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Bacillus spores are highly resistant dormant cells formed
in response to starvation. The spore is surrounded by a
structurally complex protein shell, the coat, which pro-
tects the genetic material. In spite of its dormancy,
once nutrient is available (or an appropriate physical
stimulus is provided) the spore is able to resume meta-
bolic activity and return to vegetative growth, a
process requiring the coat to be shed. Spores dynamically
expand and contract in response to humidity, demanding
that the coat be flexible. Despite the coat’s critical bio-
logical functions, essentially nothing is known about
the design principles that allow the coat to be tough
but also flexible and, when metabolic activity resumes,
to be efficiently shed. Here, we investigated the hypoth-
esis that these apparently incompatible characteristics
derive from an adaptive mechanical response of the
coat. We generated a mechanical model predicting the
emergence and dynamics of the folding patterns uni-
formly seen in Bacillus spore coats. According to this
model, spores carefully harness mechanical instabilities
to fold into a wrinkled pattern during sporulation.
Owing to the inherent nonlinearity in their formation,
these wrinkles persist during dormancy and allow the
spore to accommodate changes in volume without
compromising structural and biochemical integrity.
This characteristic of the spore and its coat may inspire
design of adaptive materials.
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1. INTRODUCTION

Bacillus spores are dormant cells that exhibit high resist-
ance to environmental stresses [1]. Spores consist of
multiple concentric shells encasing dehydrated genetic
material at the centre (the core). One of these shells is a
loosely cross-linked peptidoglycan layer, called the
cortex, surrounding the core. Encasing this is the coat,
which exhibits a unique folding geometry (figure la—c).
The coat protects the genetic material while permitting
the diffusion of water and small molecules to the spore
interior. Paradoxically, the coat must be chemically
resilient and physically tough [5—7] but still possess
significant mechanical flexibility [4,8,9]. During germina-
tion, the coat must be broken apart so that it can be
rapidly shed [10].

The ridges of the Bacillus subtilis coat emerge during
the process of sporulation in which water is expelled
from the spore core and cross links occur in the cortex
[5,10—14]. The mature spore is not static. It expands
and contracts in response to changes in relative humid-
ity [4,8,9]. Although ridges are present in spores of
many if not most species [2,15-17] of the family
Bacillaceae, these ridges are very poorly understood;
we do not understand the forces guiding their formation,
how their topography is influenced by the coat’s material
properties or their biological function, if any.

To address these questions, we first considered that
ridges could emerge spontaneously, as in the case of
wrinkles that form when a thin layer of material that
adheres weakly to a support is under compression [18].
The coat and cortex form such a system, because the
core volume (and, therefore, its surface area) decreases
during sporulation [19]. Rucks can form if the stress in
the system overcomes the adhesive forces between the
coat and the underlying cortex [20]. Consequently, we
investigated the role of mechanical instabilities in the
formation of ridges and the implications of this mechan-
ism for spore persistence.

2. RESULTS

The height profiles of a B. subtilis in figure 1d show
that a partial unfolding of the ridges accompanies the
expansion of the spore at high humidity. We obtained
similar results for Bacillus anthracis spores (figure le).
Furthermore, fully hydrated Bacillus atrophaeus
spores were previously shown to exhibit similar charac-
teristics [4], indicating that this behaviour is not
limited to a single species and raising the possibility
that it is ubiquitous.

