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Abstract

Biofilms are surface-associated soft microbial communities, which may be either detrimental or
beneficial to their hosting environment. They develop from single cells into mature colonies, that are
composed of cells and sometimes (in Firmicutes phylum) spores, held together by an extracellular
matrix (ECM) of secreted biomolecular components. Biofilm development is a dynamic process, during
which cells organize into subgroups, creating functionally distinct regions in space. Specific examples
of functional-spatial division in Bacillus subtilis biofilms include matrix and spore formation as well as
water channels that form beneath wrinkles. An interesting question arising is whether the division of
labor in biofilms is also reflected in the molecular-level order across whole biofilms. Using combined
X-ray diffraction (XRD)/X-ray fluorescence (XRF), we studied the molecular order in intact biofilms
across multiple length scales. We discovered that biofilms display a distinct spatio-temporal XRD
signature that depends on highly ordered structures in spores and on cross 3 sheet structures in matrix
components. Spore signal is found especially enhanced with water molecules and metal-ions signals
along macroscopic wrinkles, known to act as water channels. Demonstrating in situ the link between
molecular structures, metal ions distribution and division of labor across whole biofilms in time and
space, this study provides new pivotal insight to the understanding biofilm development.
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Introduction

Biofilms are soft microbial communities that form on surfaces and at interfaces(1, 2). Bacterial biofilms
are composed of vegetative cells that are embedded in a network of secreted polysaccharides,
proteins and nucleic acids, termed the extracellular matrix (ECM)(3). The ECM network provides
biofilms with diverse essential properties (4), endowing mechanical stability (5 6), regulating
spreading (7) and osmotic pressure (8), water and mineral uptake(9), providing a hydrophobic shield
(10, 11), affecting the precipitation of minerals such as calcium carbonate (12, 13), and increasing the
resistance of the biofilm cells to antibiotic activity (4, 14). Biofilms of bacterial cells from the Firmicute
phylum, such as Bacilli and Clostridia can also form spores (15), which are metabolically dormant cells
that store their genome in a partially dehydrated core. The spore core is surrounded by a protective
coat, composed of highly ordered layers of ~ 70 proteins and glycoproteins (16-18). Biofilm spores
often reside in aerial structures, projecting from the biofilm's surface, to facilitate their dispersal (19)

(20).

The realization that nomadic bacterial cells may adopt a communal form of life (21, 22) greatly
stimulated biofilm research from various perspectives. Molecular genetics approaches to biofilm
research yielded genetic pathways that are involved in biofilm formation (23), studies of quorum
sensing within biofilms provided insights into the molecules used by cells for communication (24-27),
and biochemical studies yielded compositional and structural knowledge of ECM isolated components

(10, 11, 28-32).

An emerging perspective of biofilm development considers them as multicellular organisms, because
of their ability to differentiate into subgroups of cells expressing specific set of genes. In particular,
differentiation in B. subtilis biofilms has been shown to give rise to distinct subpopulations that
express different sets of genes related with specific functions, such as motility, matrix production, and
sporulation (20, 33); Here also, heterogeneous matrix gene expression has been linked to

heterogeneity in the mechanical robustness of subpopulations (34, 35). Current views of
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differentiation of biofilms into subgroups therefore link between genetic division of labor and
phenotypic heterogeneity at the single cell as well as the subpopulation level, however, it neglects a

molecular view of structural heterogeneity across entire biofilms.

We hypothesized that the division of labor across biofilms may lead to molecular ordering within
specific domains in the biofilm. To test this hypothesis, we studied the local molecular structure and
elemental composition across biofilms in a spatially resolved manner. We used micro-focus x-ray
diffraction (XRD) and x-ray fluorescence (XRF) to scan along intact biofilm samples of different ages,
using B. subtilis as a model organism for biofilm formation. We revealed that the internal spatio-
temporal division of labor in B. subtilis biofilms is manifested by structural variations across biofilms
and between biofilms of different ages, that depend mainly on the presence of spores and ECM
components. Spores harbored highly ordered structures, while ECM conveyed minimal cross-f3 sheet
structure, that only partially depended on the presence of the major proteinaceous ECM component,
TasA. XRF measurements exposed preference of biofilms in general and biofilm sub-populations in
particular to specific metal ions, calcium, magnesium, manganese, iron and zinc. Our study provides a
molecular view of multicellularity in biofilms, demonstrating a link between biofilm morphology,
molecular structure and metal ions preference that depend on the division of labor of subgroups

across whole biofilms in situ.

Results and Discussion

Hydration sensitive spore-coat XRD contribution dominates the diffraction pattern of mature

Bacillus subtilis biofilms.

