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ABSTRACT Iron (Fe) is one of the most important micronutrients for most life
forms on earth. While abundant in soil, Fe bioavailability in oxic soil is very low. Un-
der environmental conditions, bacteria need to acquire sufficient Fe to sustain
growth while limiting the energy cost of siderophore synthesis. Biofilm formation
might mitigate this Fe stress, since it was shown to accumulate Fe in certain Gram-
negative bacteria and that this Fe could be mobilized for uptake. However, it is still
unclear if, and to what extent, the amount of Fe accumulated in the biofilm can sus-
tain growth and if the mobilization of this local Fe pool is modulated by the avail-
ability of environmental Fe (i.e., Fe outside the biofilm matrix). Here, we use a non-
domesticated strain of the ubiquitous biofilm-forming soil bacterium Bacillus subtilis
and stable Fe isotopes to precisely evaluate the origin of Fe during growth in the
presence of tannic acid and hydroxides, used as proxies for different environmental
conditions. We report that this B. subtilis strain can accumulate a large quantity of
Fe in the biofilm, largely exceeding Fe associated with cells. We also report that only
a fraction of biofilm-bound Fe is available for uptake in the absence of other sources
of Fe in the vicinity of the biofilm. We observed that the availability of environmen-
tal Fe modulates the usage of this pool of biofilm-bound Fe. Finally, our data sug-
gest that consumption of biofilm-bound Fe relates to the efficacy of B. subtilis to
transport Fe from the environment to the biofilm, possibly through siderophores.

IMPORTANCE Recent pieces of evidence suggest that Fe bound to the biofilm could
assume at least two important functions, a local source of Fe for uptake and a sup-
port to extracellular metabolism, such as extracellular electron transfer. Our results
show that B. subtilis can use biofilm-bound Fe for uptake only if it does not compro-
mise Fe homeostasis of the biofilm, i.e., maintains a minimum Fe concentration in
the biofilm for extracellular purposes. We propose a theoretical framework based on
our results and recent literature to explain how B. subtilis manages biofilm-bound Fe
and Fe uptake in response to environmental Fe availability. These results provide im-
portant insights into the management of biofilm-bound and environmental Fe by B.
subtilis in response to Fe stress.
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Iron (Fe) is one of the most important elements for most microorganisms (1). Despite
its high abundance in the earth crust and soil (2, 3), the low solubility of its common

mineral forms (hydroxides and oxides) under oxic conditions, not greater than 10�18 M
at pH 7 (4), results in very scarce bioavailability. To acquire Fe in bioavailable Fe-poor
environments, microorganisms produce organic ligands with high affinity for Fe, called
siderophores (5). Siderophores increase Fe availability by facilitating the dissolution of
Fe oxides and competing with natural Fe complexes (i.e., organic matter) (6).

The presence of multicellular communities embedded in self-secreted matrices, or
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biofilms, is another important characteristic of most soil microorganisms (7). Biofilms
provide many advantages for the microbial communities, such as protection against
environmental stress (8). Importantly, biofilm formation and Fe acquisition are strongly
intertwined. Fe availability (extracellular concentration and chemical form) has been
shown to affect biofilm production and maturation in several bacteria, including the
Gram-positive Bacillus subtilis (9, 10). Reciprocally, the formation of a biofilm could
contribute to Fe acquisition. We recently showed that in Bacillus subtilis, both sidero-
phore production and biofilm formation are required to support Fe acquisition from the
medium and sustain Fe homeostasis during growth in static cultures (11). The extra-
cellular biofilm matrix exhibits a wide range of properties (e.g., pH, redox potential, and
composition) (8, 12, 13) that can influence metal speciation and siderophore efficiency
and can facilitate metal uptake. In natural habitats, Fe sources in the vicinity of
biofilm-forming bacteria are very diverse (e.g., minerals, organic matter, and xeno-
siderophores [14]), and Fe availability likely quickly evolves due to changes in water
content, pH, and redox conditions in the bacterial microenvironment. Biofilm can sorb
organic and inorganic compounds, including Fe (8, 12, 13). Biofilms of Pseudomonas
aeruginosa were shown to accumulate important quantities of Fe that can be mobilized
and taken up by the bacteria, possibly through siderophore complexation (12). The
presence of Fe in the biofilm matrix could help bacteria cope with Fe stress by offering
a local alternative to environmental Fe sources.