To analyse whether ruck formation can explain the
characteristic wrinkle patterns and their response to
increased relative humidity, we modelled the coat and
cortex as two adhered concentric rings and calculated
the response of this structure to gradual reductions in
volume, using a combination of scaling analyses and
numerical simulations (see the electronic supplementary
material). We restricted our model to two dimensions,
both because the wrinkle morphology is that of long
ridges along the spore, and in order to focus on a minimal
model. Typical parameter values in our model are as fol-
lows: spore radius R.., and thickness, h, of the coat to
be approximately 300 and 40 nm, respectively [2,21,22]
(see the electronic supplementary material, table S1),

This journal is © 2012 The Royal Society
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Figure 1. B. subtilis spore morphology. (a) Wild-type (strain PY79) spores were analysed by SEM, (b,c¢) TEM [2] (by fixation in
glutaraldehyde and osmium, dehydration, embedment in Spurr’s resin, and then thin-section transmission electron microscopy)
and (d) with AFM height profiles. Separate height profiles obtained on sterne strain of B. anthracis are also given in (e). (¢) Isa
magnification part of (b). Cortex (Cx), inner coat (IC), outer coat (OC) and a ruck (R) are indicated in (b) and/or (¢). The size
bars indicate (a) 250, (b) 500 and (¢) 100 nm. (The outer most layer of the coat, the crust [3] is not seen because of the fixation
method). The spore has an ovoid shape with a long and a short axis [4]. (d) Height profiles measured along the short axis of a
spore are recorded at low (35%, solid line) and high (95%, dashed line) relative humidity depict partial unfolding of the wrinkles
at a high relative humidity. (e) Height profiles measured for B. anthracis sterne also exhibit partial unfolding of the wrinkles at a
high relative humidity. To plot the two curves as closely as possible, an offset is added to the height profiles at a low relative
humidity because the overall height of the spore increases with relative humidity. Note that the widths of the spores are

larger than the widths of the curves in (d,e), which are plotted across the ridges on top of the spore.

the measured elastic modulus of the B. subtilis coat E
approximately 13.6 GPa using an atomic force micro-
scope [23] (AFM), and the energy of adhesion between
the coat and the cortex, J, approximately 10J m™?,
associated with non-specific electrostatic interactions
between the cortex peptidoglycan [24] and the coat
[24,25]. We note that the presence of outer forespore
membrane can affect the strength of adhesion between
the coat and cortex; however, we assumed that this
membrane is no longer present in the mature spore.

The simulations show that as the rings shrink when the
strain is larger than a critical threshold, ¢, the coat
first buckles to form a symmetric wavy pattern around
the cortex. This pattern then loses stability to delamina-
tion to form rucks (figure 2a—c). Once the rucks are
formed, regaining spore volume does not result in reat-
tachment of the coat. Rather, rucks wunfold by
decreasing their height and increasing their width
(figure 2d), in qualitative agreement with our biological
observations in figure 1d.

3. DISCUSSION

Wrinkles formed according to the mechanism in figure
2a—c are persistent. They do not readily attach back
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to the cortex, because they arise owing to a subcritical
(nonlinear) instability. This has implications for the
dormant spore, because it suggests that after com-
pletion of sporulation the spore volume can increase
or decrease in response to ambient relative humidity
without a significant resistance from the coat. The per-
sistence of rucks ensures that the coat remains in a
flexible state, despite large changes in the volume
during dormancy [4,8,9], thereby providing a mechan-
ism for maintaining structural integrity of the spore.
The origin of the coat’s flexibility in the wrinkled
state can be best understood by comparing the energy
cost of bending and compression. If the coat were fully
attached to the cortex, shrinkage of the spore interior
owing to dehydration would have required the coat to
be compressed. In contrast, our results indicate that
the wrinkled coat expands and shrinks by changing its
local curvature. While the energy cost of coat com-
pression scales linearly with the coat thickness
Ucompression ~ h, the energy cost of bending scales with
the third power of thickness Upending ™~ 3. This means
that as a layer of material gets thinner, bending becomes
easier relative to compression. In the case of spores,
reductions in the internal volume of the spore are best
accommodated by folding and unfolding of wrinkles.
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Figure 2. Model of formation of folds in the spore coat and their response to spore shrinking. (a—c) Simulation of the ruck formation
as the radius of spore interior (Rin) shrinks during sporulation. Rin values are given as percentages of the initial value, 300 nm. Rout
is the average outer diameter. Using bending and stretching modulus values estimated from thickness and mechanical measurements
of the coat, the model predicts the emergence of rucks that are comparable in width, height and number to previous reports [26].
(d) Upon spore expansion, rucks formed during sporulation do not reattach readily, but rather decrease their height and increase
their width. Details of simulation results are given in electronic supplementary material, movie S1. (Online version in colour.)