We scanned a 2.5x6 mm? area in an intact sealed and hydrated biofilm using a micro-focused beam
while simultaneously acquiring XRD and XRF, as described in the schematic presented in Fig. 1. We
chose a mature WT biofilm sample (10 days old) where the dominant morphological features, mm-

scale, large and small wrinkles were preserved (marked L, S, respectively in Fig. 1). For each
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measurement point along the scanned region (X-ray beam cross-section = 50x50 pm?, step size = 200
um, 300 um on X, Y axis, respectively), we simultaneously obtained a two-dimensional (2D) diffraction
pattern collected on an area detector and an XRF spectrum. The 2D patterns were mostly completely
isotropic, indicating that within the biofilm plane there was no preferred alignment of structural
components. We therefore azimuthally integrated the 2D patterns (in the full range 0-360°) to obtain
a one-dimensional (1D) profile of the intensity (/) versus scattering vector (g). Peaks on the 1D profile
correspond to reflections from ordered structures in the biofilm, with characteristic d-spacings (units

of length) in real space inversely related to g (d = 21 /q).
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Figure 1. Schematic representation of the experimental set-up. A slice from an intact biofilm sample is placed
between an X-ray source and a two-dimensional area detector in transmission geometry. XRD signal is collected
simultaneously with X-ray fluorescence (XRF) using a fluorescence detector located perpendicular to the
incoming beam. The X-ray beam is scanned along the sample yielding structural and compositional information
with spatial resolution determined by the size of the beam cross section and scanning the step size. kjand kfare
the direct beam and scattering vectors, respectively. g is the defined as the difference between krand k;.

The diffraction patterns of the intact, hydrated, 10 days old wild-type (WT) biofilm sample showed
scattering signals in both low (g = 4 - 8 nm™, marked with a rectangle) and high (g = 10 - 30 nm?) g-
ranges (Figs. 2A-2C). In the low g range, WT biofilms exhibited several reflections, residing around ~ 6

nm, corresponding to structural order with d-spacing in the order of 10 A in real-space, which

typically contained a sharp doublet superimposed on a broader hump.
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The XRD pattern of dry WT biofilms largely corresponded with the XRD profile reported before for
isolated spore samples (36), and confirmed by us (Figs. 2c, 2d and S3). The relative intensities of the
two peaks comprising the doublet were similar across the biofilm sample (Fig. S2(C)), implying that
they originate from a single spore-component or from components with similar relative abundance.
Notably, the peak at ~ 7.5 nm1, may be explained by periodicities of the order of ~ 8 A, that have been

observed by rodlet and honeycomb protein assemblies in B. subtilis spore coat (16).
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Figure 2. XRD of intact hydrated WT biofilm. (A, B) 2D pattern of a natively hydrated biofilm, green arrowhead
shows the water signal (A) full detector image (B) zoom-in into the low q range, showing the dominant doublet
(marked with a blue arrowhead); Orange arrowhead marks the sample carrier (Kapton film) signal. White grid
lines are borders between detector units. (C) Representative azimuthally integrated 1D diffraction profiles, of a
native hydrated (top, dark and light blue curves) and fixed, dehydrated (bottom, black curve) biofilms. The
profiles show a doublet peak in the low g range (marked with a blue arrow in (A)) and broad signals in the high
g range (marked with green arrowhead in (A)). Dashed lines point at peak positions g = 13.5 nm, and g = 19
nm, corresponding to d-spacing of ~ 4.7 A and 3.3 A, respectively. The former is attributed to biofilm
biopolymers and the latter is attributed to water signal. (D) Zoom into the low g range (marked with a rectangle
in (C)), showing the average profiles in different areas in the biofilm sample (X, Y, Z, corresponding to the blue,
red, green curves, respectively), the average peak positions in a fixed and dry biofilm (black curve) and in a spore
sample (olive green curve). (E) Mapping of the low g peak at ~ 6.7 nm (peak (ii), marked in (C)), corresponding
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to ~ 9.4 A d spacing, across a WT biofilm slice of 2.6 X 6 mm? area (F) Intensity maps of peak (i) (around g = 6.7
nm-1) showing higher intensity along biofilm's wrinkles. (G) Mapping of the dominant peaks in the high q range,
g =14 nm? and g = 19 nm* highlight the drying versus hydrated areas where the 14 nm, 19 nm™ positions are
dominant, respectively; Water signal at 19 nm-! is highest along the biofilm wrinkles, which serve as water
channels (37).

We used peak-fitting to evaluate the variation in specific reflections across the sample, yielding peak
position, width and amplitude for the dominant scattering signals for each of the measured pixels
(position in the biofilm) (Fig. S1). Mapping the spatial variation of the dominant doublet reflections in
the biofilm showed that the doublet appeared across the whole biofilm sample, with the g values
ranging between 6.19 to 6.24 nm™ (peak (i), Fig. S2A-S2B) and 6.70-6.63 nm™ (peak (ii), Figs. 2C, 2E).
The doublet peak positions were rather uniform across the measured area, yet they exhibited a small
gradient, shifting to higher q values along the direction going from the top left corner of the biofilm
sampling area to the bottom right (Figs. 2D and 2E). The intensity of the doublet showed an increase

along large wrinkles in the biofilms relative to areas away from or between the wrinkles (Fig. 2F).

