4B). Compressive stress will have the opposite effect. The forces
on the elongation machinery are given by the Peach–Koehler
force (24) acting on dislocations:

Fi = bkσjkeijz; [1]

where eijz is the Levi-Civita tensor, σjk is the stress tensor, and~b
the Burgers vector characterizing the dislocation.
For the cylindrical geometry of the cells in our experiment,

the theory predicts that the σyy component of the stress tensor is
the one which couples to the circumferential growth, where y is the
coordinate along the cell’s long axis (Fig. 1). As the cell grows in
the presence of a constant flow, the cell wall of thickness h, length l
(measured from the channel end to the cell tip), and radius r ex-
perience a position-dependent mechanical stress that depends on
its position in the cell (Fig. 4 and Fig. S8):

σyyðθÞ= f sinðθÞðy− lÞ2
2πr2h

; [2]

where θ is the azimuthal angle of the cylinder along the circum-
ference (θ= π=2 for the cell front facing the flow, and θ=−π=2
for the back), f is the force per unit length induced by the flow, y
is the position along the cylinder’s axis, and σyy is the mechanical
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Fig. 3. Decoupling the two fundamental modes of deformation. (A, Lower) At t = 0–16 min, an E. coli cell is growing in the presence of a constant flow for
a period comparable to the cell division time. The deformation represents the sum of elastic and plastic modes (Movie S2). At t = 17 min, as the flow is
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during the experiment and is comparable to that of nonfilamentous cells. (B) Scatter plot of the experimental results for the tip position as time progresses
through the snap-back experiment from A.
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stress induced by the flow. The surface directly facing the incom-
ing flow feels a tensile stress (a surface-stretching force), whereas
the other side feels a compressive stress (which acts to shorten the
distance between adjacent glycan strands). Accordingly, the cell
walls grow differentially, growing faster on the upstream side of
the flow. In our experiments, the external hydrodynamic force
would increase the Peach–Kohler force by 10 pN for the cell front
(at the channel end, for l= 10 μm), and decrease the force by the
same amount on the opposite side. This force is comparable, for
example, to the one generated by RNA polymerase (25). It is
also comparable to the force due to the turgor pressure (approx-
imately 30 pN for E. coli) (16), and thus we expect the mechan-
ical stress to significantly change the activation energy for
enzymatic reactions (see ref. 11, p. 165).
This differential growth leads to a dynamically deformed cell

shape. Due to the large aspect ratio of the filamentous bacteria

in our experiments, a relatively small asymmetry in growth leads
to a large angular deflection. In Supporting Information we show
that the angular deflection due to differential growth in a small
segment of the cell is given by

Δφ=
Δl
2r
; [3]

where Δl≡ ðdl1 − dl2Þ is the net difference on opposite sides of
the cell wall due to the asymmetric growth. Therefore, for a small
segment of length l the relative asymmetry Δl=l is amplified by
the aspect ratio l=2r. This amplification of differential growth
often appears in nature, in a diverse range of systems, such as
in the mechanics of plants and the human gut (26, 27).

Data Supports Anisotropic Mechanical Stress-Driven Differential
Growth of Cell Walls. A key result that emerged from our theory
is a single dimensionless parameter χ that quantifies the relative
contribution of the elastic and the plastic components of defor-
mation (Fig. S9). The parameter χ depends only on the intrinsic
physical parameters of the cell, independent of the experimental
conditions. We show in Supporting Information that

χ = pr=Yh; [4]

where p is the turgor pressure, r is the cell’s radius, Y is the
Young’s modulus, and h is the thickness of the cell wall. For
χ � 1, the elastic effects dominate, and there should be full
snap-back. For χ � 1, the nature of deformation is plastic, and
there would be no snap-back. We find χ is of order 1 for the
measured values for E. coli (Table S1), i.e., the snap-back should
be partial. B. subtilis also has a similar χ value because B. subtilis
has a proportionally thicker cell wall and higher turgor pressure
(Table S1).
Our predictions can be tested quantitatively by measuring the

magnitude of snap-back and relating it to χ. Note that the local
curvature is proportional to the local growth asymmetry on the front
and back sides of the cell. We find that the slope of the line con-
necting the tip and the hinge of the cell is a good measure for the
integrated differential growth [tanðϕÞ] (Fig. 4). With this, our theory
(Supporting Information) predicts that for small deflections the
angles before and after snap-back should be proportional, with
a slope depending on χ: Large values of χ imply a small slope
(because the relative importance of plastic deformations is smaller
for larger turgor pressure). Fig. 5 confirms this prediction and shows
the snap-back events of 33 E. coli and 33 B. subtilis cells performed
under eight different experimental conditions. As predicted, data
for each species collapse onto a master line regardless of the growth
medium, temperature, and Stokes force. The slope of the master
line is approximately 1=2, consistent with a value of χ of order unity.

Implications on Cell Shape Regulation. That our prediction is verified
by two species of bacteria as evolutionarily distinct as E. coli and B.
subtilis indicates that force transduction may have more general
biological consequences for growth. For example, recent studies
indicate that mechanical force plays a major role in cell shape de-
formation leading to tissue morphogenesis in higher organisms (28).
If mechanical stress regulates the rate of cell wall synthesis, it

should play a central role in shape regulation. On a cylinder the
circumferential stress due to turgor pressure is twice as large as the
stress along the cell’s long axis. This difference in stresses will provide
a natural cue for orienting the growth machinery and coordinating
glycan strand insertions. In Gram-positive bacteria, the stress regu-
lation will further lead to a constant thickness of the cell wall by
a negative feedback mechanism: The mechanical stress is inversely
proportional to the thickness of the cell wall, and thinner parts of the
cell wall will have larger stresses due to turgor pressure, leading to
enhanced local growth.
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Fig. 4. Illustration of the differential growth driven by coupling between
mechanical stress and cell wall synthesis. (A) Tensile (stretching) stress in-
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pressive stress has the opposite effect. Black arrows indicate the trajectories
of activated dislocations. (B) Similarly, tensile stress will lower the activation
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Note that, throughout the experiments, there were cell-to-cell
variations in the bending rates, which was about 30–50% of
the mean. This suggests that the variability of elastic constants
between different cells might be smaller than what was found in
earlier studies (14).

