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Wrinkledmorphology is a distinctive phenotype observed inmature
biofilms produced by a great number of bacteria. Here we study the
formation of macroscopic structures (wrinkles and folds) observed
during the maturation of Bacillus subtilis pellicles in relation to their
mechanical response. We show how the mechanical buckling insta-
bility can explain their formation. By performing simple tests, we
highlight the role of confining geometry and growth in determining
the symmetry ofwrinkles.Wealso experimentally demonstrate that
the pellicles are soft elasticmaterials for small deformations induced
by a tensile device. The wrinkled structures are then described by
using the equations of elastic plates, which include the growth pro-
cess as a simple parameter representing biomass production. This
growth controls buckling instability,which triggers the formation of
wrinkles. We also describe how the structure of ripples is modified
when capillary effects are dominant. Finally, the experiments per-
formed on a mutant strain indicate that the presence of an extracel-
lular matrix is required to maintain a connective and elastic pellicle.
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Bacterial biofilms most often refer to communities that self-as-
semble into a cohesive extracellular matrix on solid surfaces

or as pellicles floating on top of liquids. Bacteria self-organize in
a collective behavior, giving a large-scale coherence to the system.
Biofilms thus represent a protected life mode allowing bacteria to
survive in hostile environments and fromwhere they can disperse to
colonize new niches (1, 2). A primary characteristic of biofilm for-
mation is the production of exopolymeric substances by some cells.
These substances mostly consists of exopolysaccharides (EPS), a
few specific proteins, and nucleic acids (3–5), but their exact com-
position depends on the strain of the bacterium and the type of
nutrients present in the culture medium (6, 7). When studied in a
laboratory, wild-type strains of Bacillus subtilis are known to pro-
duce floating pellicles of rich and complex multiscale architectures
(8, 9). The vertical structures range from the local 50-μm-scale
“fruiting bodies” (10) to the extended macroscopic patterns illus-
trated in Fig. 1. As recently suggested in ref. 11, multiscale rough-
ness could play a role in increasing the defense capability of
B. subtilis against vapor and liquid antimicrobial agents.
This study centers on the physical forces acting on biofilm and

determining their morphologies at the macroscopic scale. To
proceed, we restrict our experimental approach to the simplified
case where macroscopic pellicles stand on rich static media. We
primarily focus on the pellicles formed by the wild-type strain
NCIB 3610, but present some features measured on another wild-
type strain DV1 to obtain a more complete picture of existing
morphologies. Of course the phenotypes are even more complex
in nature given the possible multistrain and species coassembly
and the diversity of settings and environments.
The two typical phenotypes illustrated in Fig. 1 present intriguing

resemblances to patterns and other labyrinth structures reported in
various compressed elastic systems (e.g., membranes, synthetic gels,
and tissues) (12–15). We propose here that this macroscopic mor-
phology is a consequence of a buckling mechanical instability, as in

other systems, and is triggered by growth in a confined space, which
strains and hence stresses the pellicles. The growth generates an
inner compressive stress able to exceed the critical value of the
buckling transition. We first describe the macroscopic emergent
structures and then examine the case where periodic parallel un-
dulations of well-defined wavelengths stand up under uniaxial
confinement. We also set up a specific device to measure the elastic
response of the pellicles and to estimate its elastic constant. The
experimental data are then compared with the theoretical expect-
ations of the bucklingmodel. Themodel allows us to understand the
millimeter-length scale of the structures; a comparison with the
theoretical prediction hints at the presence of a thin effective elastic
layer within the pellicle. Different wavelengths are also observed
near the edges, suggesting the contribution of capillary forces to
equilibrium as observed in other submicrometer plates (16). This
study demonstrates how mechanics can shape biofilms as in many
living systems, from plants to animal tissues (17–19).

Results and Discussion
Emergent Vertical Structures. Fig. 1 illustrates two phenotypes
where the vertical structures are different: Fig. 1A shows a typi-
cal B. subtilis NCIB 3610 pellicle that exhibits numerous small
quasi-periodic undulations (wrinkles), whereas Fig. 1B shows the
presence of large vertical structures of localized curvature (folds)
coexisting with wrinkles on a DV1 strain pellicle. In the follow-
ing, we focus our analysis on the wrinkles formation in NCIB
3610 strain; the presence of folds is discussed thereafter. Fol-
lowing the pellicle development (Materials and Methods), we first
observe a flat, uniform, yet confined pellicle, suggesting that the
growth process is homogeneous and isotropic. Then wrinkles
spontaneously arise without any specific symmetry, as observed
in the mature state (Fig. 1A). The typical wavelength λb of these
skeletal wrinkles can be directly measured from the images using
fast Fourier transformation (FFT) methods: we obtain ∼1.3 mm
in the example illustrated in SI Text, Image Analysis and Wave-
length Measurement, and typically 1−2 mm on different biofilms.
As shown in SI Text, Temperature and Enriched Medium, the
wavelength is not sensitive to the temperature but becomes λb
∼3 mm in a twice-enriched medium.
Note that all these structures are not observed in the mutants