In the high g range, the diffraction profiles of the hydrated sample showed typically broad peaks that
we deconvoluted using peak-fitting (Fig. S5). In all the biofilms we tested, namely, fixed and dry (curve
'dry bulk'in Fig. 1C), as well as natively hydrated biofilms ('hydrated bulk' and 'channel' in Fig. 1C), the
broad peak included contributions around 14 nm, corresponding to reflections from biopolymers
present in the ECM and to ordered structures inside the cells. The sugar-phosphate backbone in DNA,
for example, which is present both inside and outside the cells (38), bears a characteristic reflection
at 15 nm™ (39), and polysaccharides purified from biofilms showed typical scattering at g ~ 13 nm™?
(Fig. S6). In addition to the contribution at g ~ 14 nm, natively hydrated biofilms had additional
contributions around g = 19 nm™ and g = 26 nm™, corresponding to scattering form water (40, 41).
Previous reports have shown that hydration layers in proteins give rise to scattering signal around q =
19 nm (40), while free, liquid water gives rise to reflections at g = 19 nm™ as well as g = 26 nm™,
originating from the hydrogen bonding of water with typical distance of between oxygen atoms

around 2.8 A (41). strikingly, the relative contribution of these reflections depended on the position
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in the biofilm. In biofilm pixels located directly above the wrinkles (curve 'channel' in Fig. 1C), free
water (g =19 nm-1 and 26 nm™) contributed the most to the high q range. In fact, fitting results show
that the relative amplitude of these two peaks is comparable to that of pure liquid water. In bulk areas
away from the channels (curve 'hydrated bulk'), the free water signal at 26 nm* was not apparent,
leading us to conclude that the contribution at g ~ 19 nm™ results from water bound to ECM
biopolymers. This finding stands in agreement with a previous study, that showed that biofilm wrinkles
serve as channels filled with water, essentially function to transfer nutrients across biofilms (37). In
biofilms that age older than 6 days, these channels become closed tubes, which can explain the

entrapment of free water that we observe with XRD (37).

Interestingly, the large variation in the intensity of the water signal (Fig. 2G), which corresponded with
the total measurement time, suggests partial dehydration of the sample during the measurement.
This dehydration provided an interesting insight into the hydration/dehydration process in biofilms.
Mapping the intensity of the peak contributions in the high g range across the sample (Fig. 2G)
revealed that the 14 nm™ reflection was dominant in the top left part of the sample and that of the
19 nm? at the bottom right part of the sample. In the hydrated regions (with high water scattering
signal), the 14 nm™! peak was still visible but partially obscured by the presence of the broad intense
19 nm™ peak (water signal). The hydration gradient increasing along the diagonal of the biofilm sample
coincides with shifting of the doublet peak position to lower g values (i.e., larger atomic separations)
as the sample becomes more hydrated. In fixed samples of 72hr WT biofilms (Fig. 2C, 2E) and in
isolated spore samples, these peaks show up at the highest g positions (6.3 nm™ and 6,8 nm™). This
observation is in agreement with the suggestion that the doublet signal is attributed to highly
organized spore coat proteins (16, 36, 42, 43) and therefore can be expected to be sensitive to biofilm
hydration. An intriguing hypothesis then arises that spore coat proteins may serve as humidity sensors

based on their swelling.
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Metal ions preferentially accumulate in biofilm wrinkles

We measured the XRF signal from biofilms concurrently with XRD in order to probe the distribution of
accumulated metal ions across biofilms (Fig. 3). The fluorescence counts were then converted to
relative atomic density taking into account the energy dependent absorption cross-section for each
element (44-47). We found a higher signal of the metals zinc, iron and manganese along the biofilm
wrinkles. A similar trend is observed for magnesium (Fig. S2 (D)), however due to the low fluorescence
emission energy of Mg leading to significant absorption in air, the magnesium results are less reliable.
For comparison, calcium and potassium are also present in the biofilms to a large amount (Figs. 3, Fig.
S2 (E), respectively) but their distribution does not correlate with the wrinkle morphology, suggesting
that the localization of Zn, Mn, and Fe in the wrinkles is preferential over other metal ions.
Interestingly, we find that while Ca is the most abundant metal ion in the films, it is not preferably

found along large wrinkles, i.e. water channels, where spores show the strongest XRD signal.
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Figure 3. Atomic density measured by XRF of intact hydrated WT biofilm slice. Elemental distribution maps of
the corrected fluorescence signals of Zn (green), Mn (Cyan), Fe (red), Ca (blue) of WT biofilms. The signal of Zn,
Mn, and Fe, but not Ca, is stronger in the biofilm wrinkles, coinciding with water and spore accumulation along
biofilm wrinkles.