Conclusion
We have developed a simple experimental approach to directly
probe the mechanical properties of bacterial cell walls. Our
results indicate that the cell wall growth rate depends on the
mechanical stress, where faster growth is obtained for tensile
(stretching) stress. This mechanism is likely involved in shape
regulation and the maintenance of a stable rod-shaped cell over
time. We found that bending forces cause the cell walls to grow
differentially. The differential growth leads to persisting plastic
deformations, whose recovery requires cell wall synthesis. This is in
sharp contrast to the elastic deformations by pulse-like forces.
The elastic and plastic deformations represent two fundamen-

tal modes of cellular response to external mechanical forces,
and can be decoupled experimentally as predicted by our theory.
These effects can be revealed only by applying bending forces,
and cannot be studied by means which can only change the uni-
form pressures that have to exist inside and outside the cell walls
(e.g., osmotic shocks): Because cell wall growth is not the bottle-
neck for the cell growth rate (29), the growth rate is not dictated
by the cell wall synthesis rate.
In the future, it would be illuminating to study deformation

behavior in other types of bacteria such as tip-growers (30). Based
on the mechanism described here, unlike E. coli or B. subtilis, we
expect purely elastic deformations regardless of the duration of
applied external forces. At the molecular level, direct observa-
tion of the asymmetric growth would provide critical information
for the mechanism of cell wall synthesis. In particular, any changes
in the speed of the cell wall synthesis rate or nucleation rate
would be a direct test of our model. This would be a challenging

but experimentally feasible based on the technology available
to us (19–21). Finally, it would be fascinating to study similar
mechanisms in higher organisms. What is the role of forces in
guiding the vast diversity of organism shapes in nature? Pre-
vious works have shown the importance of mechanical forces
in controlling the shapes of mammalian cells, where the prop-
erties of the extracellular matrix can have a large effect on the
shape of the cells (31), their fate in differentiation (3), and tissue
morphogenesis (28).
The bacterial model system studied here provides insights into

the growth process itself, indicating that coupling of mechanical
forces should be taken into account to understand robust mor-
phological regulation of single-cell organisms.

Materials and Methods
To deform growing cells noninvasively by applying a well-defined force, we
used a microfluidic device, a “mother machine,” previously developed by
some of us (32). This device ensures balanced growth of individual cells for
hundreds of generations. Furthermore, by controlling the flow speed in the
device, the ambient buffer or the content of growth medium surrounding
the cells can be switched within fractions of a second (33). Thus, we can tune
the force applied to the growing cell because the force is directly pro-
portional to the speed of the flow and the size of the cell (34). The force
which we achieve in this setup far exceeds that attainable with AFM and
optical tweezers. Also, our technique provides much more control of the
applied forces in comparison, for example, with cells confined to microfluidic
chambers of fixed or deformable shape. In contrast to the work of Ref. 35,
we use a pressure-based pump rather than a syringe pump, which is
necessary to perform the snap-back protocol that was instrumental to
obtain our results.

For the purpose of our experiments, it was beneficial to work with fila-
mentous cells with cell division suppressed. We grew the cells typically up to
50 μm long. This allowed us to precisely monitor the deformation of the cells
in the presence of external mechanical forces. For the E. coli experiments, we
used strain MG1655 with sulA under an inducible promoter [a gift from
Debu Raychaudhuri (Tufts Medical School, Boston); see a description of the
plasmid pDB192 in ref. 36] and cytoplasmic YFP. SulA inhibits polymerization
of FtsZ, and upon induction with a 1-mM concentration of isopropyl β-D-1-
thiogalactopyranoside the cells became filamentous. YFP is constitutively
expressed to increase the signal-to-noise ratio of the images taken. For the
B. subtilis experiments, we used a YlaO (homolog of FtsW) knockout with
YlaO reinserted under a D-xylose inducible promoter (Pxyl) [a gift from
Michael Elowitz (California Institute of Technology, Pasadena, CA)]. This
strain is typically grown in the presence of 0.5% xylose; filamentation is
induced by removing xylose from the growth media.

We used the hydrostatic pressure due to the controlled height difference
between the inlet and outlet to control the flow through the device and
achieve short (subsecond) response times of the flow velocity, as we verified
using fluorescent beads. In Supporting Information we analyze the flow
profile through the microfluidic device, both analytically and experimen-
tally. We calculate the resulting forces and torques on the cell due to the
viscous flow, and provide details of the microscopy and image processing
algorithms used.

ACKNOWLEDGMENTS. We thank E. Garner, S. T. Lovett, S. Wang, N. S.
Wingreen, andA.Wright for stimulating discussions; and S. Taheri, C. Nurnberg,
E. Hanna, A. Kanagaki, Y. Caspi, D. Raychaudhuri, J. Bechhoefer, and the Nikon
Microscopy Center for their help with the experimental part of our research.
We are also indebted to A. Rotem and H. A. Stone for advice regarding the
microfluidics; and E. Efrati, J.W. Hutchinson, and J. Paulose for useful discussions
about mechanical aspects and differential growth. A.A. was supported by a
Junior Fellowship from the Harvard Society of Fellows and the Milton Fund;
work by D.R.N. was supported by the National Science Foundation (NSF) via
Grant DMR1005289 and through the Harvard Materials Research Science and
Engineering Center via Grant DMR0820484; and S.J. was supported by a Bauer
Fellowship (Harvard University), National Institute of General Medical Sciences
Grant P50GM068763 of the National Centers for Systems Biology, an Allen
Distinguished Investigator Award, a Pew Award, and an NSF CAREER Award.

1. Campàs O, Mahadevan L, Joanny JF (2012) Actin network growth under load. Biophys

J 102(5):1049–1058.
2. Janmey PA, Weitz DA (2004) Dealing with mechanics: Mechanisms of force trans-

duction in cells. Trends Biochem Sci 29(7):364–370.

3. Discher DE, Janmey P, Wang YL (2005) Tissue cells feel and respond to the stiffness of

their substrate. Science 310(5751):1139–1143.
4. Minc N, Boudaoud A, Chang F (2009) Mechanical forces of fission yeast growth. Curr

Biol 19(13):1096–1101.

1

0

s
o

p
t

3210

pre

E. coli LB 26C, 1x

E. coli LB 30C, 1x

E. coli LB+15% sucrose 30C, 1x

E. coli minimal medium 30C, 1x

B. subtilis LB 30C 1x

E. coli LB 30C 1/2x

E. coli LB 30C 1/4x

B. subtilis LB 30C 1/4x

perfectly plastic cell

perfectly elastic cell

partial snap-back

-snap-back tan

-s
n

a
p

-b
a

ck
 t

a
n

Fig. 5. Relative importance of elastic vs. plastic modes. The snap-back of the
cell upon switching off the flow (Fig. 3), parameterized in terms of the slope
of the tip position, as measured for 66 cells (33 E. coli and 33 B. subtilis) in
differing growth conditions [see the key in the figure for growth media,
temperature, and flow rate (1× being the maximal flow rate)]. For each
snap-back, we quantified its magnitude by measuring the deflection angle ϕ
of the tip before and after the snap-back. The snap-back angle is approxi-
mately proportional to the initial angle of deflection when the angles are
small, confirming the prediction of the dislocation-mediated growth theory
(Supporting Information). The ∼1/2 slope shows that the contributions by
the two fundamental modes of deformation (elastic vs. plastic) are compa-
rable with one another, regardless of the temperatures and growth con-
ditions. Error bars are propagated from the uncertainty in calculating cell tip
and channel end positions during image analysis.