defective in EPS production (3610 epsA-0::tet). In agreement
with a previous finding (5), we observe that the mutant cannot
form a macroscopic floating pellicle even after 5 d of incubation.
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Morphology in Open and Confined Spaces. In Fig. 1A, the wrinkled
structure is branchy and looks like the labyrinth patterns ob-
served when thin elastic plates set onto solid substrates are bi-
axially compressed (14, 15, 20). In our geometry, pellicles are
confined into rectangular containers whose edges can define the
two axes (x, y) of confinement. To understand the key role played
by the confinement during the bulk wrinkles formation, we sim-
ply cut off the system to change the confinement geometry. In
the past, such a process allowed Fung (21) to point out experi-
mentally that the growth process can be modeled by a residual
stress in many tissues. We first isolate a square piece of flat
pellicle by removing all of the surrounding matter and observe
the small portion of pellicle growing homogeneously without any
further wrinkle. When we isolate a piece of weakly wrinkled

pellicle, it returns to its undeformed flat initial shape. These
observations provide direct evidence that the wrinkles originate
from growth in a confined space; for small deformations, an
elastic-like behavior restores the wrinkled pellicle to its initial
flat state.
To create an uniaxial symmetry on the final biofilm structure,

we cut off and remove the two shorter edges of the pellicle before
it starts to wrinkle, 45 h after the bacteria inoculation (Fig. 2 A1
and A2). We thus release the geometrical constraint along the x
direction, and the compression is then quasi-uniaxial even though
the system grows in both directions. The final structure in Fig. 2
A5 andA6 is then completely different from the biaxially confined
pellicle (Fig. 1A). Two types of wrinkles are now clearly visible: (i)
the quasi-parallel wrinkles emerging in the bulk and (ii) the
wrinkles developed near the edges, which are discussed in another
section. Bulk wrinkles align along the x direction perpendicular to
the confinement axis y or to the inner compression; this situation is
similar to the case of synthetic elastic floating thin films subject to
uniaxial mechanical compression (12, 22, 23); their amplitude
increases with the incubation time. It is interesting to consider
a central part of the grayscale images (Fig. 2B) and measure the
wavelengths of these bulk wrinkles along the x direction (Fig. 2C;
SI Text, Image Analysis and Wavelength Measurement). Surpris-
ingly, the wavelength turns out to be constant and depends on
neither location nor incubation time. A normalized distribution
profile of the wrinkles is illustrated in Fig. 2D, and becomes
maximal when λb = 1.2 mm, with 0.9 mm FWHM. Note that the
profiles present a high value at very short distances, especially in
the early stages; we interpret this maximum as the signature of
the grainy texture in Fig. 2A. If we repeat the same experiment on
different biofilms, the wavelength ranges from 1.2 to 2 mm.

Elastic Response of B. subtilis Pellicles. The previous experiments
indicate that the flat pellicles behave like a growing elastic plate
rather than a liquid; to quantify their elastic properties before

Fig. 1. Top view of two wild-type B. subtilis pellicles floating on top of
liquid culture media after ∼67 h of incubation at 23 °C. (A) NCIB 3610 wild-
type strain. (B) DV1 wild-type strain. Grayscale images.

Fig. 2. Evolution of a severed B. subtilis NCIB 3610 pellicle over 7 d in biofilm medium at room temperature (Materials and Methods). (A) The image sequence
shows the formation and evolution of quasi-parallel wrinkles in the bulk of the pellicle. (A1) At t ∼43 h: intermediate stage of an initially flat thin pellicle
floating on top of liquid. (A2) At t ∼44 h, we carefully remove two strips ∼1.0 cm wide at the shorter edges from the initial pellicle before it wrinkles. (A3) This
pellicle continues growing and covers the entire surface at t ∼52 h. (A4) As the growth process is constrained along the y direction, parallel wrinkles arise in
the center of the pellicle (t ∼57 h). (A5 and A6) Subsequent evolution after wrinkles formation. (B) Grayscale-magnified image of the bulk wrinkles extracted
from A6. (C) As detailed in SI Text, Image Analysis and Wavelength Measurement, at each position xi of the magnified image (within a band 0.4 mm of
thickness), we determine the averaged wavelength λ from consecutive maxima of gray values and report it on a graph (λ, x). This analysis is applied to the
magnified images recorded at different incubation times. (D) Distribution profile of distances between two consecutive maxima; the profiles are normalized
by the sum of events.
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wrinkling, we measure their mechanical response under uniaxial
tensile stress. For this purpose, a specific setup has been built
and placed inside a biological safety cabinet (BSC) to ensure
sterile conditions during biofilm formation and measurements.
As detailed in SI Text, Force Device and Thickness Estimation,