The elevated signal of some metal ions along the wrinkles, measured by XRF, coincided with increased
intensity of the doublet XRD signature acquired simultaneously. It is unlikely that this observation can
be attributed to larger biofilm thickness along wrinkles, since this should also lead to concomitant
increase in Ca signal. Thus, our results could suggest that accumulation of Zn, Mn, both of which have
been described to play a role in sporulation (48-50) (Fig. S7), as well as Fe may indeed be related to

the presence of spores. This result is also intriguing in the light of recent finding showing that calcium
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ions inhibit spore dispersal (50). It is interesting to speculate whether the continued evaporation of
water along the wrinkles, serving as lateral water channels, lead to salt accumulation that in turn
triggers sporulation. At the same time, spores may serve to store metal ions, thereby regulating salt

concentrations that may otherwise become toxic.

Loss of spore-associated reflections exposes weak cross B sheet structure in matrix mutants and in

young biofilms

Assigning the XRD doublet to spores, we studied matrix mutant biofilms, Aeps and AtasA, reported to
negligibly express sporulation genes (20). Transmission electron microscopy (TEM) imaging of WT
biofilms, taken at various positions (Figs, 4A;, large wrinkles, denoted by 'L', and Fig. S9. Small wrinkles,
denoted by 'S') and mutant biofilm samples (Figs. 4B;, 4C), reveal several cell types, in particular,
normal cells (examples marked with orange arrows), empty cells (examples marked with blue arrows),
deformed cells (examples marked with yellow arrows), sporulating cells (examples marked with green
arrows) and spores (examples marked with purple arrows). Figs. A--Ci,, as well as a quantitative analysis
of the cell types in different TEM images (total number of cells was 4715 in a total of 189 images) (Fig.
S4) show clearly that the abundance of sporulating cells and spores in biofilms made by the ECM

mutants, Aeps and AtasA, is negligible relative to their abundance in WT biofilms.
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Figure 4. Matrix and cell contributions in biofilms. (A;, B;, C)) Light microscopy of biofilm samples and (A;-Ay, Bi-
Biv, Cii-Civy) TEM imaging of fixed and stained thin sectioned WT (a2-a4), Aeps (b2-b4) and AtasA (c2-c4) mutant
biofilms, taken in different locations, as indicated on the light microscopy biofilm images. L, S, in a; denote large
and small wrinkles, respectively, E in B; and C;) denotes the edge of mutant biofilms that were examined in this
study. We identified several cell types in the TEM images: normal cells (marked orange), empty cells (marked
blue), deformed cells (marked yellow), sporulating cells (for example cells marked green) and spores (marked

purple). Scale bar in all panels is 1pum (D) comparison of the XRD of fixed mature (72 hours old) WT biofilms,
fixed mature biofilms made by matrix mutant cells, Aeps and AtasA, double mutant, AepsAtasA, as well as by
fixed young biofilms (aging 12 hours and 24 hours), where spores have not yet developed. Dashed line marks
the position of the inter-sheet and intra strand peaks in cross 3 sheet structures (g ~ 6 nm™ and 14 nm™).

The azimuthally integrated 1D XRD curves (Fig. 4D) showed loss of the spore-associated doublet in
AtasA mutant biofilms (green curve in Fig. 4D). We observed two phenotypes for the Aeps mutant
biofilms. In one phenotype, the double peak disappeared altogether (brown curve in Fig. 4D) while in
the second, it was apparent as low intensity peaks superimposed on top of a broad hump (orange
curve in Fig. 4D). The loss of the spore-associated doublet XRD peak is therefore related with the loss
of spores in biofilms of the matrix mutants. Profiles lacking the dominant spore associated reflections,
exposed XRD patterns that originated from other components in the biofilm, namely cells and matrix
components. Interestingly, we identify the two broad reflections appearingat g~ 6 nm*and ~ 14 nm"
1 that typically correspond to the canonic cross beta structure attributed to a 10 A (intersheet) and
4.7 A (interstrand) spacings, respectively. Biofilms of double mutant strains, that lacked both eps and
tasA genes, still had the 6 nm™ and 14 nm™ reflections (grey curve in Fig. 4D). While all the mutant

biofilms measured contained the low and high peak contributions, the relative intensity of the low

peak contribution (namely around 6 nmt), was lower in mutants that lacked TasA (Figure 4D).

The mutant biofilms described above were poor in spores but they additionally lacked either the
protein matrix component, TasA, the polysaccharide matrix component, EPS, or both. We
hypothesized that TasA, the most abundant structural protein in B.subtilis matrix (28) is the major
contributor to the cross-beta sheet signal in the biofilm. Indeed, the crystal structure of TasA contain
a cross-beta sheet core, and it is suggested to form amyloid fibers in vitro (28, 30). In order to test this
hypothesis we performed a temporal analysis of the biofilm at early time points, where according to

Vlamakis et al., at 12 and 24 h, WT biofilms express TasA to a variable degree, but they do not yet
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produce spores (20). XRD profiles indeed showed that the spore-associated doublet, was not yet
present in young biofilms. At 24 hours, broad peaks appeared (blue curve, Fig. 4D), attesting the
contribution of matrix and cells to the XRD signal. At 12 hours, the broad hump around 6 nm™* was
occasionally present, but in other regions the low q range did not contain any signal. Indeed, at 12
hours TasA expression is initiated but the matrix is not yet uniform across the whole biofilm area (cyan
curves, Fig. 4E) (20). Probing the samples at this time point allowed to isolate the XRD signature of
cells with little contribution of the matrix. The loss of the low g hump, indicated that higher order
intramolecular structures, are dependent on the presence of matrix components and that the cells
themselves do not contribute to the signal at low g that we then associate with inter-sheet signature

in cross beta structure.