Amir et al. PNAS Early Edition | 5 of 6

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S
BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1317497111/-/DCSupplemental/pnas.201317497SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1317497111/-/DCSupplemental/pnas.201317497SI.pdf?targetid=nameddest=STXT


5. Aharoni H, Abraham Y, Elbaum R, Sharon E, Kupferman R (2012) Emergence of sponta-
neous twist and curvature in non-euclidean rods: Application to Erodium plant cells. Phys
Rev Lett 108(23):238106.

6. Sun SX, Jiang H (2011) Physics of bacterial morphogenesis. Microbiol Mol Biol Rev
75(4):543–565.

7. Lovering AL, Safadi SS, Strynadka NCJ (2012) Structural perspective of peptidoglycan
biosynthesis and assembly. Annu Rev Biochem 81:451–478.

8. Scheffers DJ, Pinho MG (2005) Bacterial cell wall synthesis: New insights from locali-
zation studies. Microbiol Mol Biol Rev 69(4):585–607.

9. Young KD (2010) Bacterial shape: Two-dimensional questions and possibilities. Annu
Rev Microbiol 64:223–240.

10. den Blaauwen T, de Pedro MA, Nguyen-Distèche M, Ayala JA (2008) Morphogenesis
of rod-shaped sacculi. FEMS Microbiol Rev 32(2):321–344.

11. Koch AL (2001) Bacterial Growth and Gorm (Springer, Berlin).
12. Takeuchi S, DiLuzio WR, Weibel DB, Whitesides GM (2005) Controlling the shape of

filamentous cells of Escherichia coli. Nano Lett 5(9):1819–1823.
13. Männik J, Driessen R, Galajda P, Keymer JE, Dekker C (2009) Bacterial growth and

motility in sub-micron constrictions. Proc Natl Acad Sci USA 106(35):14861–14866.
14. Wang S, Arellano-Santoyo H, Combs PA, Shaevitz JW (2010) Actin-like cytoskeleton fila-

ments contribute to cell mechanics in bacteria. Proc Natl Acad Sci USA 107(20):9182–9185.
15. Yao X, Jericho M, Pink D, Beveridge T (1999) Thickness and elasticity of gram-negative

murein sacculi measured by atomic force microscopy. J Bacteriol 181(22):6865–6875.
16. Amir A, Nelson DR (2012) Dislocation-mediated growth of bacterial cell walls. Proc

Natl Acad Sci USA 109(25):9833–9838.
17. Tuson HH, et al. (2012) Measuring the stiffness of bacterial cells from growth rates in

hydrogels of tunable elasticity. Mol Microbiol 84(5):874–891.
18. Nelson DR (2012) Biophysical dynamics in disorderly environments. Annu Rev Biophys

41:371–402.
19. Garner EC, et al. (2011) Coupled, circumferential motions of the cell wall synthesis

machinery and MreB filaments in B. subtilis. Science 333(6039):222–225.
20. Domínguez-Escobar J, et al. (2011) Processive movement of MreB-associated cell wall

biosynthetic complexes in bacteria. Science 333(6039):225–228.

21. van Teeffelen S, et al. (2011) The bacterial actin MreB rotates, and rotation depends
on cell-wall assembly. Proc Natl Acad Sci USA 108(38):15822–15827.

22. Hirth JP, Lothe J (1982) Theory of Dislocations (Wiley, New York).
23. Amir A, Paulose J, Nelson DR (2013) Theory of interacting dislocations on cylinders.

Phys Rev E Stat Nonlin Soft Matter Phys 87(4):042314.
24. Peach M, Koehler JS (1950) The forces exerted on dislocations and the stress fields

produced by them. Phys Rev 80:436–439.
25. Wang MD, et al. (1998) Force and velocity measured for single molecules of RNA

polymerase. Science 282(5390):902–907.
26. Liang H, Mahadevan L (2011) Growth, geometry, and mechanics of a blooming lily.

Proc Natl Acad Sci USA 108(14):5516–5521.
27. Savin T, et al. (2011) On the growth and form of the gut. Nature 476(7358):57–62.
28. Guillot C, Lecuit T (2013) Mechanics of epithelial tissue homeostasis and morpho-

genesis. Science 340(6137):1185–1189.
29. Scott M, Gunderson CW, Mateescu EM, Zhang Z, Hwa T (2010) Interdependence

of cell growth and gene expression: Origins and consequences. Science 330(6007):
1099–1102.

30. Brown PJ, Kysela DT, Brun YV (2011) Polarity and the diversity of growth mechanisms
in bacteria. Semin Cell Dev Biol 22(8):790–798.

31. Jiang X, et al. (2002) Controlling mammalian cell spreading and cytoskeletal arrange-
ment with conveniently fabricated continuous wavy features on poly(dimethylsiloxane).
Langmuir 18(8):3273–3280.

32. Wang P, et al. (2010) Robust growth of Escherichia coli. Curr Biol 20(12):1099–1103.
33. Pelletier J, et al. (2012) Physical manipulation of the Escherichia coli chromosome

reveals its soft nature. Proc Natl Acad Sci USA 109(40):E2649–E2656.
34. Berg HC (1993) Random Walks in Biology (Princeton Univ Press, Chichester, UK).
35. Caspi Y (2014) Deformation of Filamentous Escherichia coli Cells in a Microfluidic

Device: A New Technique to Study Cell Mechanics. PLoS ONE 9(1):e83775.
36. de Boer PA, Crossley RE, Rothfield LI (1990) Central role for the Escherichia coli minC

gene product in two different cell division-inhibition systems. Proc Natl Acad Sci USA
87(3):1129–1133.

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1317497111 Amir et al.

www.pnas.org/cgi/doi/10.1073/pnas.1317497111


Supporting Information
Amir et al. 10.1073/pnas.1317497111
Microfluidics Setup
The central element of the experimental setup consists of a
microfluidic device (the “mother machine”), with dimensions that
match well those of the bacteria (width and height of ∼1 μm,
matching the bacteria’s diameter) (Fig. 1). Details of the fabri-
cation of the devices are described elsewhere (1).
In contrast to the work of ref. 1 where the robustness of the

growth was studied and the bacteria were constantly dividing, here
we suppress the cell division by regulating proteins involved in
the division machinery (SulA for Escherichia coli and YlaO for
Bacillus subtilis), after inserting the cells into the microchannels.
Upon filamentation, a single bacterium will fill the 25-μm long
channels, and upon further growth, part of the bacterium will be
exposed to the flow in the main chamber of the microfluidic de-
vice (Fig. 1). In most experiments the flow was of LB broth, which
was also used to supply the bacteria with nutrients, but we have
also done the experiments using minimal and synthetic rich media
(Fig. 5). Next, we will characterize the flow and calculate the
resulting forces on the bacteria.