the device consists of two parallel and vertical thin plastic plates
separated by a distance Lo; one of the plates is connected to
a microtranslation stage and the other to a force sensor. The two
plates’ bottom parts are immersed in the biofilm medium. While
a biofilm grows at the air/liquid interface, it simultaneously sticks
to the two plates with no further surface treatment. Before each
measurement, we keep intact the part of the pellicle located in
between the two plates and remove the rest from the medium. In
that condition, only this biofilm portion is stimulated by a dis-
placement ΔLo of the plate; the displacement induces a defor-
mation that stresses the biofilm portion to a magnitude that can
be detected by the force sensor. To determine accurately the
millinewton (mN) force F, we design a sensor based on the de-
flection measurement of a double-cantilever spring (24). Using
such a sensitive system, we are able to obtain the force-displace-
ment curve of the pellicle. In our geometry, a displacementΔLo of
the translation stage (and therefore of one plate) induces a me-
chanical strain e=ΔLo=Lo. If h and D denote the thickness and
width of the biofilm portion, respectively, the stress is related to
the measured force through the expression σ =F=Dh. In a typical
experiment, the magnitude of the displacement ΔLo is ∼2 mm and
the initial length Lo is ∼14 mm; the speed of the displacement
ranges between 50 and 150 μm/s. The width D is fixed at 41 mm,
and the thickness is h ∼350 μm, as found by the tests explained in
SI Text, Force Device and Thickness Estimation.
Using all these values and the measured force vs. displacement,

we obtain the strain–stress curves presented in Fig. 3A. In the
elongation range (e=ΔLo=Lo > 0), we plot the measurements
recorded on three different pellicles. Strains and stresses are
found proportional as expected for an elastic material. Denoting
Y the elastic modulus of the material with σ = Ye, we obtain Y =
300 ± 100 Pascal (Pa) by fitting the data in the range 0 < e < 0.15.
This value is between the 10- to 10,000-Pa values reported in the
literature (25). Pellicles are therefore very soft materials, softer
than the conventional megapascal materials such as swollen agar
gel, and comparable to individual living eukaryotic cells (26) or
inert cellular materials such as weakly dense polymerized
foams (27). We must emphasize here that our Y value depends on
the h thickness estimation, i.e., we are measuring the force and
deducing the product Yh = 0.105 ± 0.022 Pa.m from a data linear
fit; knowing h, we estimate Y in a second step. Note that when the
medium is twice enriched, we recover 0.105 Pa.m of Yh value
with a slightly bigger thickness of h ∼450 μm.
As shown in Fig. 3A, we also strain some biofilms by approaching

the two plates in the range e < 0 in an attempt to mimic the con-
finement effects seen in the previous section. We find that the
negative stress deviates from the linear fit for very low strain values
and becomes constant (approximately −10 Pa). By recording top-
view images of the induced deformation, we can see that a single
fold parallel to the plates appears instead of multiple periodic
undulations. The fold location varies from one biofilm to another
but remains an invaginated bottom fold and parallel to the di-
rection of confinement. This surprising effect is discussed further
in this article. Note that the growth rate is ∼1 mm/h (0.3 μm/s) for
the growth described in Fig. 2, and ∼100 μm/s for the mechanical
solicitation. In a few compression experiments, we reduce the
translation speed to 5 μm/s (gray data in Fig. 3A) and still observe
a single fold.
In a final set of mechanics experiments, we record the force-

displacement curve on the standing cultures of the epsmutant. In
contrast to the wild-type strain NCIB 3610, we measure a force
insensitive to the displacement or to the strain (Fig. 3B). The
absence of variation points out the absence of connectivity and of

elasticity in these colonies. In turn it highlights the role of the
extracellular matrix in the cohesion and in the elasticity of the
wild-type B. subtilis pellicles.

