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Biofilms are multicellular microbial communities that encase them-
selves in an extracellular matrix (ECM) of secreted biopolymers and
attach to surfaces and interfaces. Bacterial biofilms are detrimental
in hospital and industrial settings, but they can be beneficial, for
example, in agricultural as well as in food technology contexts. An
essential property of biofilms that grants them with increased sur-
vival relative to planktonic cells is phenotypic heterogeneity, the
division of the biofilm population into functionally distinct sub-
groups of cells. Phenotypic heterogeneity in biofilms can be traced
to the cellular level; however, the molecular structures and elemen-
tal distribution across whole biofilms, as well as possible linkages
between them, remain unexplored. Mapping X-ray diffraction
across intact biofilms in time and space, we revealed the dominant
structural features in Bacillus subtilis biofilms, stemming from
matrix components, spores, and water. By simultaneously follow-
ing the X-ray fluorescence signal of biofilms and isolated matrix
components, we discovered that the ECM preferentially binds cal-
cium ions over other metal ions, specifically, zinc, manganese, and
iron. These ions, remaining free to flow below macroscopic wrin-
kles that act as water channels, eventually accumulate and may
possibly lead to sporulation. The possible link between ECM prop-
erties, regulation of metal ion distribution, and sporulation across
whole, intact biofilms unravels the importance of molecular-level
heterogeneity in shaping biofilm physiology and development.

biofilms j small angle X-ray scattering (SAXS)/wide angle X-ray scattering
(WAXS) j extracellular matrix j functional amyloid proteins j phenotypic
heterogeneity

B iofilms are multicellular microbial communities composed
of cells that encase themselves in a secreted network of bio-

polymers and attach to surfaces and interfaces (1–3). Bacterial
biofilms may be detrimental in hospital and industrial settings,
but they are beneficial in agricultural settings as well as in food
technologies contexts. They grow on natural surfaces as diverse
as rocks, plant roots, and teeth (4–6), but they also develop on
synthetic surfaces, such as medical devices, drinking water dis-
tribution, and desalination systems (7, 8). Adopting a commu-
nal form of life, cells in biofilms organize in space and time into
functionally distinct microenvironments, rendering biofilms
with phenotypic heterogeneity. Phenotypic heterogeneity, the
expression of specific genes in subpopulations of otherwise
genetically identical cells (9–14), is related with chemical gra-
dients arising from consumption and production processes of
oxygen, nutrients, and pH changes (15), as well as local pro-
cesses, such as cell death (16), presence of antibiotics (17), starva-
tion (18), and even random activation of dedicated DNA regions
(19). In recent years, it has become evident that phenotypic het-
erogeneity serves as a survival strategy both for gram-negative

and gram-positive bacteria because it ensures the selection of at
least a subpopulation in constantly changing environmental con-
ditions (12, 19–21).

In Bacillus subtilis biofilms (B. subtilis), a model organism for
biofilm formation, phenotypic heterogeneity is exhibited by the
formation of subgroups of cells expressing genes related with
motility, extracellular matrix (ECM) production, sporulation (10,
22), and cannibalism (23, 24). Specifically, differential expression
of ECM genes leads to regions with different mechanical proper-
ties (25–27). Importantly, as also observed in Escherichia coli
(28), Pseudomonas aeruginosa (29, 30), and Vibrio cholerae (31)
biofilms, matrix gene expression in B. subtilis biofilms influences
biofilm architecture, leading to local formation of wrinkles that
are absent in matrix mutant biofilms (22, 25, 29, 32). In B. subtilis
biofilms, these wrinkles act as water channels, laterally transport-
ing water and nutrients between biofilm subgroups (33).

Significance

Biofilms are multicellular, soft microbial communities that are
able to colonize synthetic surfaces as well as living organisms.
To survive sudden environmental changes and efficiently
share their common resources, cells in a biofilm divide into
subgroups with distinct functions, leading to phenotypic het-
erogeneity. Here, by studying intact biofilms by synchrotron
X-ray diffraction and fluorescence, we revealed correlations
between biofilm macroscopic, architectural heterogeneity and
the spatiotemporal distribution of extracellular matrix, spores,
water, and metal ions. Our findings demonstrate that biofilm
heterogeneity is not only affected by local genetic expression
and cellular differentiation but also by passive effects result-
ing from the physicochemical properties of the molecules
secreted by the cells, leading to differential distribution of
nutrients that propagate through macroscopic length scales.
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While phenotypic heterogeneity has been related with sub-
group gene expression heterogeneity, a question that remains
unanswered is whether spatiotemporal heterogeneity in bio-
films is also observed at the molecular level through elemental
and structural variations across the biofilms themselves.
Although biochemical studies generated compositional and
structural knowledge of ECM (34–40) and spore components
(41, 42), these studies were mostly performed in vitro with iso-
lated molecules out of the biofilm context.