Mapping the Flow Field
Throughout the experiment, the Reynolds number is low enough
(∼ 10−2) such that the flow is laminar. The bacteria reside very
close to the surface, though, where the velocity vanishes, and for
this reason it is important to accurately characterize the profile
of the flow through the device. In the experimental setup, the
pressure on the device is controlled. For a given pressure differ-
ence, the flow through the device can be analytically expressed as
an infinite series (2). Fig. S1A shows the theoretical expectation
for the flow through a cross-section of the main channel.
We mapped the flow with spinning-disk confocal microscopy,

using fluorescent beads with a diameter of 20 nm and an exposure
time of 2 ms. We extracted the velocity profile from the lengths of
the tracks left by the beads. A comparison of the measurement
and the theoretical expectations, with no fitting parameters, is
shown in Fig. S1B.
To estimate the drag force on a bacterium (per unit length), we

use the exact solution for the viscous drag force (per unit length)
on a cylinder residing on a surface (3):

f = 4πηr
∂v
∂z
; [S1]

where r is the bacterium’s radius and ∂v=∂z is the gradient of the
velocity profile close to the surface far away from the cell (where
the flow velocity is approximately linear in height above the sur-
face). In our setup, the force is ∼40 pN/μm. In this configuration,
the net lift on the cell due the flow can be shown to vanish, but
there is a nonvanishing torque per unit length due to the flow (3):

τflow = 6πηr2
∂v
∂z
: [S2]

This torque leads to a nonvanishing σxy component of the stress
tensor. This component, however, is not expected to couple to the
cell wall growth and can therefore be neglected. Moreover, the
resulting shear stresses obey σxy2πr2 = τflow, and are significantly
smaller than the σyy stress which we shall later calculate. Simi-
larly, σxx due to the flow is also negligible.

Microscopy and Image Analysis
We used a Nikon TI microscope, with fluorescence light provided
by the Lumencore Spectra X arc lamp and a 100× objective. We
used the Nikon Perfect Focus system to maintain the cells in
focus during each measurement, which typically lasted for
30–60 min for each field of view. Phase contrast images were taken
every 1 s, and fluorescent images with a YFP filter were taken
every 20 s, to minimize the effects of phototoxicity (in Figs. 2A and
3A we show that exponential growth with the physiological growth
rate is achieved for these conditions: slightly less than 30 min in
Fig. 2A and approximately 40 min in Fig. 3A). For this reason
exposure times were chosen as minimal ones that provide good
signal-to-noise ratios (SNRs). These were typically 100 ms for the
phase contrast images and 20–40 ms for the fluorescent images.
We implemented an image-processing algorithm to track the

shape of the cell as a function of time, which was optimized for the
purposes of our experiment. The phase contrast images were used
to initially find the location of the end of the microchannel (not
visible in the fluorescent images), manually. For the image pro-
cessing, only the fluorescent channel images were used, due to their
superior SNR (which was typically between 3 and 5 when com-
paring the center of the bacterium and the noise level). The
algorithm is described in the following.

i) Starting at the end of the microfluidic channel, the position
along the cell is followed, where at each running step we keep
track of the direction of the local tangent to the cell. Initially,
the tangent is pointing in the y direction, as shown in point A
in Fig. S2.

ii) At every step of the algorithm, the first approximation to the
next tracking point is chosen by taking the current pointer
position and advancing it by a small increment (0.067 μm, cor-
responding to one pixel) in the direction of the current tangent.

iii) The intensity profile is extracted in a line perpendicular to the
tangent (see for example the line next to point B in Fig. S2 and
Fig. S2, Inset showing the corresponding intensity profile).
The length of the perpendicular segment is chosen as 1 μm,
to match the bacteria’s diameter—we shall define it as the
“search range.” The center of mass of the intensity in the
search range is calculated, to minimize the fluctuations,
which is chosen as the new pointer position.

iv) The new tangent can now be chosen as the difference be-
tween the updated pointer and the pointer from previous runs,
where, to avoid large local fluctuations due to noise, we
choose to compare two pointers separated by 20 runs (cor-
responding to ∼1 μm).

v) To find the tip of the bacteria, we define the noise level as the
median of the intensity over the entire field of view, and in
the previous tracking algorithm we demand that the average in-
tensity over the search range should be greater than a threshold
of SNR = 3.

vi) When the signal goes below the threshold, implying we have
reached the end of the bacterium, we fit a fourth-order poly-
nomial to the extracted shape, and use the smooth polynomial
to calculate the contour length of the bacterium.

Theory of the Elastic Deformations
The Young modulus of peptidoglycan was estimated in refs. 4 and
5 to be of the order of Y = 3× 107 N/m2. The thickness of the cell
wall, h, is of the order of 2  to  4 nm. In a similar fashion to the
usual derivation of the deformation of an elastic rod, we can
calculate the elastic deformation of a hollow rod of thickness
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h � r, subject to a constant force per unit length perpendicular
to its axis of symmetry. This is equivalent to the problem of a rod
being deformed under its own weight, with one fixed end and
one free end (ref. 6, p. 81). We outline the details of the cal-
culation, because part of the reasoning will also be relevant to
the discussion of the irreversible deformations in Theory of
Plastic Deformations. A key ingredient is the (geometric) con-
nection between the local radius of curvature and the local
strains. As illustrated in Fig. S3, for a given radius of curvature
RðyÞ at a given point y along the cell, the strain on a smaller
region of the outer part of the cell wall will be given by

δl
dl

=
dl2 − dl1
Rdφ

≈ 2r=R; [S3]

where dl=Rdφ is the arc traversed by the centerline.
Here, we assume that the strains vanish for a straight cell, an

assumption that will not hold when we will consider asymmetric
insertions in Theory of the Plastic Deformations. We also assumed
that the strains are small, which does not imply that the deflec-
tions are small—for a cell with a large aspect ratio, one can have
small strains throughout the cell leading to an overall large an-
gular deflection. The typical deflections δðyÞ calculated below are
in the range r � δðyÞ � l, where l is the protruding length of the
bacterium. In the regime of linear elasticity, the strains are pro-
portional to the stresses. The surrounding viscous flow creates pri-
marily a σyy component of the stress tensor within the cell wall (see
Fig. 1 for the definition of the coordinate system), which can be
found from the condition that the torques created by them must
compensate for the torque created by the external forces. We
proceed to express the extra stress at a point with coordinate y
along the centerline of the cell’s long axis and azimuthal angle
θ, in terms of the flow parameters (see Fig. S8 for the definition
of θ). Using the linear relation of stress and strain in a hollow
rod (6), we expect that for small deformations