According to the wrinkle model, if the spore internal
volume continues to increase, the wrinkles will even-
tually unfold completely. Beyond that point, the coat
will begin to resist any further increase in volume.
The biological observation in figure 1d,e that the
rucks do not unfold completely suggests that this
point is not reached even at very high relative humidity
or at full hydration. Therefore, expansion of the dor-
mant spore is not limited by the coat. Instead, the
cortex of the dormant spore must have a limited ability
to swell. Consistent with this view, B. subtilis spores
lacking most of the coat owing to mutations in cotE
and gerFE [27] were not larger than wild-type spores at
a high relative humidity (figure 3). This particular
mutant no longer has the resistance properties of
wild-type spores, especially to lysozyme; however, they
maintain viability in laboratory environment [12,28].
The cortex’s limited ability to swell can be explained
by its rigidity, as our AFM-based mechanical measure-
ments [23] on the cotE gerE mutant revealed an
elastic modulus around approximately 6.9 GPa. A
rigid cortex is also needed to sustain pulling forces on
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the coat, as well as in creating a tight girdle around
the dehydrated core.

The observed architecture and dynamics of the coat
and cortex of the dormant spore have important impli-
cations for the role of mechanical processes involved in
germination, as well. In contrast to the dormant state,
the wrinkles disappear in germinating spores [17,19].
Considering our model of wrinkle formation in the
coat, a loss of cortex’s ability to sustain the pulling
forces exerted on the coat can lead to coat unfolding.
Degradation of the cortex peptidoglycan during germi-
nation can plausibly facilitate this process. In fact,
mutant spores that lack the capacity for the degra-
dation of their cortex peptidoglycan still maintain
wrinkles in their coats even after triggering germination
and partial hydration of their core [29]. We note that
according to this mechanism, the unfolding of the
coat during germination is not necessarily driven by
the expansion of the spore interior, but to a significant
degree by the relaxation of the coat to its unfolded
state. Because the unfolded and relaxed coat has a
larger volume, relaxation of the coat could act like
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low (nm) high (nm) difference (%)
1 725.2 749.7 3.4
2 720 759.1 5.4
3 649.3 670.1 3.2
average 698.2 726.3 4.0
low (nm) high (nm) difference (%)
1 707 733 3.7
2 683.5 709.6 3.8
3 667.8 693.9 3.9
average 686.1 7122 3.8
low (nm) high (nm) difference (%)
1 786.9 821.4 44
2 843.5 915.1 8.5
3 820.3 846.4 3.2
average 816.9 861.0 5.4

Figure 3. (a) Height measurements on wild-type and () cotE gerE mutant of B. subtilis, and (c) sterne strain of B. anthracis at
low (35%) and high humidity (95%). (a—c) Scale bars, 1 wm. Heights of spores marked on the AFM images are listed on the right
for a low and a high relative humidity, together with the percentage of the differences and average values. The mutant B. subtilis
spore lacks most of its coat; yet its expansion is comparable to wild-type spores. (Online version in colour.)

a pump, driving water into the spore. While hydration
forces are likely to be primarily responsible for core
hydration, a relaxed coat would allow core to absorb a
larger volume of water.

Our findings raise the possibility that the mechanical
properties of the coat participate in coat shedding, a
prerequisite to outgrowth. The B. subtilis coat is shed
as two hemispheres during or immediately following
germination [19]. Possibly, the coat’s mechanical
properties play a role in holding these hemispheres
together prior to germination, or facilitate their separation
prior to the first cell division after germination.