To study molecular heterogeneities within intact biofilms, we
used microfocus X-ray diffraction (XRD) simultaneously with
X-ray fluorescence (XRF) to scan along intact B. subtilis biofilm
samples of different ages. XRD revealed an internal, spatiotem-
poral division to subgroups of spores and ECM components
that depended mainly on the location and hydration level of the
biofilm. Simultaneous XRF measurement allowed parallel
tracking of the variations in metal ion composition across bio-
films. XRF measurements further exposed variable preference
of biofilms, ECM components, and spores to metal ions, mainly
calcium, magnesium, manganese, iron, and zinc. Surprisingly,
the XRD signature of spores and water, as well as the XRF sig-
nals of Zn, Mn, and Fe, were colocalized at the biofilm wrinkles.
These findings allowed us to portray a comprehensive, multi-
scale molecular view of multicellularity in biofilms, demonstrat-
ing a link between biofilm morphology, molecular structure,
metal ions preference, and the presence of spores, that mirrors
the division of labor of subgroups across whole biofilms in situ.

Results
XRD of Intact, Mature B. subtilis Biofilms Reveals Dominant
Diffraction Pattern of Spore Components and Water Molecules.
Scanning XRD/XRF with a microfocused X-ray beam is a pow-
erful tool that allows probing local molecular structure together
with elemental mapping of heterogeneous samples with high
spatial resolution. We scanned a 2.6 × 6 mm2 area of an intact,
sealed, and naturally hydrated biofilm using a microfocused
X-ray beam, as described in the schematic presented in Fig. 1.
We chose a mature, wild-type (WT) biofilm sample (10 d old) in
which large (millimeter scale) wrinkles were preserved during
sample preparation (Fig. 1). For each position along the
scanned region (X-ray beam cross-section = 50 × 50 μm2 and
step size = 300 and 200 μm on x-axes and y-axes, respectively),
we simultaneously obtained a two-dimensional (2D) diffraction
pattern collected on an area detector and an XRF spectrum.
Simultaneous collection of XRD and XRF signals enabled cor-
relating structural (XRD) and elemental composition (XRF)
variations across a biofilm sample. The 2D XRD patterns were
mostly isotropic (see, for example, the 2D diffraction pattern in
Fig. 2A), 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 to
360°) to obtain a one-dimensional (1D) profile of the intensity
(I) versus scattering vector (q). Peaks on the 1D profile corre-
spond to reflections from ordered structures in the biofilm, with
characteristic d-spacings (units of length) in real space inversely
related to q (d¼ 2π=q).

The diffraction patterns of the intact, hydrated, 10-d-old,
WT biofilm sample showed scattering signals in both low- (q =
5 to 8 nm�1) and high- (q = 10 to 29 nm�1) q ranges (Fig. 2
A–C). In the low-q range (marked with a blue arrowhead in
Fig. 2 A and B and a rectangle in Fig. 2C), WT biofilms exhib-
ited several reflections residing around ∼6 nm�1, corresponding
to the structural order with d-spacing of the order of 1 nm in
real space, which typically contained a sharp doublet superim-
posed on a broader hump (Fig. 2G and SI Appendix, Fig. S1
and Tables S1 and S2). The low-q XRD pattern of dry, WT bio-
films largely corresponded to the XRD profile reported before

for isolated spore samples (42) and confirmed by us (Fig. 2G
and SI Appendix, Fig. S3).