σyyðθ; yÞ≈Yr   sinðθÞ RðyÞ;= [S4]

where RðyÞ is the local radius of curvature (not to be confused
with the radius of the bacteria, r), and Y is the Young modulus of
the cell wall. Upon balancing the torque induced by this stress
with the external torque at position y, τðyÞ, we find that

τðyÞ= Y   I
RðyÞ; [S5]

where I is the moment of inertia of a cross-section, which for our
case is found to be I = πr3h [this result can also be obtained by
differentiating the formula for a solid cylinder, Is = ðπ=4Þr4]. Note
that the moment of inertia is a mathematical analogy with the
theory of rigid bodies, a notation commonly used in the theory of
rod elasticity. Y   I is known as the flexural rigidity. For a constant
force per unit length f we find that the stresses within the cell
wall are

σyyðθ; yÞ= f sinðθÞðy− lÞ2
2πr2h

: [S6]

This result should be multiplied by the thickness h if one is in-
terested in the 2D stress. Indeed, one can check directly that the
torques arising from these stresses at a cross-section at point y
are equal to the total torque due to the force f integrated along
the segment ½y; l�. Upon combining Eqs. S6 and S4, the resulting
curvature is given by

1
�
Rð yÞ≈ f ð y− lÞ2

2Y   I
: [S7]

We note from differential geometry that the radius of curvature
can be expressed in terms of the horizontal deflection of the
bacterium δðyÞ, as

1
R

=
δ″�

1+ δ′2
�3=2: [S8]

Upon neglecting the δ′ term in the denominator, valid for weak
deflections, and focusing on the case of a constant force along
the cell, we obtain a linear equation that can be readily inte-
grated to give the resulting deflection of a point y along the
cylinder. Under the assumption of a vanishing derivative at the
end of the microchannel, we find that

δðyÞ= fy2
�
y2 − 4ly+ 6l2

�
24Y   I

: [S9]

Thus, the maximal deflection δmax = δðy= lÞ is given by

δmax

l
=

fl3

8Y   I
: [S10]

We conclude that the horizontal deformation of the tip δðlÞ is
approximately proportional to l4, where l is the length of the cell
exposed to the force. Based on the data in Fig. 2B, we were able
to calculate the stiffness of the E. coli cells, and extract a flexural
rigidity of 4× 10−20   to  6× 10−20 N·m2. This result is similar to
that obtained by very different methods, such as atomic force
microscopy (4) and recent work in which the cells were tran-
siently deformed by optical traps (7). It should be pointed out
that even though the perpendicular deflections are significant,
the local strains and stresses are in fact small. Thus, it is justified
to assume that we are in the regime of linear elasticity. Due to the
large aspect ratio of the filamentous bacteria, whose length l is
much larger than their radius r, the deflections are enhanced by
a factor of l=r.
Recently, bending of elastic fibers in a flow was studied, ex-

perimentally and theoretically, albeit in a different regime of
parameters where the flow is highly confined and the fiber blocks
most of it (8).

The Effect of the Bacterium/Microchannel Mismatch on
Elastic Measurements
The previous analysis of the elastic deformations assumed a
boundary condition with the cell fixed at the end of the micro-
channel, i.e., that the tangent to the cell centerlinewould be parallel
to the microchannel there. However, looking at a typical cell (for
example, Fig. S4) shows that there can be a finite derivative
δ′ðy= 0Þ= a there, due to the small mismatch between the cell
diameter and the channel diameter at the end of the microchannel,
which we denote by Δ.
We will find a by analyzing the forces and torques, show that

the assumption of a cell fixed at the microchannel end is an ex-
cellent one for the longer cells, and account for the deviations for
the shorter cells.
The torque balance for the part of the cell outside the micro-

channel implies that y″ is still given by Eq. S7, and thus the shape
of the cell is given by

δðyÞ= fy2
�
y2 − 4ly+ 6l2

�
24Y   I

+ ay; [S11]

Amir et al. www.pnas.org/cgi/content/short/1317497111 2 of 10

www.pnas.org/cgi/content/short/1317497111


where a is yet to be determined. For the part of the cell inside
the microchannel, external forces F1 and F2 are only applied at
two points (shown in Fig. S4). The derivative at the point where
F2 is applied vanishes (because the cell is tangent to the mi-
crochannel there), so the position of the centerline of the cell
is given by the usual solution of a beam bent by an external
force (6, 7):

δðyÞ= F2

Y   I

 
y0ðy0 + yÞ2

2
−
ðy0 + yÞ3

6

!
;  − y0 ≤ y≤ 0 [S12]

where y= 0 corresponds to the end of the microchannel. We
therefore have

Δ=
F2

3Y   I
y30: [S13]

However, both F2 and y0 are unknown. We fix these quanti-
ties by considering the torques around the end of the micro-
channel:

F2 y0 = τ=
Z l

0

fl′dl′= fl2
�
2: [S14]

Upon eliminating F2 from Eqs. S13 and S14, we find that

1
3Y   I

y20 =
Δ
τ
: [S15]

Hence

y0 =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3Y   IΔ

τ

r
;   F2 = y0=τ=

2y0
fl2

: [S16]

Because the derivative at the end of the microchannel is contin-
uous, we have

a=

ffiffiffiffiffiffiffiffiffiffi
3Δτ
4Y   I

r
=

ffiffiffiffiffiffiffiffiffiffiffi
3Δfl2

8Y   I

s
: [S17]

For the case of a perfect match between the bacterium and
the microchannel diameter (Δ= 0), the maximal deflection was
given by

δmax =
fl4

8Y   I
: [S18]

The corrected maximal deflection will now be

δmax =
fl4

8Y   I
+ l2

ffiffiffiffiffiffiffiffiffiffi
3fΔ
8Y   I

r
: [S19]

The correction is negligible for long enough cells, l≥ ð24Y · I=f Þ1=4,
but becomes significant for short cells. It is also possible to take
into account a nonuniform force per unit length outside the
channel: In this case, the force per unit length f and torque τ
must be recalculated as a function of position on the cell. The
deflection can then be calculated by numerical integration. Fig.
2B uses this more general procedure when modeling the elastic
deformations:

i) We use the full solution for the flow profile to calculate the
force per unit length at every point along the cell, and the
resulting torques at every point.

ii) We solve the elastica problem for this torque distribution, and
find the resulting deflection by integrating the equations nu-

merically, including the nonlinear terms due to the denomi-
nator of Eq. S8.