XRD data of WT biofilms of different age and matrix mutant biofilms were fitted with five peak
positions covering the low and high g ranges (see experimental table S1, and Fig. S1) in order to
compare the dominant peak positions. For simplicity, we only specify here the low g peak position
without the doublet, and two peak positions in the high g range (this is a broad hump and a shoulder
and therefore two positions were necessary to represent it). Both the low and high g peak positions,
attributed to cross beta structures, were similar in fixed mature WT, matrix mutants (Aeps, AtasA and
AepsAtasA), and, when present, in young biofilms (see dashed lines in Fig. 4d located in the peak
positions of 72 hours old WT biofilms). While, the cross-beta signature was more dominant in biofilms
containing TasA, similar cross beta sheet signature is found also in biofilms made by tasA mutants (Fig.
4). We thus conclude that intact biofilms harbor a cross beta sheet structure, resulting from matrix

components not limited to TasA.

TasA harbors a minimal cross-beta domain and binds metal ions

Facing the presence of cross beta sheet fingerprint in intact biofilms, its increase in the presence of
TasA (in 24- and 72-hour WT samples) and in light of the literature debate on the amyloid nature of

TasA (28, 31, 51, 52), we were intrigued to learn more about the structure and composition of fibers
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formed in vitro from isolated TasA preparations. Recently, we have shown that TasA is polymorphic,
as it forms fibers with different morphologies: aggregates in acidic solutions (termed 'aggregates’
henceforth), thin and long fibers at high salt concentrations (termed 'fibrils' henceforth) and fiber

bundles at high protein and salt concentration (henceforth termed' bundles') (30, 53, 54).
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Figure 5. Morphology, metal ion binding and XRD profiles of TasA fibers formed in different environments. (A-
C) XRF of TasA fibers, (A) formed in acidic conditions ('TasA aggregates), (B) high salt concentration ('TasA fibrils'),
and (C) high protein and salt concentration ('TasA bundles'). Color code: zinc (green), iron (red) and Calcium
(blue); red and blue = purple, red and green = yellow. (D) XRD profiles of TasA aggregates (purple curve), fibrils
(orange curve), and bundles (gray curve) along with the XRD profiles of 24 hours old WT biofilms (green curve).
The sharp peaks in the fibrils' profile, marked with * formed at high NaCl concentration are attributed to salt
crystal impurities.

To examine a possible relation between binding of metal ions by TasA and by biofilms, we examined
protein fibers preparations with XRF. Figure 5a-c shows an overlay of the dominant XRF signals of the
metal ions that we observed accumulated in biofilms, Zn, Fe and Mn or Ca (see Fig. S8 for more detail).
It became evident that TasA fibrils, bearing different morphologies (prepared in different

environments, but also within the same preparation, e.g., Fig. 5C), contained the metal ions Zn, Fe
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and Mn or Ca, that were also probed in WT and mutant biofilms (as shown in this and in other studies
(9)). However, different TasA polymorphs had a different preference to these metal ions as shown in
an overlay of the XRF maps of these metal ions (Figs. 5A-5C, Fig. S8). Calcium binding was dominant in
all protein preparations. in addition, in aggregates that formed in an acidic environment, iron binding
dominated over manganese and zinc (Fig. 5A), whereas bundles that formed in high salt (NaCl) and
protein concentrations accumulated more iron and manganese ions relative to zinc (Fig. 5B, S8).
Moreover, the fibrils that formed at high salt concentration were especially heterogeneous, as was
reflected both in their morphology and metal ion binding (Fig. 5C). Specifically, in these fibers, iron
(red) binding was observed within long fibers with high persistence length, while iron, zinc and calcium
appeared to be distributed inhomogeneously in larger areas where the fibers assemble into a mesh
(red and blue appear as purple). These results suggest that at least part of the metal ions in biofilms,
and especially calcium ions are bound by TasA within the matrix. The variations in the XRF signal of
TasA fibers, prepared in three different environmental conditions, is a further testimony of the

protein’s polymorphism.

Figure 5D shows the averaged 1D azimuthally integrated XRD signatures of isolated TasA that formed
fibers in vitro under these three conditions. Despite large variations in fibril morphologies, the three
preparations of TasA fibers exhibited two broad reflections close to g ~ 6 nm™ and ~ 14 nm?,
corresponding to the canonic cross beta sheet structure. Peak-fitting shows that these peaks were
slightly shifted to higher g, relative to those of 24 h old WT biofilms (marked by vertical dashed lines,
see also table S1), indicating a more compact packing of TasA fibers formed in vitro relative to

biopolymers within the biofilm.