4. CONCLUSION

Our findings suggest that the coat’s global mechanical
properties are critical not only during dormancy but
also, strikingly, for rapidly breaking dormancy upon
germination. We propose that the coat takes advantage
of mechanical instabilities to fold into a wrinkled pat-
tern during sporulation and accommodate changes in
spore volume without compromising structural and bio-
chemical integrity. Importantly, we argue that the
emergent properties of the assembled coat, such as its
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elastic modulus and thickness [17], rather than specific
individual molecular components, are responsible for
coat flexibility. In this view, a functional coat can be
built in a large number of ways and with diverse protein
components. Such freedom in design parameters could
facilitate evolutionary adaptation (particularly with
respect to material properties) and the emergence of
the wide range of molecular compositions and arrange-
ments found among Bacillus spore coats [2,30]. The
spore and its protective coat represent a simple para-
digm likely used in diverse cell types [31] where
regulated flexibility of a surface layer is adaptive, and
may inspire novel applications for a controlled release
of materials.

The authors acknowledge funding support from the Wyss
Institute for Biologically Inspired Engineering, Rowland
Junior Fellows Program, MacArthur Foundation and the
Kavli Institute for Bionano Science and Technology.
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Electronic Supplementary Materials

Supplementary Section 1: Modeling and Simulations

Methodology: In order to simulate ruck formation when the spore shrinks, we model the spore as two
concentric rings (or polygons) of radii R; and R, that are comprised of N edges and N vertices. The outer
polygon models the coat while the inner polygon models the core and cortex. For each vertex on the inner
polygon there is a corresponding vertex on the outer polygon, lying on the same radial line. The polygon
asymptotes a circle as N increases. In the simulation, the inner polygon oscillates sinusoidally between
the initial radius R; and minimum radius R,. We did not allow bending and stretching. Thus, each cortex
vertex oscillates between R; and R, with a characteristic period T.. The outer polygon, modeling the coat,
has more complex mechanical behavior. In addition to the bending and stretching energy associated with
the elastic extensible ring [1], we added substrate energy between the two concentric rings to model the
adhesion force between the coat and cortex, which is Hookean and of finite range. Finally, we added a
shearing penalty between the two layers to prevent the two polygons from sliding relative to one another.

Numerical Model

(x1'+ 1, Yi+ 1)

coat

Figure S1: Model and notations

The cross section of the initial spore is modeled by two concentric circular rings, with inner radius R; and
outer radius R,. We will label the outer vertices by (xi; y;) and the inner vertices by (x;; y;°) (figure S1).
Let us define AX; = Xi+1 -Xi, AYi = Yi+1 - Yi. Then, the length of an outer edge is given by Ar; = \/(Axi2 + Ayd).
The angle between the i edge (tangent vector of i'" vertex) and the x-axis is given by 6;, where tan; =
AyilAX;. Similar notations hold for the inner polygon, with the addition of a superscript c. The total energy
of the coat (outer layer) is given by U(coat):

U(C'Jat} = Upeng + Ustretcn + Usubseraes + Usroar » (1)
Where
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Upeng and Ugreren denote the bending and stretching energy respectively, while Ugypstrate denotes the
adhesive restoring energy between the cortex and the coat. r; is the equilibrium separation and Ughea is
the shear energy when the two layers slide relative to one another.

The outer (coat) vertices (Xi; Yi) evolve via over-damped dynamics

dxi _ 8U{coar) dyi AU coat)
e — —_—=

dt Ax; dt o

(6)

On the other hand, since the inner polygon undergoes a simple harmonic motion Reore(t) = R+ Acosat,
where Ry=(R;+R;)/2 and A = (R, - R,)/2, the inner vertices (x’; yi) move via

Z— = —wA sin(wt) cos(g?), (7)
% = —wAsin(wt) sin(pf), (8)

Where @ is the angle of the i™ inner vertice relative to the x-axis. Additionally, the Hookean adhesion
force is assumed to be of finite range (Fig. S2) and the bonds linking two rings will break if the force