To evaluate the variation in specific reflections across the
sample, we fitted the dominant scattering signals in the 1D
XRD profiles, yielding peak position, width, and amplitude in
each of the measured pixels (position in the biofilm) (SI
Appendix, Fig. S1 and Tables S1 and S2). Mapping the spatial
variation of the dominant doublet reflections in the biofilm, the
doublet appeared across the whole biofilm sample, but its inten-
sity [peak (i) in SI Appendix, Fig. S2A and peak (ii) in Fig. 2D]
was highest along large wrinkles in the biofilms relative to areas
away from or between the wrinkles (Fig. 2D). The relative inten-
sities of the two peaks comprising the doublet were similar
across the biofilm sample (SI Appendix, Fig. S2C), implying that
they originate from a single-spore component or from compo-
nents with similar, relative abundance. The doublet peak posi-
tions were rather uniform across the measured area, ranging
between 6.19 to 6.24 nm�1 [peak (i) in SI Appendix, Fig. S2B]
and 6.63 to 6.70 nm�1 [peak (ii) in Fig. 2F], yet they exhibited a
gradient, shifting to lower-q values (larger d-spacings) along the
direction going from the top left corner of the biofilm-sampling
area to the bottom right (Fig. 2F).

In the high-q range, the diffraction profiles of the hydrated
sample showed typically broad peaks that were deconvoluted
into three or four dominant reflections. Two reflections were fit-
ted around 14 nm�1, and two reflections were centered around
19 and 26 nm�1 (Fig. 2C and SI Appendix, Fig. S4). The broad
peak around 14 nm�1 was present in all the biofilms we tested,
namely, fixed and dry (curve “dry bulk” in Fig. 2C), as well as
natively hydrated biofilms (“hydrated bulk” and “hydrated
wrinkle” in Fig. 2C). It includes reflections from biopolymers
present in the ECM and in ordered structures inside the cells.
For example, the sugar–phosphate backbone in DNA, which is
present both inside and outside the cells in the biofilm (43),
gives rise to a characteristic reflection at 15 nm�1 (44), and

Fig. 1. Schematic representation of the experimental set-up. Intact bio-
films (A) are cut into slices (B) that are placed between an X-ray source
and a 2D area detector (C) in transmission geometry. (D) XRD signal is col-
lected simultaneously with XRF using a fluorescence detector located
almost perpendicular to the incoming beam. The X-ray beam scans the
sample in preset step sizes along the x and y directions, defining pixels of
Δx × Δy areas (see for example the black-colored pixel in B). Scanning over
the large area provides structural and compositional information with spa-
tial resolution that is determined by the size of the beam cross-section and
the scanning step size. k

!
i and k

!
f are the direct beam and scattering vec-

tors, respectively. q
!

is defined as the difference between k
!

f and k
!

i. The
image is not drawn to scale, and the pictures used are for illustration pur-
poses only. Random areas in the biofilm are mapped in each biofilm dur-
ing an experiment.
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polysaccharides purified from biofilms showed typical scattering
at q ∼13 nm�1 (SI Appendix, Fig. S5).

In addition to the contribution of biopolymers to the XRD
profile, native, hydrated biofilms showed contributions around
q = 19 nm�1 and q = 26 nm�1, corresponding to scattering
from water (45, 46). In some regions, especially along wrinkles
(curve hydrated wrinkle; Fig. 2C), fitting results showed that
the relative amplitudes of these two peaks are comparable to
those of pure liquid water, in which the scattering signal origi-
nates from tetrahedral packing of water, with typical distance
between oxygen atoms around 2.8 Å (46, 47) (SI Appendix,
Table S1 and Fig. S4). While free water gives rise to both reflec-
tions at 19 and 26 nm�1, bound hydration water layers in pro-
teins lose the tetrahedral packing, and as a result, they give rise
only to scattering signal around q = 19 nm�1 (45). Strikingly, in
bulk areas away from the wrinkles (curve hydrated bulk), the
free water signal at 26 nm�1 was diminished (Fig. 2C and SI
Appendix, Fig. S4), leading us to conclude that the contribution
at q ∼19 nm�1 results from water bound to ECM and cellular
biopolymers. These findings stand in agreement with a previous
study that showed that biofilm wrinkles serve as channels filled
with water and essentially function to transfer nutrients across
biofilms (33). In biofilms aged older than 6 d, these channels
become closed tubes (33), which can explain the entrapment of
free water that we observe with XRD in the 10-d-old biofilm
section that was removed from its original substrate.