For stiff, long cells using Eq. S19 with a constant force per unit
length f ≈ 40 pN/μm would be an excellent approximation because
the flow would be approximately constant and the deformations
of stiff cells would be still small such that the nonlinear con-
tributions are insignificant. This is the case for the data shown
in Fig. S6.

Simple and Noninvasive Measurements of Young’s Modulus
Transient bending by pulse-like forces provide simple, nonin-
vasive means to directly measure the elastic properties of living
bacterial cells. Fig. S6 shows the maximum deflection δmax vs. the
length (l) of the cells exposed to the force. The solid red line is
the fit using a full theoretical flow profile in Fig. S1, and we
obtained the flexural rigidity Y   I ≈ 2:4× 105   pN · μm2. This im-
plies Y ≈ 20:4 MPa for a cell radius r= 0:5 μm and a cell wall
thickness h= 30 nm, in good agreement with past measurements
which found Y = 10–50 MPa (9–11).
We also used Eq. S19 to fit both the average force per unit

length, f, and the flexural rigidity (Δ can be measured directly
from Fig. S4). We obtain a fit that is virtually identical to the full
flow result (Fig. S6). For Δ= 0:5 μm, we find f ≈ 41:2 pN/μm and
Y   I ≈ 2:1× 10−19 N·m2. With the same assumptions from above
we find Y ≈ 19:9 MPa, consistent with the results using the full
flow profile. This suggests that our flow-based scheme of im-
parting force may provide a simple and robust measurement of
the Young’s modulus of various bacteria.

The Lack of Torque Due to Turgor Pressure
Turgor pressure creates no torque on the cell, and for this reason
need not be taken into account throughput the analysis. To show
this, consider an integral over the closed red cross-sectional con-
tour surface sketched in Fig. S5. The force and torque due to
these forces must vanish because the material inside is in me-
chanical equilibrium. In the analysis of cell wall deformations, one
has to find the torque exerted on the cell wall by external forces.
The contribution to this torque by the turgor pressure around
point A in Fig. S5, for example, is exactly that associated with the
above contour, except for the missing additional torque associ-
ated with the flat surface inside the cell (denoted by the dashed
line in the figure). The forces there, however, give rise to a negli-
gible torque because they have no lever arm. We conclude that
the torque due to turgor pressure around any point along the cell
would vanish. The only effect of the pressure is thus to create
large stresses σxx and σyy in the cell wall.

Theory of the Plastic Deformations
We will now estimate the rate of bending due to the asymmetric
synthesis of cell wall as a response to an external stress (due to
the viscous flow). This asymmetry gives rise to an additional
bending mechanism, which is irreversible because it involves
the remodeling of the peptidoglycan mesh. We will assume that
we are still in a regime where the bending is relatively small, so we
can use the previous results for the flow around a straight cyl-
inder, and for the forces on a slightly deformed rod. For sim-
plicity of the analysis, let us start by assuming that the Young
modulus is large enough such that elastic bending is negligible;
we shall see that even for Y →∞ the plastic bending is finite. In
Shape of a Plastically Deformed Cell we will explain how the
calculation can be extended to take both elastic and irreversible
plastic deformations into account.
Consider a cross-section of the bacterium, at a distance y

away from the end of the microchannel, as illustrated in Fig.
S8. The 2D stress due to the turgor pressure p is independent
of θ, and given by σ0yy = pr=2. Eq. S6 shows that the additional
stress σyy due to the viscous drag is positive for 0< θ< π,
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corresponding to the stretched part of the rod, and negative
otherwise. The maximal relative change in the stress occurs at the
points θ= ± π=2 and y= 0 (corresponding to the end of the mi-
crochannel) and equals

Δσ
�
σturgor = ±

fl2

πpr3
: [S20]

Upon inserting the numbers for a relatively long filamentous bac-
terium of length 10 μm, we find a ratio of order unity. Thus, the
flow can induce significant changes in the stress, for long cells.
We shall now invoke the formalism of the dislocation-mediated

growth developed in ref. 12, which hinges on the fact that new ma-
terial is inserted circumferentially via the rotating strand-extension
centers. The σyy stress induces a Peach–Koehler force on an edge
dislocation with a Burgers vector in the y direction, acting in a tan-
gential direction (in the xz plane), F = bσyy, as discussed in Theoret-
ical Framework for Coupling Mechanical Stresses to Cell Wall Growth
in the main text. This force acts in addition to the always-positive
stress σ0yy due to turgor pressure. Tensile stresses enhance growth
whereas compressive stresses inhibit it. Under the assumption that
the additional stresses are small compared with that due to turgor
pressure, we can Taylor expand the dependence of local growth rate
on stress, and find

Δg=g = f
h
σyy
.
σ0yy

i
≈ α

σyy
pR=2

; [S21]

where the coefficient α multiplying the excess stress σyy due to bend-
ing is expected to be of order unity. Upon inserting the additional
stress when a force f per unit length is exerted on the cell, we find that

Δg=g≈ α
fl2

2πpr3
; [S22]

(where we take y= l=2).
This differential growth, accumulated over time, will turn out to

giveanonnegligibleplasticdeflectionevenwhenΔg=g � 1,duetothe
large aspect ratio of the filamentous bacterium. The bending of
the cell will be such that the additional strains corresponding to the
bendingwill compensate thosedue to thedifferential growth:Locally,
the ratio of arcs dl2=dl1 in Fig. S3 should correspond to the relative
amount of material incorporated into the cell wall. Let us denote the
integrated differential growth arising Eq. S22 by Δl. The radius of
curvature R resulting from the differential growth (Fig. S3) obeys

Δl=dl≈ ðdl2 − dl1Þ=dl1 = 2r=R; [S23]

leading to a curvature κ≡1=R= 1
2rΔl=dl. The angle dφ resulting

from this differential growth obeys Rdφ= dl, hence

dφ=
dl
2r

Δl=dl: [S24]

Indeed, we find that the relative growth asymmetry of Δl=dl is en-
hanced by the geometrical factor of dl=2r. For a long cell with a con-
stant differential growth, this factor would correspond to half the
aspect ratio. Note, however, that this argument gives the local curva-
ture due to differential growth, which in our experiments is non-
constantalong the lengthof the cell.These results canbealsoobtained
via differential geometry, by considering the Gaussian curvature as-
sociated with the nonuniform metric due to differential growth.
We thus expect that as the bacterium grows to length l, the

angle associated with the plastic bending (as long as it is small)
should scale as

ϕ∝
Δl
l

l
2r

∼
fl3

pr4
: [S25]