Diehl et al., reported that the XRD of TasA fibers formed from recombinant protein in acidic conditions
has narrow intra- and inter-sheet reflections of a cross beta sheet configuration (51), which, in our
case, are very broad. While the combination of these reflections is indicative of cross 3 sheet features,

it is unlikely that they organize into long range ordered amyloid structure. This is consistent with our
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previous suggestions that TasA fibers form in a oligomer-to-oligomer addition (54), but our data is
insufficient to suggest a model for the interactions between monomers/oligomers. We attribute the
disparity in the molecular organization of TasA fibers between that reported here and that
demonstrated for amyloid fibers to the fact that our fibrils are composed of full length proteins, rather
than short peptides (55-58) or truncated (recombinant) sequences (51). Considering the NMR studies
and crystal structure of TasA as being composed of beta strands arranged in a jelly roll core, as well as
alpha helices and loops (51), the cross-beta structure may arise from the internal core or from packing
of intermolecular beta strands or sheets. Importantly, the similarity between the XRD patterns of TasA
fibers formed in vitro and the matrix XRD signal obtained in situ suggests that also in intact biofilms,

TasA and other structural components form ordered fibers that are nevertheless not amyloidic.

Conclusions

It has been previously demonstrated that cellular subpopulations form in time and space during
biofilm development, giving rise to spatio-temporal division of labor. Specific subpopulations include
matrix and spore-forming cells, the latter appearing mostly in aerial hyphae at the surface of biofilms.
Here we show that spatial differentiation by function also imposes structural and elemental
heterogeneity in intact biofilms. When probed by X-ray diffraction, B. subtilis biofilms show a
characteristic structural signature originating primarily from ordered structures within the coat of
spores, that are sensitive to the hydration level of the film. The spores are present throughout the
biofilm but concentrate along large wrinkles that serve as water channels. The spores signal is lost in
biofilms lacking the matrix components as in AtasA and Aeps, as well as in young biofilms, where
sporulation has not yet been initiated (as also shown by TEM). We speculate that the wrinkly
morphology of elevated areas serving as water channels, which are absent in these mutant and young
films, are essential for ion transport and spore formation. The loss of the spore-associated signal
allows distinguishing between the contribution of the bacterial cells and reveals an additional cross 8
sheet structure that is attributed to the biofilm extracellular matrix. Our study establishes a link
between the presence of the TasA and the cross 3 sheet structure in intact biofilms, however, it is
unlikely that full-length TasA fibers possess long range amyloidic order either in vitro or in situ.
Furthermore, while TasA is the major component contributing TasA to the cross 3 structure in the
biofilm, there are other additional ECM components which may also exhibit a cross 3 sheet structure.

We have shown that even though biofilms are soft matter communities, they show molecularly-
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structured matrix regions that are linked to metal ion distribution as well as to the spatio-temporal
division of labor in biofilms. This study may open the way for better understanding of biofilm

physiology at the molecular level.

Materials and methods

Bacterial Bacillus subtilis strains used in this study

Wild-type (NCIB3610)

eps mutant SSB488 (3610 epsA-O::tet)

tasA mutant CA017 (3610 tasA::kan)

sinReps double mutant (ZK4363)

Biofilm sample preparation

A 2 ul drop of bacterial cell suspension, grown as liquid culture overnight at 37 °C in Luria-Bertani (LB)
medium, was spotted on solid MSgg medium agar (1.5%) plate (19), dried and kept at 30 °C or room

temperature between 12 h — 10 days, as indicated in the text.

Spores sample preparation.

Wild-type Bacillus subtilis LB liquid culture, grown for 8 h at 37 °C, was spread (200 pl suspension) on

solid LB agar (1.5%) plate and kept for 48 h at 37 °C.

TasA Purification and sample preparation.

TasA was purified as described previously (28, 30). Briefly, sinR eps double mutant B.subtilis cells
(ZK4363) were grown in MSgg broth, at a 1:100 dilution from an LB overnight culture, under shaking
conditions. After 16 h of growth at 37 °C the cells were pelleted (10000g, 15 min, 4 °C), resuspended

with saline extraction buffer and probe sonicated (1518J, 5 s pulse and 2 s pulse off). Following an
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additional centrifugation step (10000g, 15 min, 4 °C), the supernatant was then collected and filtered
through a 0.45 um polyethersulfone (PES) bottle-top filter. The filtered supernatant was collected
after centrifugation (17,000 g, 15 min, 4 °C), concentrated with Amicon centrifugal filter tubes and
either incubated in saline extraction buffer for 72 h at 4 °C (used to prepare 'TasA bundles') or passed
through a HiLoad 26/60 Superdex S200 sizing column that was pre-equilibrated with a 50 mM NacCl, 5
mM HEPES solution at pH 8 (used to prepare 'TasA aggregates' and 'TasA fibrils'). Purified proteins
were stored at —20 °C until use. The concentration of the protein was determined using a BCA protein

assay (ThermoFisher Scientific, Waltham, MA, USA).