. * * R c . . .
exceeds some cutoff separation X , where X = max(*t ~ i ) denotes the maximum extension of the spring

at each vertex before it breaks. We can relate the elastic modulus for the substrate %= (mentioned in the
previous section) to the adhesion constant J. If we assume that there is one spring per edge, then

Le(x)? = 2 i [max(n, — )2 = ¢

©)
F ~

x* X

Figure S2: Finite range Hookean restoring force between the coat and substrate (cortex)



Once the simulation starts running, the inner core region will shrink to its minimum radius R;, resulting in
the outer coat being pulled inwards due to the Hookean adhesion force between the two layers and
forming complex patterns of wrinkles/rucks.

Parameters for numerical simulations

Next, we would like to relate the numerical values to experimentally observable quantities. Since
K = ERand e, ~ER? where E = 13.9 GPa is the elastic constant and 2 ~ 40 nm is the thickness of the

coat, we find that ¥z ~ 500 N/m gnq iy ~9-1071 Nm ]’ ~ IN/m Here the prime on the parameters
represent physical values from the corresponding numerical values used in the simulation. By matching

the analytical expressions for bending and stretching energy to the numerical expressions given by egs.
(3) and (4), we find

v I
Kz Ky
Ky 07, Ky X

(10)

The numerical parameters are listed in the Table S1.

Name Description Numerical values
used in simulation
N Number of discretization 150
Ky Bending modulus 2 % 106
K Stretching modulus 105
- Adhesion modulus 360
5
K, Shearing Modulus 106
T Period of cortex oscillation 2
C
5 Equilibrium angle 2n/N
- Damping constant 1
B Initial size of inner coat 250
1
R Initial size of outer coat 300
A‘ Amplitude of cortex oscillation 18
J Adhesion constant 52000
Equilibrium length of outer edge 2R, sin(/N)
Maximum extension of bonds —
x* V2] K,

Table S1: Descriptions and values of the parameters used in simulations.



Size of a ruck

The critical size of a ruck can be estimated in two ways. Firstly, let us consider the size of a ruck in soft,
extensible film that adheres to a substrate [1,2]. The energy per unit width of a film of length | is W = U,
+ Uy + U, where U, ~ Jl is the adhesive energy, U, ~ (Eh*)A%/P’ ~ (EN’) &I’ is the bending energy and U, ~
(Eh)&¥/l is the compressive strain energy (h is the thickness of the film). The longitudinal displacement &
is related to the lateral displacement A via A ~ ()2, Minimizing W(s; I) with respect to £and | yields
scaling laws for the critical compression & ~ (Jn*/E)" required to form a ruck of critical size I ~
(Eh*/3)"*. We measured the elastic modulus E of the coat to be ~13.9 GPa using AFM. Using the typical
dimensions of a spore ruck I ~ 100nm, A ~ h ~ 30nm, we estimate that £~ 9 nm and J ~ 4 N/m, which are
reasonable figures.

Alternatively, if we assume that the film is inextensible and is compressed an amount ¢ by an applied
stress F in the longitudinal direction, then the energy per unit width of the film of length | is W = U, + U,
+ U, where U, ~ Jl is the adhesive energy, U, ~ (En*)&/I” is the bending energy and U, ~ F is the energy
due to the applied force. Minimizing W(I) with respect to | yields the scaling law for the critical ruck size
lc ~ (En*&/3)"”. Assuming ¢ to be a few nanometers, then J is approximately 1.8 N/m.

Supplementary Section 2: Movie 1

Simulation of the ruck formation as the radius of spore interior shrinks during sporulation. Coat is
represented with the dark red curve and spore interior is represented with the black circle. Radial lines
between the coat and spore interior represent the adhesion between the coat and cortex. The simulated
geometry of the spore cross section is plotted as the radius of spore interior (Rin) gradually decreases and
then increases. Rout is the average coat diameter. The graph on the left side shows the variation of Rout
in response to Rin. The dark red circle marks the values of Rin and Rout that correspond to the geometry
displayed on the right. Note that upon spore expansion, rucks formed during initial shrinkage
(corresponding to sporulation) do not reattach readily, but rather decrease their height and increase their
width.