Upon comparing this angle to that of the elastic deformations
(Eq. S10), we find that both elastic and plastic effects have the
same scaling with l, allowing for a quantification of their relative
importance in terms of a single dimensionless parameter:

χ ≡
pr
Yh

: [S26]

For large enough Y, the plastic effect dominates over the
elastic one. With estimated values for E. coli, we find that χ
is of order unity, implying that elastic and plastic effects are of
the same order of magnitude. Thus, one has to solve the
coupled problem, without separating the discussion into an
elastic and plastic part, as we have so far. For bacteria with
stiffer cell walls, we expect the plastic effect to dominate over
the elastic one.
Finally, we note that when going from Eq. S22, giving the in-

stantaneous relative growth, to the integrated asymmetry Δl, one
should also take into account the effect of a finite processivity,
which in the absence of differential growth would lead to an ex-
ponential decay of the curvature (13). The accumulated relative
differential growth ρ≡Δl=dl obeys

dρ
dt

=−λρ+ α
σyy
pR

λ; [S27]

where λ is the growth rate [i.e., the doubling time equals td =
logð2Þ=λ], the first term corresponds to the dilution effect due to
the finite procreativity (taken as infinite in the above equation, for
simplicity), and the second term corresponds to Eq. S21.

Straightening After Snap-Back
The straightening described in the main text (Fig. 3 and Movie
S2) is in sharp contrast to the results of ref. 14, where curved,
arc-shaped cells taken out of microfluidic channels do not seem
to straighten as they grow, but rather, maintain a self-similar shape
with a slowly decreasing radius of curvature as they become larger.
In fact, the latter is precisely what is expected from circumferential
insertions with long processivity (15, 16): Circumferential in-
sertions would dilute the asymmetry due to differential growth and
thus lower the curvature, yet because the cell grows longer, the
shape can be shown to be self-similar. Taking into account a finite
processivity of insertions would make the decay of the curvature
slower (13). Therefore, if processive insertions alone are respon-
sible for straightening, during continued growth the tip should
move toward the bending direction (→). In contrast, the cells after
the partial snap-back, however, actually move toward (←) the
channel the bent cell is embedded in (Fig. 3B).
Note that due to the turgor pressure, the stress on the cell wall

during the straightening process is nonuniform, and one should
also take the coupling of the stress distribution to the growth.
However, when a cell is deformed, the stress component along
the bacterium’s long axis (σyy) remains approximately constant,
whereas it is the circumferential component of the stress tensor
that is modified, in a manner proportional to the curvature of the
bent cell (13, 17). There are no indications that this stress com-
ponent is coupled to the growth process. We therefore conclude
from our experiments that another mechanism is at play, which
makes the cell straightening significantly faster in the absence of
mechanical forces. One possibility is a curvature-sensing mecha-
nism that has been discussed in the context of protein localization
in bacteria (18). A second mechanism is the appearance of residual
stresses due to the differential growth in the first stage of the ex-
periment: The combination of turgor pressure and the differential
growth can lead to residual stresses in the cell wall, which remain
even after the flow is turned off, and are in general nonuniform.
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Plastic Deformation Relies on Cell Growth
In themain text we demonstrate that plastic deformation of growing
cells results from the application of flow-generated hydrodynamic
force over extended periods of time. We further demonstrate that,
in the time after the flow is stopped, the cells straighten as they
grow.We attribute this behavior to a dislocation-mediated growth
mechanism in which anisotropic stresses give rise to varying cell
wall synthesis rates which leads to plastic deformation.
A remaining possibility, however, is that this plastic deforma-

tion is disconnected from growth and the cell wall passively
reorganizes (deforms) in response to the anisotropic stresses.
To eliminate this mechanism we ran two separate controls. First,
we show that nongrowing cells do not plastically deform after
extended application of flow (Fig. S7A).
Second, we demonstrate that cells grown in (and plastically

deformed by) flow do not straighten over time (Fig. S7B). Taken
together and in contrast to Fig. 3, these experiments indicate that
the plastic deformation quantified in this paper is connected to
growth of the cell, consistent with a dislocation-mediated growth
mechanism.

Shape of a Plastically Deformed Cell
We have shown above that filamentous bacteria will have signifi-
cant elastic as well as irreversible bending at a length 10–20 μm. In
this section we explain how both of the effects can be quantita-
tively combined to calculate the shape of the cell at a given point.
For the elastic effect, the radius of curvature at a given point is

proportional to the strain at that point. For the irreversible effect,
it is proportional to the nonuniformity in insertion rates on the
two sides of the bacterium (relative to the flow direction). Be-
cause both effects turn out to be of the same order of magnitude
for the experimentally relevant case, we have to consider both
contributions simultaneously. Upon repeating the previous argu-
ments, we find that

1
RðyÞ=

1
ReðyÞ+

1
RiðyÞ; [S28]

i.e., the curvature is the sum of the elastic (reversible) and growth-
induced (irreversible) contributions. The elastic contribution is
given by Eq. S5:

1
ReðyÞ=

τðyÞ
Y   I

; [S29]

where τðyÞ is the torque due to the flow, whereas the growth-
related contribution is given by Eq. S23:

1
RiðyÞ=

1
2r

ΔlðyÞ
dl

: [S30]

We can now quantitatively analyze the experimental scenario:
At every point in time we calculate the resulting torque τ due
to the flow. This torque gives rise to an elastic curvature (as
quantified in Eq. S29), which is an instantaneous effect. It will
also give rise to a nonuniform insertion rate, which, integrated
over time (Eq. S27), will give rise to the irreversible component
of the curvature (as quantified in Eq. S30). Note that a given
point on the cell elongates exponentially in time, and that when
calculating the accumulated asymmetry Δl=dl at a given point we
have to follow the path of the point over time, and integrate the
contribution of the stresses at different points in space and time,
associated with the “history” of that part of the cell wall. For
example, the part of the bacterium which is close to the end of
the side channels had no stress on it while it was in the channel,
and for this reason accumulated no asymmetry: It will have no
radius of curvature associated with the irreversible effect. It will
have, however, the maximal radius of curvature associated with
the elastic contribution because the torque at that point is
maximal. Fig. S9 shows the relative contributions of both ef-
fects, for realistic experimental parameters.
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Fig. S1. (A) The results of the analytical solution for the flow through the device. A green bacterial cell protruding approximately 20 μm into the chamber is
superimposed on the flow field at the lower left. (B) Comparison of the measured flow profile, averaged over the width of the device (along the y axis), vs. the
theoretical expectation for a pressure difference of 3 kPa. The error magnitude was determined according to the uncertainty in determining the position of
the beads used to map the flow.