Theoretical Approach of Wrinkled Morphology. Based on the mor-
phology experiments performed in open and confined spaces, we
suspect that the wrinkle formation is driven by the compression
induced by a constrained growth mechanism as considered in ref.
(28). Starting from the classical formalism of the growth process
in 3D bodies (29), and doing appropriate scaling assumptions
and series expansions, Dervaux and collaborators have proposed
an additive decomposition of the growth and of the elastic de-
formation for 2D systems; we apply here their approach to our
system under several required assumptions. We first assume that,
at the prewrinkled stage (Fig. 2A1), the pellicle behaves like a
solid material in which growth is essentially an isotropic and ho-
mogeneous in-plane process. We then neglect the vertical growth
and assume a constant pellicle thickness h. Because pellicles are
very thin compared with their typical lateral dimensions (h=W ≈
10−3), we describe them as growing elastic plates. We consider
that the growth can be described by a single parameter—the cu-
mulative growth rate G, which increases as the growth proceeds
and is referred to as g in ref. 28. The parameter G compares the
excess of length induced by the growth with respect to an initial
configuration without stress (G > 0). The 2D growth tensor is

Fig. 3. (A) Measurements of the mechanical response of several pellicles (data
of different colors) produced by the NCIB 3610 wild-type strain. In the elonga-
tion range 0 < e < 0.15, the mechanical strain (e)–stress (σ) curve exhibits a linear
elastic-like response σ = Ye of elastic modulus Y = 300 Pa (black line). In the
compression range e < 0, the stress remains constant above a certain value of
confinement. (Insets) Top-view images indicate that the initial flat pellicle (Up-
per) forms a single invaginated bottom fold when confined (Lower). (B) Force
experiments performed on the standing culture of the epsmutant. As recorded,
the mechanical force becomes insensitive to any displacements or strains. The
lack of EPS prevents the formation of a macroscopic connective pellicle.
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G= ð1+GÞI, where I denotes the 2D identity tensor and the 2D
Cauchy–Green strain tensor e turns out to be the sum of a growth-
induced deformation and the elasticity-induced response of the
material (28): e=G  I+ ee. For simplicity, we focus on the bulk
unidirectional wrinkles illustrated in Fig. 2A and then consider
the strain and stress along the y direction. These elastic contri-
butions ee = eeyy and σe = σeyy read

ee = −G+ ∂yv+
1
2
�
∂yζ

�2
; [1]

σe = σ g +
Y

1− ν2
ðee +GÞ; [2]

where ζðyÞ and vðyÞ represent the out-of-plane and in-plane dis-
placements of the pellicle, respectively; Eq. 1 corresponds to
equation 30 in ref. 28. Note that the pellicle is also strained
in the x direction due to the growth biaxiality (eexx = −G
and σexx ≠ 0). Eq. 2 is simply the 2D Hooke’s law relating the
elastic stress and strain in the pellicle of Poisson’s ratio ν. The
in-plane growth induces a residual compressive in-plane stress
σg =−YG=ð1− νÞ in the initial undeformed flat state of the
pellicle (ζ = 0).
As sketched in Fig. 4, during in-plane growth, vertical displace-

ments may be first neglected, and the elastic stress compensates
the increasing residual compressive stress up to a critical threshold
σgc. The pellicle keeps growing, and buckles forming extended
quasi-periodic structures (v and ζ ≠ 0). The morphological and
mechanical properties of this extended pattern can be deter-
mined by solving the force balance equations as the pellicle is in
mechanical equilibrium:

h∂yσe =Ty [3]

B∂4yζ− hσe∂2yζ−Ty∂yζ=N; [4]

where B=Yh3=12ð1− ν2Þ is the bending rigidity. Eqs. 3 and 4
are, respectively, the in-plane and out-of-plane equilibrium of
forces (per area unit). The functions N and Ty represent the
normal and y-tangential component of the external load, ac-
counting for the action of the fluid substrate on the pellicle.
In what follows, we consider small deformations and suppose
N = Kζ and Ty = 0, K = ρf g being the “stiffness” of the fluid
substrate of density ρf and g the gravitational acceleration (30).
As a consequence, above σgc and in the absence of any external
in-plane force, the elastic stress remains constant (hð∂yσeÞ= 0)
and equal to the critical stress σe = σgc. Then when the pellicle
continues to grow, the compressive residual stress still increases
while the pellicle deforms to keep σe constant. Solving Eqs. 3

and 4 leads to a pattern described by the periodic function
ζðyÞ=Absinð2πy=λbÞ of wavelength λb = 2πðB=KÞ1=4 and of am-
plitude Ab (12, 16, 23). Apart from the influence of the fluid
substrate density, λb only depends on the biofilm parame-
ters such as the Young modulus, thickness, and Poisson’s ratio.
This undulation appears above a critical stress σc =−2

ffiffiffiffiffiffiffi
BK

p
=h,

which is reached by the critical residual stress σgc at the critical
strain Gc = h2½6ð1+νÞ�−1 ffiffiffiffiffiffiffiffiffiffi

K=B
p

. Replacing these relations in
Eqs. 1 and 2, we find the undulation magnitude scales
Ab = h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2=3ÞðG=Gc − 1Þp
.