Interestingly, the large spatial variation in the intensity of the
water signal (Fig. 2E) reflects dehydration during the measure-
ment period. Mapping the intensity of the peak contributions
in the high-q range across the sample (Fig. 2E) revealed a dehy-
dration gradient spanning along the diagonal of the biofilm

sample from the top left part of the sample, where the biopoly-
mers reflection was dominant, to the bottom right part of the
sample, where the water reflection at 19 nm�1 dominated. In
the hydrated regions, the 14 nm�1 peak was still visible but par-
tially obscured by the presence of the broad, intense 19 nm�1

peak (water signal) (SI Appendix, Fig. S4 and Table S1). The
dehydration gradient provided an interesting insight into hydra-
tion/dehydration processes in biofilm spores, as the drying front
coincided with shifting of the spore-related doublet peak posi-
tion to smaller atomic separations (larger q values), as shown in
Fig. 2 F and G. This strengthens the suggestion that the doublet
signal is attributed to highly organized spore coat proteins (41,
42, 48, 49) and therefore sensitive to biofilm hydration. An
intriguing hypothesis then arises that spore coat protein swell-
ing may serve as humidity sensors for spore germination.

Loss of Spore-Associated Reflections Exposes Weak Cross–β-sheet
Structure that Is Also Observed in TasA Fibers Formed In Vitro. The
dominant contribution of the spores to the XRD signal con-
cealed a broader hump in the low-q region (SI Appendix, Fig.
S1). We wondered whether this hump originates from larger d-
spacings in ECM components, in addition to those we identi-
fied at ∼5 Å (corresponding to q ∼14 nm�1). Therefore, to
uncover the biofilm matrix XRD signal, we performed a tempo-
ral analysis of the biofilm XRD at early time points, namely at
12 and 24 h, in which WT biofilms express matrix to a variable
degree, but they do not yet produce spores (22). 1D XRD pro-
files of 24-h-old biofilms indeed showed that the spore-
associated doublet was not yet present in young biofilms (Fig.
3A, green curve and SI Appendix, Table S1). Instead, at 24 h,
broad peaks appeared at ∼6 and ∼14 nm�1, attesting the

Fig. 2. XRD of an intact, hydrated, and fixed–dry WT biofilm. (A) Full detector image showing a characteristic 2D pattern obtained from a natively
hydrated biofilm; the green arrowhead shows the water-scattering signal. (B) Zoom into the low-q range, showing the dominant doublet (marked with a
blue arrowhead in A and B); the orange arrowhead marks the sample carrier (polyimide film) signal. White grid lines are gaps between detector units. (C)
Representative, azimuthally integrated 1D diffraction profiles of a native, hydrated (dark and light blue curves taken from a wrinkle and bulk region,
respectively), and fixed–dry (black curve) biofilms. The intensity (arbitrary units [Arb. U]) versus q (nm�1) profiles show a doublet peak in the low-q range
(marked with rectangle and corresponding to the blue arrow in A and B) and broad signals in the high-q range (marked with green arrowhead in A).
Dashed lines point at peak positions q = 13.8 nm�1, attributed to biofilm biopolymers, and q = 19 and 26 nm�1, attributed to water-scattering signal. (D)
Intensity map across a 2.6 × 6 mm2 area of peak (ii) showing higher intensity along biofilm's wrinkles. (E) Mapping the intensity of the dominant peaks in the
high-q range, q = 14 nm�1 and q = 19 nm�1 highlight the drying versus hydrated areas, respectively; water-scattering signal at 19 nm�1 is highest along the
biofilm wrinkles, which serve as water channels (33). (F) Mapping of the q position of the low-q peak at ∼6.7 nm�1 [peak (ii), in C], corresponding to ∼9.4 Å
d-spacing across a WT biofilm. (G) Zoom into the low-q range (marked with a rectangle in C), showing the average profiles in different areas in the biofilm
sample (X, Y, and Z in F corresponding to the blue, red, green curves, respectively) and the average profiles in a fixed and dry biofilm (black curve) and in a
spore (dry) sample (olive green curve). In fixed–dry samples of 72-h WT biofilms and in isolated spore samples (Fig. 2C), the d-spacings were the smallest.
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contribution of matrix and cells to the XRD signal. At 12 h, the
broad hump around 6 nm�1 was only occasionally present, and
some regions showed only scattering signal at high q (Fig. 3A,
cyan and blue curves and SI Appendix, Table S1). Indeed, at 12
h matrix, expression is initiated but the matrix is not yet uni-
form across the whole biofilm area (22). Probing the samples at
this time point allowed us to isolate the XRD signature of cells
with little contribution of the matrix. The loss of the low-q
hump in these biofilms indicated that it depends on the pres-
ence of matrix components and that the cells themselves do not
contribute to the signal at low q. We, therefore, deduce that the
ECM contribution to the scattering signal contains a low-q
reflection at q ∼6 nm�1 and likely an additional component at
∼14 nm�1 that reflects the (intra)molecular arrangement of the
polymers. The combination of such reflections typically corre-
sponds to the canonic cross–β-structure attributed to a 10-
(intersheet) and 4.7-Å (interstrand) spacings, respectively (50).