Polysaccharide purification

Polysaccharide was purified from WT Bacillus Subtilis pellicles, as previously described (12, 32). WT
liquid culture was grown overnight in LB medium and transferred to SYN medium at a 1:100 dilution.
Pellicles were collected after 24 h at 37 °C, transferred into fresh SYN medium and washed twice by
centrifugation at 5000 rpm for 15 min at 25 °C. The pellet was collected probe sonicated (1518J, 5 sec
pulse and 2 sec pulse off) (Sonics, Vibra cell CV334) in fresh medium for 150 sec. The supernatant was
separated from the pellet after an additional sonication and centrifugation of 5000 rpm for 30 min at
25 °C. The EPS was precipitated by adding x3 ice-cold isopropanol (J.T. Baker) following an overnight
at -20 °C. The supernatant was discarded and the precipitate was washed twice with ice-cold
isopropanol and was kept at -20 °C for additional 2 h. The precipitant was collected, dissolved in 0.1
M MgCI2 (J.T. Baker) and extracted twice by phenol-chloroform (Fisher Chemical) on a separating
funnel. The aqueous phase was collected, dialyzed for 48 h against DDW (with a Cellu Sep T3, 12000-
14000 MWCO.) and lyophilized to dryness. For purification from DNA and proteins, EPS was dissolved
in a 10 mM Tris buffer (VWR) containing 50 mM NaCl, 10 mM MgClI2 pH 7.5 and incubated with DNase
(Sigma-Aldrich) at 37 °C for 1 h. Proteinase K (Sigma-Aldrich) was then added and the solution was
incubated at 40 °C for 1 h. The solution is dialyzed against DDW (with a Cellu Sep T3, 12000-14000

MWCO.) for 48 h and lyophilized to dryness.
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TasA fibers preparation

TasA fibers were prepared as previously described(54), under the following conditions:

TasA bundles: Purified TasA was incubated in saline extraction buffer for 72 h at 4 °C. The solution was
then dialyzed against TDW for three days, lyophilized and placed between two silicon nitride

membrane or resuspended in a drop of water and mounted on a loop (Hampton Research).

TasA fibrils: Purified TasA was passed through a HiLoad 26/60 Superdex S200 sizing column that was
pre-equilibrated with a 50 mM NaCl and 5 mM HEPES solution at pH 8. Sodium chloride stock solution
(5M) was then added to the protein yielding the final concentration, 1.5 M NaCl and 130 pg/ml TasA.
The solution was incubated for 72 h at 4 °C and dialyzed against TDW for three days, lyophilized and

placed between two a silicon nitride membrane.

TasA aggregates: Purified TasA was passed through a HiLoad 26/60 Superdex S200 sizing column that
was pre-equilibrated with a 50 mM NaCl and 5 mM HEPES solution at pH 8. The solution pH was then
adjusted to 2.5 with formic acid, yielding TasA aggregates (53) and kept at room temperature for three
days at 4°C. The solution was exchanged by consecutive centrifugation (5000 rpm, 10 minutes) and
supernatant replacement with TDW, three times every 24 hours. The solution was then lyophilized
and placed between two silicon nitride membranes or resuspended in a drop of water and mounted

on a loop (Hampton Research).

SAXS/XRD and XRF mapping

Scanning XRD/XRF measurements of biofilms and proteins were performed at the mySpot beamline
synchrotron BESSY Il (Helmholtz Center, Berlin, Germany) and at the ID13 beamline Synchrotron ESRF

(Grenoble, France).

At ID13 the X-ray beam (ESRF) was defined to 13.0 keV (0.954 A) using a monochromator and focused
to 2x2 um? or 5x5 pm?2. 2D patterns were acquired in transmission mode using a 4M Dectris, Eiger

detector (pixel dimension), by integrating for 2 sec in an “on-the-fly” scanning mode. A Vortex EM,

17


https://doi.org/10.1101/2021.07.27.453653

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.27.453653; this version posted July 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

silicon drift detector with 50 mm? sensitive area, XRF detector was placed roughly 90 degrees to the
incoming X-ray beam to collect the emitted X-ray photons from the sample simultaneously.

Acquisition time was set to 2 sec/point.

At mySpot beamline the X-ray beam (Bessy Il) was defined to 15.0 keV (0.827A) using a B4C/Mo
Multilayer monochromator and focused to 50x50 um? using KB mirrors and 50 um? pinhole. XRD data
were obtained using a 2D Dectris Eiger 9 M detector ((2070 x 2167) pixel2) in transmission geometry,
and a single element Si(Li) XRF detector (RAYSPEC (SGX Sensortech) was placed perpendicular to the

beam. Acquisition time was set to 60 sec/point.