Theoretical Expectations vs. Experimental Results. Because both
pellicle and fluid medium are mainly composed of water, we can
estimate the fluid parameter K ∼ 104 Pa/m (ρf ∼ 103 kg/m3 and g ∼
10 m/s2) for the substrate and assume ν ∼ 0.5 for the pellicle.
Assuming a thickness h ∼350 μm and a Young modulus Y ∼300
Pa from our experiments, we expectB≈ 1:410−9Pa=m3 and λb∼3.9
mm. Because of the biofilm softness, our approach succeeds in
explaining the millimeter wavelength of the wrinkles. Conventional
gel plates, such as swollen agar gels, would rather lead to centi-
meter wavelengths in the same conditions.
Although the theoretical estimation agrees on the magnitude

of λb, the expected value is still 3× larger than the experimental
one, λb ∼1.5 mm measured in the standard medium. When the
medium is twice enriched, the expected value becomes equal to
4.4 mm, close to the other millimeter experimental length, 3 mm.
These discrepancies could be a signature of the limitation of our
simplified approach; biofilm can be approximated to a uniform
elastic plate up to a first approach only. The real heterogeneous
structure would need to refine the approach and to calculate
numerically the appropriate wavelength. To reach a wavelength
of 1.5 or 3 mm, the ideal elastic film has to be as thin as 50 or 200
μm, respectively, which is not reasonable given the biofilm tur-
bidity and texture (Figs. 1 and 2A), and is outside of our mea-
sured range. The low experimental λb values rather suggest the
existence of a mechanically active layer much thinner than the
actual 350- or 450-μm thickness. Indeed, when part of a pellicle
incubated in the standard medium is transferred onto a glass
slide, it decomposes into large, separated turbid domains that are
still connected by a transparent thin layer; this connective layer
may be sensitive to mechanical forces. The domains are yet visible
in Fig. 2A and correspond to the detected grains in Fig. 2D. We
speculate that an increase in nutrient concentration changes the
composition of the biofilm and enlarges the connective layer.
Replacing B, h, and K by their measured values, we obtain

the cumulative critical rate Gc ∼0.035 and the residual stress
σgc ≈−21Pa. If W denotes the width of the rectangular dish in
which cultures have been studied (W = 4.6 cm in Figs. 1 and 2A),
biofilm should start buckling at a critical cumulative growth rate
Gc =ΔLc=W ≈ 0:035 or equivalently when the additional length
generated by growth ΔLc becomes ∼1.6 mm. This critical length
is very small, and given a growth rate of 1 mm/h, 1 or 2 h would
be sufficient for the biofilm to expand 1.6 mm. In other words,
if a half day is needed to optically detect the wrinkles, biofilm
could, in principle, have already started to buckle long before
that, just 1 or 2 h after covering the surface. The heterogeneous
structure may also postpone the buckling or simply prevent the
detection of wrinkles formed by a too-thin elastic layer. To be
detected, wrinkles must reach amplitudes at least higher than
the total thickness h; according to the model, they should appear
beyond the cumulative rate Gh =ΔLh=W ≈ 0:087 and equiva-
lently at least 4 h later. In practice, a half day is needed, which
leads to Ghd =ΔLhd=W ≈ 0:13.
It is also tempting to compare the buckling conditions with

the experimental confinement performed in our force device.
Moreover, the two critical strain and stress parameters (−Gc ∼
−0.035 and σgc ≈−21Pa) can be directly located along the two
axes (e, σ) of Fig. 3. The explored range of applied strain

Fig. 4. Sketch of the wrinkling instability. The pellicle growth proceeds in
a confined space and gives rise to an increasing compressive in-plane residual
stress σg. The flat pellicle (Upper) buckles above a critical value σgc (Lower).
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includes the values ec = −Gc and −Gh, and the compressive stress
remains always lower than the threshold value σc.

Morphology Near the Edges. As shown in Figs. 2A and 5B, the
NCIB 3610 biofilm exhibits another type of wrinkles near the
edges. Similar wrinkles are also formed by the DV1 pellicles, top
viewed in Fig. 5C. The pellicle is no longer horizontal in the
edges vicinity; it covers the initial fluid meniscus induced by
capillary effects, climbs, and adheres to the dish walls. Tiny
wrinkles then locate at the edges of the dish and are connected to
the bulk wrinkles through a cascade-like phenomenon. In Fig. 5E
we report the wavelength variation as a function of the distance
x from the edge in different samples and observe undulations,
the wavelength λ(x) of which increases progressively as we move
away from the edge, reaching values up to 3× larger than at the
edge. Averaged values of bulk and edge wavelengths are equal
to λb ∼1.5 mm and λe ∼0.4 mm, respectively. Data are plotted in
Fig. 5E together with two types of fits (exponential and power
law), although neither laws fit the data well. However the ex-
ponential law allows us to estimate the penetration length. We
found that the cascade penetrates into the bulk over a length
lp ∼1.5−2 mm. Usually for a liquid, the typical meniscus size is
given by the capillary length lc =