TasA is the major matrix protein in B. subtilis biofilms and
was reported to form amyloid fibers in vitro (34, 36, 51). We
therefore also studied the XRD signal in matrix mutant bio-
films, ΔtasA, as well as in the matrix mutant Δeps that lacks the
gene responsible for the production of an exopolysaccharide
and the double mutant, ΔepsΔtasA, that lack both matrix com-
ponents. In addition, matrix mutant biofilms were reported to
negligibly express sporulation genes (22), as we also verified
using transmission electron microscopy (TEM) imaging (SI
Appendix, Fig. S6). The TEM images in SI Appendix, Fig. S6 as
well as a quantitative analysis of the cell types in different TEM
images (SI Appendix, Fig. S6D) show clearly that the abundance
of sporulating cells and spores in biofilms made by the ECM
mutants, Δeps and ΔtasA, is negligible relative to their abun-
dance in WT biofilms. The stark reduction in spore and the
increased numbers of lysed cells in ECM mutant biofilms (SI
Appendix, Fig. S6) suggest increased cannibalism in matrix
mutant biofilms, as previously proposed (24).

In resemblance to the XRD profiles of young biofilms, the
XRD profiles in tasA mutant biofilms (burgundy curve in
Fig. 3A) as well as in the eps mutant biofilms (orange curve in
Fig. 3A) showed loss of the spore-associated doublet. We note
that some eps mutant biofilms also exhibited profiles in which
the doublet was apparent as low-intensity peaks superimposed
on top of a broad hump (brown curve in Fig. 3A).

We used curve fitting to estimate the contribution of the
cross–β-structure, for example, intersheet and interstrand peaks

at q ∼6 and 14 nm�1, respectively (see dashed lines in Fig. 3A),
to the XRD profile of WT biofilms of different ages as well as
of matrix mutant biofilms (SI Appendix, Tables S1 and S2 and
Fig. S1). Whereas the 14-nm�1 reflection combines contribu-
tions from the 4.7-Å (interstrand) spacing in cross–β-structures
and, additionally, from similar spacings originating from other
biopolymers, the 6-nm�1 contribution originates solely form the
cross–β-structures. Therefore, the intensity ratio (low q/high q)
is indicative of the relative abundance of the cross–β-signature
in the sample. Indeed, both reflections appeared in fixed,
mature, WT biofilms and in matrix-mutated biofilms (Δeps,
ΔtasA, and ΔepsΔtasA); however, the intensity ratio (SI
Appendix, Table S1) was lower in mutants that lacked TasA
(Fig. 3A, burgundy curve). We conclude, therefore, that intact
biofilms harbor a cross–β-structure that results from matrix
components, and although it is not exclusive to TasA, the latter
is likely the major contributor to the cross–β-structure.

Interestingly, in eps mutant biofilms, wrinkles are absent
despite the occurrence of structure in the remaining matrix
components. This observation suggests that wrinkle formation
depends on the cooccurrence of all the matrix components.

We were therefore encouraged to compare the structure of
fibers formed in vitro from isolated TasA preparations with the
general structural features of the ECM in intact biofilms.
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 fibrils at high-
salt concentrations (termed “fibrils” henceforth) and fiber bun-
dles at high-protein and -salt concentration (termed “bundles”
henceforth) (36, 52, 53). Fig. 3B shows the averaged, 1D, azi-
muthally integrated XRD signatures of isolated TasA that
formed fibers in vitro under these three conditions. The XRD
profiles of the three preparations of TasA fibers exhibited two
broad reflections close to q ∼6 and ∼14 nm�1, corresponding to
the canonic cross–β-sheet structure. Peak fitting shows that these
peaks were slightly shifted to higher q, relative to those of 24-h-
old, WT biofilms (marked by vertical dashed lines, see also SI
Appendix, Table S1), indicating a more compact packing of TasA
fibers formed in vitro relative to biopolymers within the biofilm.
Of the three polymorphs, the position of the low-q peak in fibrils
samples was closest to that observed in young biofilms in situ
(6.25, 6.26, and 6.16 nm�1 for fibrils; 12-h WT biofilm; and 24-h
WT biofilms respectively, SI Appendix, Table S1).