Fig. S2. Schematic illustration of the image processing algorithm used for the analysis. Shown is a raw fluorescent image, adjusted in Adobe Photoshop using
autolevels for clarity. Starting at point A (the end of the microchannel), at each point the direction of the local tangent is kept [initially in the direction of the
microchannel (yellow arrow)]. The intensity profile in a narrow strip perpendicular to the tangent is calculated (Inset showing the profile associated with point
B, reached by the algorithm in a later step), and its center of mass is used to update the next point as well as the tangent vector.

R2r

centerline

Fig. S3. A small section of a bent cell.
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Fig. S4. Forces on a bacterium confined in a channel.
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Fig. S5. Turgor pressure exerting forces on a closed contour just inside the cell wall of a protruding bacterium. Cross-section of a growing bacterium; p
denotes the turgor pressure acting on the cell wall. In the text, the torque around point A due to the turgor pressure is calculated, and is shown to vanish. (The
dotted line is an aid to the argument used in the proof.)

Fig. S6. Elastic measurements of B. subtilis. Cells were filamented in the absence of flow and perturbed with brief ∼ 15-s pulses of media flow. The resulting
maximum displacements δmax are plotted as a function of the exposed cell length l for the elastic deformations. The red line shows the elastic theory results using
the full nonlinear flow profile (in analogy to Fig. 2 for E. coli), yielding Y   I≈ 2:4×10−19 N·m2. The green dashed line is a fit to Eq. S19; holding Δ= 0:5 μm, we find
f ≈ 41:2 pN/μm and Y   I≈ 2:1× 10−19 N·m2. Error bars are propagated from the uncertainty in calculating cell tip and channel end positions during image analysis.
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Fig. S7. Controls: Nongrowing cells do not plastically deform. (A) Montage showing that nongrowing cells do not deform plastically under flow. E. coli cells
are filamented in the absence of flow until they protrude from the channels by ∼25 μm. At that point, we begin excessive fluorescent illumination and the cells
stop growing within 20 min. We then initiate flow, bending the cells, and maintain constant flow for 1 h. After this period we stop the flow and the cells snap-
back and fully recover their shape. Thus, nongrowing cells do not deform plastically and the Stokes force during our experiments does not mechanically
damage the cells. (B) Montage showing that nongrowing cells do not straighten. Filamentation is induced in an E. coli cell and it grows in the presence of flow
until t = 0. Beginning at t = −24 min, the cell is exposed to excessive fluorescent illumination which continues for the remainder of the experiment, inhibiting
growth. At t = 0, snap-back was performed by arresting the flow. From t = 60–180 min, the cell shows no appreciable growth, intracellular GFP is photo-
bleaching, and the cell does not straighten. In the final frame, a phase-contrast image is overlaid, showing the channels and the cell outline.
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Fig. S8. Cross-section of a growing bacterium.
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Fig. S9. Contribution of the elastic (reversible) and plastic (irreversible) effects to the cell curvature, as found by numerically solving the coupled equations for
differential growth and for the elastic response, with α= 2:5 in Eq. S21. The elastic effect is maximal just outside the microfluidic channel, where the stresses are
maximal, and vanishes at the stress-free tip of the bacterium. The plastic effect, on the other hand, relies on the accumulation of differential growth over time,
and therefore vanishes both at the stress-free tip and at the end of the microfluidic channel, which contains a “fresh” cell wall with no asymmetry, having just
come out of the microfluidic channel.

Table S1. Summary of parameters for calculating χ for E. coli and B. subtilis

Parameter E. coli Source B. subtilis Source

p 0.3 and 2–3 atm Refs. 1 and 2 20 atm Ref. 3
r 0.3–0.5 μm Ref. 4 0.4 μm Ref. 5
Y 30 MPa Refs. 1 and 6 and the

present work
10–30, 50, and 20 MPa Refs. 7 and 8, ref. 9, and

the present work
h 1.5–6.5 nm Ref. 10 30 nm Ref. 11

1. Deng Y, Sun M, Shaevitz JW (2011) Direct measurement of cell wall stress stiffening and turgor pressure in live bacterial cells. Phys Rev Lett 107(15):158101.
2. Koch AL (1990) The surface stress theory for the case of Escherichia coli: The paradoxes of gram-negative growth. Res Microbiol 141(1):119–130.
3. Whatmore AM, Reed RH (1990) Determination of turgor pressure in Bacillus subtilis: A possible role for K+ in turgor regulation. J Gen Microbiol 136(12):2521–2526.
4. Zaritsky A, Woldringh CL (1978) Chromosome replication rate and cell shape in Escherichia coli: Lack of coupling. J Bacteriol 135(2):581–587.
5. Maass S, et al. (2011) Efficient, global-scale quantification of absolute protein amounts by integration of targeted mass spectrometry and two-dimensional gel-based proteomics. Anal

Chem 83(7):2677–2684.
6. Yao X, Jericho M, Pink D, Beveridge T (1999) Thickness and elasticity of gram-negative murein sacculi measured by atomic force microscopy. J Bacteriol 181(22):6865–6875.
7. Thwaites JJ, Mendelson NH (1989) Mechanical properties of peptidoglycan as determined from bacterial thread. Int J Biol Macromol 11(4):201–206.
8. Thwaites JJ, Surana UC (1991) Mechanical properties of Bacillus subtilis cell walls: Effects of removing residual culture medium. J Bacteriol 173(1):197–203.
9. Mendelson NH, Sarlls JE, Wolgemuth CW, Goldstein RE (2000) Chiral self-propulsion of growing bacterial macrofibers on a solid surface. Phys Rev Lett 84(7):1627–1630.
10. Vollmer W, Blanot D, de Pedro MA (2008) Peptidoglycan structure and architecture. FEMS Microbiol Rev 32(2):149–167.
11. Beeby M, Gumbart JC, Roux B, Jensen GJ (2013) Architecture and assembly of the Gram-positive cell wall. Mol Microbiol 88(4):664–672.

Amir et al. www.pnas.org/cgi/content/short/1317497111 9 of 10

www.pnas.org/cgi/content/short/1317497111


Movie S1. Elastic deformations of an E. coli cell. Initially there is no flow in the channel, and the bacterium keeps a straight conformation. Pulses of flow are
applied to the cell every several minutes, leading to significant yet fully reversible (elastic) bending of the cell. Details of the experimental system are provided
in Materials and Methods and Supporting Information.

Movie S1

Movie S2. Plastic deformations of an E. coli cell. The cell is left to grow in the presence of a constant flow for a period comparable to the cell-doubling time.
At time t = 17 min the flow is switched off abruptly, yet the cell only partly recovers its bent conformation and remains deformed. Upon further growth, the
cell straightens. Details of the experimental system are provided in Materials and Methods and Supporting Information.

Movie S2
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