ffiffiffiffiffiffiffiffiffi
γ=K

p
, γ being the air/liquid

culture surface tension. Knowing ρg ∼104 N/m3 and γ ∼53 mN/m
(31), we obtain lc ∼2.3 mm, which is of the order of our pene-
tration length lp. Therefore, this cascade-like structure extends
over a region roughly delimited by capillary effects where the
surface energy must contribute to the mechanical equilibrium of
the biofilm.
Biofilms have this feature in common with synthetic thin

elastic systems as recently reported in refs. 16 and 32. When
subjected to uniaxial compression, an elastic polymer sheet that
floats on a liquid forms a wrinkled structure that becomes thin-
ner near the uncompressed edge than in the bulk (16). As found
by Huang et al. (16), the dominant energies are the bending and
the tensile ones (via the surface tension) in that region near the
edge. Balancing both energy contributions Bð∂2yζÞ2 ∼ γð∂xζÞ2 for
x-dependent undulations, the cascade profile can read ζðx; yÞ∼ffiffiffiffi
G

p
λðxÞsinð2πy=λðxÞÞ. The resulting wavelength scales as λðxÞ∼ffiffiffiffiffi

lec
p

x1=2, where lec defines the elastocapillary length lec =
ffiffiffiffiffiffiffiffi
B=γ

p

(32). Considering the numerical prefactor values, we expect
λec ∼ 2πlec = 1:0 mm. By fitting the data by a power law (Fig. 5E,

Inset), we obtain an exponent value 0.46 and a prefactor 0.8,
close to the expectations.
Note that similar edge structures have been observed only

when the synthetic plates are subjected to a compressive load
parallel to the edge. In our case, because the compression comes
from the residual stress, the presence of such a structure suggests
other effects at the edge of the pellicle (e.g., asymmetric growth,
thickness variation, or adhesion influence). Moreover, during the
biofilm formation, the emergence of edge wrinkles before the
bulk pattern also suggests a critical edge residual stress lower
than the bulk value σgc.

Folds. In addition to the millimeter bulk and edge wrinkles, the
presence of large folds separated by centimeter distances com-
plete the range of vertical structures visible in mature pellicles
(Fig. 1B). In Fig. 3, the flat pellicle also folds when compressed
mechanically. The so-called folds localize most of the bending
energy of the system in small regions of large curvature, relaxing
the rest of the surface stress. In principle, when compressed
progressively, the film should first wrinkle and then fold (12). In
our experiments of mechanical confinement, we did not observe
the presence of wrinkles before the fold appearance. In the ma-
ture pellicles, however, wrinkles and folds coexist. Indeed, the
mechanical and previous growth confinements are not equivalent
in terms of fields of strain and stress. Strain field is uniform in the
case of growth only.
The recent combination of experiments, simulations, and

theories indicate that the transition wrinkles to fold of a float-
ing film allows relaxing at least eight wrinkles into one fold
simultaneously (12). These results are consistent with our milli-
and centimeter scales of spacing between wrinkles and folds,
respectively (Figs. 1A and 3). However, the absence of wrinkles
during the mechanical confinement may suggest the presence
of spatial heterogeneities such as the ones observed during the
early DV1 pellicle development and that may change the stress
field. The precise fold location between the two plates varies
from one sample to another in our mechanical experiment and
may depend on heterogeneities within the pellicle. Finally, when
measuring force vs. displacement, force deviates from the elastic
behavior in accordance with a stress relaxation accompanying the
fold emergence.