Diehl and coworkers reported XRD patterns of TasA fibers
formed from recombinant protein in acidic conditions display-
ing narrow intersheet and interstrand reflections of a cross–β-
sheet configuration (51), which, in our case, are very broad.
While the combination of these two reflections is indicative of
cross–β-sheet features, it is unlikely that they organize into a
long-range, ordered amyloid structure in our case. This is con-
sistent with our previous suggestions that TasA fibers form by
oligomer-to-oligomer addition (53), but our data are insuffi-
cient to suggest a molecular model for the interactions between
monomers and/or 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 (50, 54–56) or truncated (recombinant)
sequences (51). Considering that NMR studies of TasA and its
crystal structure demonstrated that it contains a core of β-strands
arranged in a jelly roll fold, as well as alpha helices and loops
(51), the cross–β-structure may arise from the internal core or
from packing of intermolecular β-strands or -sheets (37). Impor-
tantly, the similarity between the XRD patterns of TasA fibers,
formed in vitro, and the matrix XRD signal, obtained in situ, sug-
gests that in intact biofilms TasA and other ECM components
form ordered fibers that are not necessarily amyloidogenic.

Fig. 3. Comparison of the XRD of mature WT biofilms, young biofilms,
and ECM mutant biofilms. (A) XRD of fixed, mature (72 h old) WT biofilms;
fixed, mature biofilms made by matrix mutant cells Δeps and ΔtasA,
double-mutant ΔepsΔtasA, as well as by fixed, young biofilms (aged 12
and 24 h), in which spores have not yet developed. The dashed line marks
the position of the intersheet and interstrand peaks in cross β-sheet struc-
tures (q ∼6 and 14 nm�1). (B) XRD profiles of TasA aggregates (purple
curve), fibrils (orange curve), and bundles (gray curve), along with the
XRD profile of 24-h-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.
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Metal Ions Preferentially Accumulate along Biofilm Wrinkles as well
as in Isolated TasA. Following the discovery that macroscopic
biofilm morphology is followed by structural heterogeneity at
the molecular level, we wondered whether the elemental com-
position of the biofilms is as heterogeneous and whether it also
tracks the morphology of biofilms. Previous work of us and
others have shown that metal ions accumulate in biofilms
(57–59); however, their spatial distribution across intact bio-
films has not been addressed.

XRF signal results from the emission of X-ray photons fol-
lowing electron relaxation after its excitation by the X-ray
beam, and it is indicative of the elemental composition of a
sample. The XRF signal from biofilms was recorded concur-
rently with XRD to probe the distribution of accumulated
metal ions across biofilms (Fig. 4). The fluorescence photon
counts were then converted to relative atomic density, taking
into account the energy-dependent absorption cross-section for
each element (60–63). While Ca was the most abundant metal
ion in all samples, and was rather homogenously distributed
across the biofilms, we found an interesting spatial distribution
for Zn, Fe, and Mn with increased signals along the biofilm
wrinkles. A similar trend was observed for Mg (SI Appendix,

Fig. S2D); however, the signal to noise in this measurement
was relatively low because of the low-fluorescence emission
energy of Mg, leading to significant absorption in air. For com-
parison, the distributions of Ca and K (Fig. 4 and SI Appendix,
Fig. S2E, respectively) did not correlate with the wrinkle mor-
phology. The uniform potassium distribution reported here is
consistent with a previous report of extracellular potassium dis-
tribution and its involvement in electrical communication
within B. subtilis biofilms (64).

The elevated signal of Zn, Mn, and Fe coincided with increased
intensity of the spore-related doublet XRD signature and water
scattering acquired simultaneously. A possible explanation of the
increased XRD signal along the wrinkles could be that the biofilm
is thicker along wrinkles; however, this effect alone would lead to
an increase of the XRF signal of all the metal ions. The uniform
Ca and K signals across the biofilms makes this possibility less
probable.

While the XRF signal cannot be quantified into absolute val-
ues, after corrections for the absorption cross-section, the relative
abundance of metal ions can be compared to obtain the general
trends in ion abundance. We therefore evaluated the atomic
abundance of Zn, Mn, and Fe ions relative to the most abundant
Ca ion in areas positioned at the biofilm bulk (away from the
wrinkles) and compared them to the relative concentrations of
these metal ions in the medium (SI Appendix, Table S3).