Supplementary Section 3: Surface topography and height measurements of
bacterial spores

We have used an atomic force microscope to observe changes in surface topography of wild type and
mutant spores at low and high relative humidity. Samples are prepared by pipetting a droplet of spore
suspension (~5 uL) onto a freshly cleaved mica substrate followed by air drying. A Multimode AFM
system (Bruker AXS, Santa Barbara, CA) equipped with an environmental chamber to control relative
humidity is used. Measurement of elastic modulus of the spore coat is also carried out in this system
using a previously reported method [3].

In addition to the height profiles and topography images given in Figure 1(d,e) and Figure 3, figure S3
shows height profiles across a COtE gerE mutant of B. subtilis at low and high relative humidity.
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Figure S3. Height profiles at low (35%, black) and high (95%, orange) relative humidity on cotE gerE
mutant of B. subtilis (b). Horizontal and vertical axes are arbitrarily referenced. The average heights of
the spores increase at high humidity. To compare local curvatures, the profile obtained at high relative

humidity is vertically offset. The profiles show that the surface of the cotE gerE mutant of B. subtilis
remains smooth at both high and low levels of relative humidity.

Supplementary Section 4: Identification of coat proteins not required for
significant coat stiffness

We do not know which coat protein(s) are required for the high elastic modulus of the coat. To at least
partially clarify this question, we took advantage of previous results showing that the B. subtilis cotE
mutant spore coat is unfolded, lacks most if not all outer coat proteins and has an only partially intact
inner coat[4-8]. The unfolded state of the COtE mutant coat could be due to a significant decrease in coat
stiffness or its adhesion to the cortex. Therefore, analysis of the COtE mutant spore coat elastic modulus
might allow us to address the roles of a subset of coat proteins in spore mechanical properties. We found
the elastic modulus of the COtE mutant coat to be ~6 GPa, which is comparable to that of the wild type
coat and inconsistent with a significant reduction in stiffness due to the mutation. Therefore, most or all
the outer coat proteins are dispensable for a significantly stiff coat. Additionally, we infer that in COtE
mutant spores, defects in the inner coat prevent it from folding and/or properly adhering to the cortex.

Supplementary Section 5: Localization of SpolVVA to the underside of the coat.

The variation in coat folding patterns from spore to spore suggests that coat-cortex interactions are non-
specific. Possibly, these are nonspecific electrostatic interactions between the cortex [8] and coat [9]. The
coat protein SpolVA could plausibly make a significant fraction of these interactions, as it is argued to
connect the coat to the outer forespore membrane [10-14]. To address whether SpolVA is exposed on the
coat-interior surface, we used immunofluorescence microscopy [14] with anti-SpolVA antibodies [17] to
analyze fluorescently labeled coats shed during germination (figure S4). These data argue that Spol VA is
exposed on the interior (concave) face of shed coat material, consistent with the possibility that SpolVA
contributes to coat-cortex interactions.



Figure S4. Immunofluorescence localization of SpolVA to the inner surface of shed coats (a,b). Spores
bearing CotB-GFP (cotB-gfpmcotB) were incubated in LB medium for 90 minutes to promote outgrowth,
the shed coats were reacted with anti-Spol VA antibody followed by a FITC-conjugated secondary
antibody and then imaged by epifluorescence microscopy [15]. GFP fluorescence is colored green and
fluorescence due to anti-SpolVA binding is colored red. The shed coat appears as two partially separated
hemispheres, like a cracked-open egg shell. Prior to shedding, when the coat is a contiguous shell, the
inner surface (IS) of each hemisphere contacts the spore's interior structures. CotB is known to be on the
spore outer surface (OS) [16]
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