Fig. 5. (A) A sketch showing the pellicle configuration near the edge of the Petri dish wall. (B) Perspective view of a NCIB 3610 pellicle showing the cascade-
like behavior. The climbing of the pellicle on the dish wall, which follows the meniscus, can also be appreciated. (C) Cascade-like wrinkled morphology is
observed in DV1 pellicles (grayscale image). (D) Backside view of a NCIB 3610 pellicle climbed onto the edge. The pellicle bottom in contact with the liquid
substrate presents a wavy morphology. (E) Wavelength λðxÞ as a function of the distance from the edge x (SI Text, Image Analysis and Wavelength Mea-
surement). Data obtained on different DV1 pellicles are differently colored and can be fitted by a simple exponential (black line) or by a power law (Inset).
(Inset) Same data but plotted in log-log scale with the power law fit λðxÞ= ð0:81Þx0:46.
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Conclusions
We present direct measurements of floating biofilms’ elasticity
and consider the presence of wrinkles as a consequence of that
elasticity. A simplified analytical model of buckling allows us to
explain the presence of wrinkles as well as the order of magnitude
of the edge and bulk characteristic wavelengths. Further approaches
may refine the model by including the heterogeneous structures of
the biofilm and the influence of stress and strain on the growth
rate. Similar mechanisms could apply to the wrinkled morphology
observed in other bacterial species cultured in the laboratory.
The eps mutant experiments show no elastic response; these

results highlight the key role of the extracellular matrix in pro-
viding connectivity and elasticity of the pellicle. We speculate that
the wrinkles and the mechanical properties may be controlled
genetically through the extracellular components production.

Materials and Methods
Strains, Growth, and Biofilm Conditions. Two wild-type strains of B. subtilis,
NCIB 3610 and DV1, were used for this study. DV1 was isolated from a sand
sample from the Death Valley desert in the Mesquite Flats Dunes region. 16S
rDNA PCR amplification using universal primers 8F and 1492R and sequencing
allows the classification of the strain DV1 in the B. subtilis group. The DV1 16S
rDNA sequence is available in the National Center for Biotechnology In-
formation database (NCBI accession no. EU362117). For the preparation of
pellicles, cells of each strain from freezer stocks were streaked onto agar
plates. A single colony was grown overnight in LB medium (10 g/L NaCl, 5 g/L

yeast extract, and 10 g/L tryptone) at 30 °C under shaking (140 rpm). Cells
were resuspended in a fresh LB medium and incubated in the same con-
ditions up to OD600 = 0.1. Cells were then inoculated in regular dishes (inner
dimensions of 61 and 46 cm) containing 25 mL of biofilm medium [LB sup-
plementedwith 0.1mMMnCl2 and 3% (vol/vol) glycerol]. The height of liquid
into a dish was ∼5 mm. The samples were placed in a chamber maintained at
23 °C or sometimes at room temperature for varying time periods (4–7 d)
without shaking. A total of 10 μg/mL of tetracycline was added in LB and
biofilm medium in the case of the epsA-0::tet mutant strain.

Image Analysis and Wavelength Measurement. See SI Text, Image Analysis and
Wavelength Measurement.

Force Device and Thickness Estimation. See SI Text, Force Device and Thickness
Estimation.

Temperature and Enriched Medium. See SI Text, Temperature and Enriched
Medium.

ACKNOWLEDGMENTS. We thank Liliane Léger for suggesting the possible
connection between the rippled morphologies of bacteria biofilms and syn-
thetic polymer sheets; Philippe Roger for discussions and testing some sur-
face treatments of the plastic plates used in the elasticity setup; Judith
Bourguille for her contribution to the device calibration; and Hera Vlamakis,
Matthew Traxler, and Roberto Kolter for the epsA-0::tet mutant strain. This
work has been supported by the funding of Centre National de la Recherche
Scientifique named “Interface Physique-Chimie-Biologie, Soutien à la Prise
de Risque 2009” and by the Orsay’s University program “Attractivité 2010.”

1. O’Toole G, Kaplan HB, Kolter R (2000) Biofilm formation as microbial development.
Annu Rev Microbiol 54:49–79.

2. Donlan RM, Costerton JW (2002) Biofilms: Survival mechanisms of clinically relevant
microorganisms. Clin Microbiol Rev 15(2):167–193.

3. Pamp SJ, Gjermansen M, Tolker-Nielsen T (2007) The biofilm matrix: A sticky frame-
work. The Biofilm Mode of Life: Mechanisms and Adaptations (Horizons Scientific,
London), Vol 4, pp 37–69.

4. Branda SS, Vik S, Friedman L, Kolter R (2005) Biofilms: The matrix revisited. Trends
Microbiol 13(1):20–26.

5. Branda SS, Chu F, Kearns DB, Losick R, Kolter R (2006) A major protein component of
the Bacillus subtilis biofilm matrix. Mol Microbiol 59(4):1229–1238.

6. Gandhi HP, Ray MR, Patel MR (1997) Exopolymer production by Bacillus species.
Carbohydr Polym 34(4):323–327.

7. Marvasi M, Visscher PT, Casillas Martinez L (2010) Exopolymeric substances (EPS) from
Bacillus subtilis: Polymers and genes encoding their synthesis. FEMS Microbiol Lett
313(1):1–9.