However, it is still unclear if, and to what extent, the amount of Fe accumulated in
the biofilm can sustain growth and if the mobilization of this local Fe pool is modulated
by the availability of environmental Fe (i.e., Fe outside the biofilm matrix). Here, we
investigated how bacteria manage biofilm-bound Fe and environmental Fe sources to
sustain Fe acquisition using the model bacterium B. subtilis strain NCIB3610. Our main
objectives were (i) to quantify the accumulation of Fe by B. subtilis biofilms, (ii) to
evaluate if the biofilm-bound Fe can be mobilized and to what extend it can support
bacterial growth, and (iii) to test if the use of biofilm-bound Fe is modulated by the
efficiency of cells to recruit Fe from environmental sources.

(This research was conducted by A. Rizzi in partial fulfillment of the requirements for
a Ph.D. degree from the Université de Sherbrooke [Faculty of Sciences] [15].)

RESULTS
Quantitation of iron in Bacillus subtilis biofilm. The capacity of microbial biofilms

to accumulate various metals, including Fe, was reported in both laboratory settings
and environmental samples for Gram-negative bacteria (12, 13, 16, 17). Thus, our first
objective was to examine if biofilms formed by the Gram-positive bacteria Bacillus
subtilis could also accumulate Fe. As shown in Fig. 1, under our experimental condi-
tions, large quantities of Fe are stored in B. subtilis NCIB3610 biofilm collected after 22
h of growth (nearly 10�6 M) (Fig. 1A). To put this amount in perspective, after 22 h of
growth the amount of Fe associated with the biofilm matrix was an order of magnitude
higher than the amount of Fe associated with all B. subtilis cells (nearly 10�7 M)
(Fig. 1A). Increasing the concentration of Fe in the medium (from 10�5 M to 10�4 M)
and changing its chemical form (FeCl3 versus Fe-EDTA) did not significantly affect the
amount of Fe bound to the biofilm after 28 h (Fig. 1B).

To characterize which components of the biofilm matrix are involved in Fe seques-
tration, we examined the amount of Fe sequestered in B. subtilis deletion mutants
epsA-O and tasA, producing only the protein (TasA) or the exopolysaccharide (EPS)
component of the biofilm, respectively. As shown in Fig. 1C, under our experimental
conditions both mutants accumulated significantly less Fe in their incomplete biofilms
than the wild type (Fig. 1C) (data normalized to biofilm mass are presented in Fig. S2A
in the supplemental material). Interestingly, the sum of Fe associated with the biofilms
of mutants epsA-O and tasA (5.7 � 10�8 M) only accounted for 6.7% of the Fe associ-
ated with wild-type biofilms (8.4 � 10�7 M) (Fig. 1C). Coculture of epsA-O and tasA
restored Fe storage in the biofilm at a level comparable to that of the wild type
(Fig. S2B). These results suggest a synergic effect of biofilm components on Fe
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sequestration and that a complete and mature biofilm is required for optimal Fe
binding.

Mobilization of biofilm-bound Fe by B. subtilis. Since high levels of Fe are present
in the biofilm, we evaluated if it could be mobilized by B. subtilis NCIB3610 to support
its growth. To test this, we used Fe stable isotope labeling of B. subtilis cells and
biofilms. With this technique, we were able to obtain cells and biofilms containing only

FIG 1 B. subtilis biofilm accumulates Fe. (A) Fe content (in molar) measured in B. subtilis cells and biofilm
matrix after 22 h of growth at 30°C in MSgg supplemented with 10�4 M FeCl3 (an asterisk indicates
significant difference by t test, P � 0.001). (B) Fe content (in molar) measured in B. subtilis cell biofilm
matrix following 28 h of growth at 30°C in MSgg supplemented with Fe provided as FeCl3 (10�5 and 10�4

M) and Fe-EDTA (10�5 M FeCl3 � 10�4 M EDTA). Error bars are standard deviations. (C) Fe content of
biofilms formed by the wild type (light gray bars), epsA-O (no exopolysaccharides, white bars), and tasA
(no TasA fibers, dark gray bars) cells measured after 22 h of growth at 30°C in MSgg supplemented with
10�4 M FeCl3 (an asterisk indicates significant differences by ANOVA with post hoc Tukey’s test,
P � 0.001).
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56Fe, which were then incubated in Fe-depleted medium or medium containing a
different isotope, 57Fe. The contribution of Fe in cells, either from within (56Fe) or
outside (57Fe) the biofilm, then was determined by analyzing the proportion of Fe
isotopes in B. subtilis cells by inductively coupled plasma mass spectrometry (ICP-MS)
(Fig. 2; also see Materials and Methods for details).