We found that Ca accumulation is enhanced relative to the
other metals ions, even after considering its higher abundance in
the medium (SI Appendix, Table S3). This suggests that Ca is
preferentially bound in the biofilm, thus maintaining a high-
concentration gradient relative to the medium. Ca binding by the
ECM was already shown before and suggested to stabilize the
biofilm and inhibit biofilm dispersal (59). In contrast, Zn, Mn,
and Fe ions are more free to diffuse and flow as solutes in water
channels, and they accumulate along wrinkles, in which evapora-
tion is enhanced (33). Strikingly, the relative abundance of Zn,
Mn, and Fe, with respect to Ca, is similar in ECM mutant bio-
films and in the bulk of WT biofilms (away from wrinkles), and
yet sporulation is detained. We suggest that even though the
metal ions are accumulated across the film, the lack of wrinkles
and lateral water flow in the mutant films prevents localized accu-
mulation of some metal ions with respect to Ca and that these
altered Ca/metal ion ratios are crucial for sporulation. Interest-
ingly, all these metal ions (Ca, Zn, Mn, and Fe) have been
described to play a role in sporulation (59, 65, 66), and they also
accumulated in isolated spore samples (SI Appendix, Fig. S7).

We speculated that the ECM binds Ca, in similarity with
charged polyelectrolytes that often bind polyvalent ions (67, 68).
To examine this possibility, we investigated protein fibers of iso-
lated TasA preparations with XRF. XRF analysis revealed that
TasA fibers contained all the metal ions: Ca, Zn, Fe, and, in some
cases, Mn that were also probed in WTand mutant biofilms (Fig.
5). However, different TasA polymorphs showed different prefer-
ence to these metal ions, as shown in an overlay of the XRF maps
of these metal ions (Fig. 5 D–F and SI Appendix, Fig. S8). In par-
ticular, in aggregates that formed in an acidic environment, iron
binding dominated over Ca, Mn, and Zn (Fig. 5D), whereas bun-
dles that formed in high-salt (NaCl) and -protein concentrations
accumulated more Ca relative to Zn, Mn, and Fe (Fig. 5F and SI
Appendix, Fig. S8). The fibrils that formed at high-salt concentra-
tion were especially heterogeneous, as was reflected both in
different morphologies and in metal ion–binding preferences
residing in the same sample (Fig. 5E). These results suggest that
some part of the metal ions in biofilms, especially Ca, are bound
by TasA within the matrix. The variations in the XRF signal of
TasA fibers, prepared under three different environmental condi-
tions, is a further testimony of the protein’s polymorphism and its
possible contribution to biofilm heterogeneity.

Fig. 4. Atomic density measured by XRF of intact, hydrated WT biofilm
slice. XRF/elemental distribution maps are plotted for each metal ion. The
Look Up Table (LUT) describes the XRF counts (values to the left of the
scale) and the corrected fluorescence signals (values to the right of
the scale) of Mn (blue), Zn (green), Fe (red), and Ca (magenta) of WT bio-
films. 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.
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Discussion
Spatiotemporal analysis of molecular structures within B. subti-
lis biofilms reveals that cellular spatial differentiation by func-
tion also translates into structural and elemental heterogeneity
across whole biofilms at the molecular level. Probing intact bio-
films with XRD, we have found that B. subtilis biofilms convey
three characteristic structural signatures originating from
spores, ECM components, and water in bound and free state.
Concomitant spatial elemental analysis by XRF showed that
the metal ions, mainly, Ca, Zn, Mn, and Fe, known to play a
crucial role in bacterial metabolism and sporulation (69), differ-
entially accumulate in B. subtilis biofilms. While Ca and K are
evenly distributed across the biofilms, other metal ions, mainly
Zn, Mn, and Fe, accumulate along biofilm wrinkles.

Based on our observations, we suggest an inclusive view of
biofilm development linking between macroscopic features,
namely biofilm wrinkles, to elemental and structural heteroge-
neities in biofilms, as illustrated schematically in Fig. 6. We sug-
gest a dual role for the ECM in biofilms. It provides structural
support and leads to wrinkle formation, and it also serves as fil-
ter, selectively binding Ca over other metal ions. These two
properties result with heterogeneous distribution of metal ions
and spores, as detailed in the next paragraph.