8. Lemon KP, Earl AM, Vlamakis HC, Aguilar C, Kolter R (2008) Biofilm development with
an emphasis on Bacillus subtilis. Curr Top Microbiol Immunol 322:1–16.

9. Bridier A, et al. (2011) The spatial architecture of Bacillus subtilis biofilms deciphered
using a surface-associated model and in situ imaging. PLoS ONE 6(1):e16177.

10. Branda SS, González-Pastor JE, Ben-Yehuda S, Losick R, Kolter R (2001) Fruiting body
formation by Bacillus subtilis. Proc Natl Acad Sci USA 98(20):11621–11626.

11. Epstein AK, Pokroy B, Seminara A, Aizenberg J (2011) Bacterial biofilm shows per-
sistent resistance to liquid wetting and gas penetration. Proc Natl Acad Sci USA
108(3):995–1000.

12. Pocivavsek L, et al. (2008) Stress and fold localization in thin elastic membranes.
Science 320(5878):912–916.

13. Kim P, Abkarian M, Stone HA (2011) Hierarchical folding of elastic membranes under
biaxial compressive stress. Nat Mater 10(12):952–957.

14. Bowden N, Brittain S, Evans A, Hutchinson JW, Whitesides GM (1998) Spontaneous
formation of ordered structures in thin films of metals supported on an elastomeric
polymer. Nature 393:146–149.

15. Huang Z, Hong W, Suo Z (2004) Evolution of wrinkles in hard films on soft substrates.
Phys Rev E Stat Nonlin Soft Matter Phys 70(3 Pt 1):030601–030603.

16. Huang J, Davidovitch B, Santangelo CD, Russell TP, Menon N (2010) Smooth cascade
of wrinkles at the edge of a floating elastic film. Phys Rev Lett 105(3):038302–038305.

17. Dumais J (2007) Can mechanics control pattern formation in plants? Curr Opin Plant
Biol 10(1):58–62.

18. Hannezo E, Prost J, Joanny JF (2011) Instabilities of monolayered epithelia: Shape and
structure of villi and crypts. Phys Rev Lett 107(7):078104–078107.

19. Wang L, Castro CE, Boyce MC (2011) Growth strain-induced wrinkled membrane
morphology of white blood cells. Soft Matter 7(24):11319–11324.

20. Cheng X, Hutchinson JW (2004) Herringbone buckling patterns of compressed thin
films on compliant substrates. J Appl Mech 71(5):597–603.

21. Fung YC (1993) Biomechanics: Material Properties of Living Tissues (Springer, New York).
22. Leahy BD, et al. (2010) Geometric stability and elastic response of a supported

nanoparticle film. Phys Rev Lett 105(5):058301–058304.
23. Cerda E, Mahadevan L (2003) Geometry and physics of wrinkling. Phys Rev Lett 90(7):

074302–074305.
24. Bureau L, Léger L (2004) Sliding friction at a rubber/brush interface. Langmuir 20(11):

4523–4529.
25. Guelon T,Mathias JD, Stoodley P (2011) Advances in biofilm mechanics. Biofilm

Highlights, Springer Series on Biofilms, ed Costerton JW (Springer, Pittsburgh), Vol 5,
pp 111–139.

26. Bao G, Suresh S (2003) Cell and molecular mechanics of biological materials. Nat
Mater 2(11):715–725.

27. Gibson LJ, Ashby MF (1997) Cellular Solids: Structure and Properties (Cambridge Univ
Press, Cambridge, UK), 2nd Ed.

28. Dervaux J, Ciarletta P, Ben-Amar M (2009) Morphogenesis of thin hyperelastic plates:
A constitutive theory of biological growth in the Föppl-von Kármán limit. J Mech Phys
Solids 57(3):458–471.

29. Rodriguez EK, Hoger A, McCulloch AD (1994) Stress-dependent finite growth in soft
elastic tissues. J Biomech 27(4):455–467.

30. Milner ST, Joanny JF, Pincus P (1989) Buckling of langmuir monolayers. Europhys Lett
9:495–500.

31. Angelini TE, Roper M, Kolter R, Weitz DA, Brenner MP (2009) Bacillus subtilis spreads
by surfing on waves of surfactant. Proc Natl Acad Sci USA 106(43):18109–18113.

32. Vandeparre H, et al. (2011) Wrinkling hierarchy in constrained thin sheets from sus-
pended graphene to curtains. Phys Rev Lett 106(22):224301–224304.

2016 | www.pnas.org/cgi/doi/10.1073/pnas.1217178110 Trejo et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217178110/-/DCSupplemental/pnas.201217178SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217178110/-/DCSupplemental/pnas.201217178SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217178110/-/DCSupplemental/pnas.201217178SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1217178110