Sample to detector distance (around 300mm) was calibrated using quartz powder in both setups.
When present, internal kapton signal at g = 4 nm-was used to further verify the calibration for each
sample. Calibration of XRF detectors was performed using pyMCA (http://pymca.sourceforge.net/)
using the argon emission and the main beam scattering energy. XRF intensities were corrected by the
theoretical absorption cross-section for each element, at 15 or 13 KeV (44-47) taking into account

(when relevant) the absorption of the XRF by the detector Berillium window (8 um thick).

Sample preparation for XRD measurements

Biofilm samples were mounted on aluminium frames overlaid with kapton films (13 um thick from
Goodfellow Cambridge limited or 25 um thick from DuPont) or on a silicon nitride membrane (Silson
Ltd., frame: 10.0 mm x 10.0 mm, 200 um thick; membrane: 5.0 mm x 5.0 mm, 1000 nm thick).
Hydrated biofilm, measured at myspot, was sealed at the lab an hour prior to the measurement
between two kapton films. The biofilm was gently pulled off the agar plate and placed on silicon nitride
membrane of kapton film. During biofilm removal, only WT biofilms maintained their shape and
humidity level. Fixed samples were prepared by overnight exposure to 15% formaldehyde vapour

following mounting on kapton foil/Silicon nitride membrane.
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Spore sample was scrapped from the plate and placed between Kapton sheets that were glued on an
aluminium frame and sealed with a parafilm. Protein samples measured at ESRF were prepared in
glass capillaries (Hilgenberg GmbH, 0.01 mm wall thickness) or sandwiched between two 1000 nm

thick silicon nitride membranes (see above).

SAXS/WAXS/XRF analysis.

Calibration, integration background removal, and peak-fitting of the 2D diffraction patterns were
performed using the software DPDAK (59) or home-written routines based on pyFAl
(https://pyfai.readthedocs.io/en/master/). The fitted parameters as well as the integrated XRF signal
around specific emission lines, were exported and plotted in Origin 2020 to create the maps in Fig. S
1and 2, the g and the intensity values of the peak-fitting of each point measured was used and plotted
using origin 2020 software. For 1D presentation, the 1D patterns from specific ROls (X, Y, Z in Fig. 1E)
were averaged and normalized by subtracting the minimum value and dividing by the maximum

intensity. ROIs were chosen after removing dust and salt contamination based on XRF signals.

The protein XRF maps were converted to 3-channel image RGB (red, blue and green) images using the
software Imagel (60). The correction of the fluorescence intensity signal to relative atomic density was
performed as described above. We note that absolute values cannot be directly compared between
beamline set ups and sample as they depend amongst others on the incoming flux, the sample to

detector distance and exact geometry, and the sample thickness.

Transmission Electron Microscopy of Biofilm colonies

Agar slabs (less than 0.5 mm?) containing defined regions of the bacterial colonies were cut out and
inverted on lecithin-coated 3-mm specimen carriers for high pressure freezing in a high-pressure

freezing machine (Leica, ICE) with or without 10% polyvinylpyrrolidone as a filler (AEps biofilms and
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one of the WT samples were frozen without filler). Samples were transferred under liquid nitrogen
into a freeze substitution unit (Leica, AFSII) with 0.1% osmium tetroxide in acetone for substitution

medium. Samples were slowly warmed from -90 °C to 0 °C within 3 days.

The samples were washed with acetone for one hour and incubated with 0.5% uranyl acetate in
acetone for 1 hour still at 0 °C. Samples were washed 3x with acetone (moving from 0 °C to room
temperature), before they were infiltrated with 25% and 50% epoxy resin (Roth, Germany) in acetone
for 90 min. Samples were left in 75% epoxy resin overnight. Four changes of 100% epoxy resin followed
over the period of 2 days before samples were flat-embedded between Teflon-coated microscope

slides.

Infiltrated samples were polymerized at 60 °C for two days and defined regions mounted on resin
stubs for cutting 70 nm-ultrathin cross-sections through the bacterial colonies, which were post-
contrasted with 0.5 % uranyl acetate and 0.04% lead-citrate. Samples were investigated on a Morgagni
transmission electron microscope (Thermofisher/FEI/Philips) at 80 kV and micrographs acquired with
a Morada CCD camera (EmSis/Olympus) with ITEM software (EmSis/Olympus/Sys). Images were

analysed using Fiji software (60)).

TEM images analysis according to cell type

Unbiased micrographs (image area 6 x 4.7 um with a 1.87nm/px resolution) of the biofilm samples
were acquired using the xy-coordinate display at the TEM, with a step size of 20 um. Cells were marked
and counted in these TEM images (N, total number of cells = 7159). Cell types were classified as normal
cells, empty cells, deformed cells, sporulating cells or spores, as indicated in the text and in Fig. 4. The
number of cells of each type was normalized by the number of images evaluated, which normalizes
the total area that was probed. Normalizing by the area takes into account differences in cellular

density and therefore we chose to normalize by area and not by total cell number.
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