Metal ions, initially residing in the medium, accumulate in
the ECM biopolymers with preferred Ca binding. This process
is driven by water evaporation, which occurs throughout the
film (curled blue arrows in Fig. 6). However, Wilking et al. (33)
have shown that biofilm wrinkles act as water channels, in
which water flow is driven by enhanced evaporation along the
wrinkles. The water flow carries nutrients, but, as Ca is selec-
tively bound by the matrix and therefore filtered out, the solu-
tion is relatively enriched with Zn, Mn, and Fe, which are only
weakly bound by the matrix or taken up by cells. These ions
eventually accumulate along the wrinkle because of water evap-
oration. The cooccurrence of these metal ions and spores along
wrinkles is consistent with their essential role in sporulation
(65, 70, 71) and points at the possibility that spores act as a

drainage for metal ions, as a means to circumvent toxicity. Our
study also suggests that, in the absence of wrinkles in ECM
mutant biofilms, a Ca/metal ion ratio required for sporulation
cannot be achieved, providing reason to the delayed sporula-
tion in ECM mutant biofilms.

Our model therefore offers a functional link between ECM
properties, macroscopic wrinkles, and sporulation via hetero-
genic metal ions distribution, showing that biofilm heterogeneity
is not only affected by genetic expression and cellular differentia-
tion but also by passive processes that stem from physicochemi-
cal properties of molecules secreted by the cells in the biofilm.
These lead to a differential distribution of nutrients that propa-
gates through macroscopic length scales. Multiscale approaches
to biofilm internal structures and metal ion relationships may
hold the key to understanding biofilm physiology and multicellu-
larity and their relation to subpopulation survival in B. subtilis,
as well as in other biofilms of single or mixed bacterial species.

Materials and Methods
XRD/XRF measurements of biofilms and proteins were performed at the
mySpot beamline synchrotron BESSY II (Helmholtz Center) and at the ID13
beamline of the European Synchrotron Radiation Facility (ESRF) (Grenoble).

Fig. 6. Schematic representation of the relationships between biofilm
structures, metal ion distribution, and their implications on biofilm physi-
ology. (A) A side (cross-section) view of a WT B. subtilis biofilm with a cen-
tral water-filled (blue) wrinkle. Bacterial cells are represented by brown
ovals; spores are represented by circles with a dark brown circumference.
The straight arrows represent water and nutrient uptake into the biofilm,
and the curled arrows represent water evaporation from the biofilm sur-
face. (B) The biofilm is composed of cells and ECM (represented by brown
background and darker lines). (C) TasA fibrils in the ECM contain short
cross β-sheet domains. (D) Zoom into a column across the biofilm wrinkle
(black rectangle); water (blue background) and metal ions (we only refer
to the metal ions that were observed in this study, Ca: purple and Fe/Zn/K/
Mn: red and green) are free inside water channels (Bottom). The metals
are adsorbed by the ECM (Middle), with preference to Ca that remains
mostly bound to the ECM. Zn, Mn, and Fe are free to diffuse in the matrix,
and they concentrate on the biofilm wrinkles (Top), in which water evapo-
ration is the largest. Metal ion accumulation on biofilm wrinkles possibly
leads to sporulation. This image is for illustration purposes, and it is not
drawn to scale.

Fig. 5. Morphology and metal ion binding of TasA fibers formed in dif-
ferent environments. (A–F) XRF of TasA fibers formed in acidic conditions
(“TasA aggregates”), high-salt concentration (“TasA fibrils”), and high-
protein and salt concentration (“TasA bundles”). XRF maps of Ca (A–C) are
presented separately from the overlay of the XRF maps of Zn, Fe, and Mn
(D–F) because of its higher abundance (atomic density) in all the samples.
Color code: Ca (magenta), Zn (green), Mn (blue), and Fe (red); red and
green = yellow. (Scale Bar, 300 μm.)
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Biofilm samples were mounted on aluminum frames overlaid with kapton
films (13 μm thick from Goodfellow Cambridge limited or 25 μm thick from
DuPont) or on a silicon nitride membrane (Silson Ltd., frame: 10.0 × 10.0 mm,
200 μm thick; membrane: 5.0 × 5.0 mm, 1 μm thick). Protein samples measured
at ESRF were sandwiched between two 1-μm-thick silicon nitride membranes.
Detailed information on the experimental methods can be found in SI
Appendix.

Data Availability. All study data are included in the article and/or SI Appendix.
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