As shown in Fig. 3A, when the biofilm was transferred to an Fe-depleted medium,
B. subtilis was still able to grow to some extent (“no Fe” condition). However, this
growth was not accompanied by a significant decrease in intracellular Fe levels (Fig. 3B,
white bars), showing that cells were able to acquire Fe from the biofilm. Thus,
biofilm-bound Fe sustained Fe acquisition and homeostasis, i.e., constant intracellular
Fe concentration despite cellular division, and active growth in the absence of envi-
ronmental Fe. However, the growth was slower than that of cells grown in the presence
of environmental Fe (i.e., FeCl3 and Fe-tannic acid) (Fig. 3A). Importantly, after 6 h, the
decrease in Fe content in the biofilm (8.6 � 10�8 M � 3.6 � 10�8 M) (Fig. 3C, white
bars) was consistent with the amount of Fe required to sustain growth (number of cells
produced � cellular Fe quotas � 1.1 � 10�7 � 0.1 � 10�7 M) (Fig. 3A and B). This result
demonstrated that biofilm-bound Fe could be taken up by the bacteria, but in the
absence of environmental Fe, only a fraction of total biofilm-bound Fe was mobilized
for uptake, resulting in impeded growth.

Effect of environmental Fe on the acquisition of biofilm-bound Fe. We next
evaluated to what extent the use of biofilm-bound Fe could depend on the availability
of environmental Fe. Biofilms grown in 56Fe-spiked medium were transferred in me-
dium containing either freshly added 10�4 M 57FeCl3 (a proxy for hydroxides) or 10�4

M 57Fe-tannic acid (a proxy for Fe-natural organic matter complex). Under both
conditions (FeCl3 and Fe-tannic acid), B. subtilis NCIB3610 achieved active growth (Fig.
3A) and Fe homeostasis (Fig. 3B). Cells grown in the presence of FeCl3 achieved a higher
growth rate and reached stationary phase faster than cells grown in the presence of
Fe-tannic acid (Fig. 3A). Interestingly, in the presence of environmental 57FeCl3, after 6 h
of growth, 57Fe contributed less than a quarter (19.2% � 7.9%) of the new Fe required
for growth, while in the presence of 57Fe-tannic acid, it contributed close to half of the

FIG 2 Procedure for Fe isotopic labeling of B. subtilis cells and biofilms. Cells were precultured at 30°C
in liquid MSgg medium containing pure 56Fe (10�4 M) for several generations to produce 56Fe-labeled
cells (a), and then cells were inoculated in an MSgg medium containing pure 56Fe and grown for 22 h
to produce the 56Fe-labeled robust biofilm (b). Following biofilm formation, the 56Fe-labeled cells and
biofilm were transferred in a new MSgg medium containing no Fe (c) or pure 57Fe, provided as FeCl3 or
Fe-tannic acid (d). Fe content (56Fe and 57Fe) in cells and cells plus biofilm was monitored for 6 h. Fe
content in the biofilm matrix was calculated by subtracting cellular Fe from total biofilm Fe (cells plus
matrix). Acquisition of new Fe was calculated by subtracting the amount of cell-bound Fe (number of
cells � Fe cellular quotas) 6 h after transfer to the amount of cell-bound Fe at T0 (composed of 100%
56Fe).
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new Fe required for growth (46.8 � 32.02) (Fig. 3D). While this difference between the
57FeCl3 and 57Fe-tannic acid treatments was not statistically significant within biological
treatments, this trend was observed in all three biological replicates (Fig. S3). Consid-
ering that 6 h after transfer similar amount of cells (Fig. 3A) containing similar cellular
Fe concentrations (Fig. 3B) were produced, this result implies that cells mobilized close
to two times more 56Fe from the biofilm (2.9 � 10�7 � 0.2 � 10�7 M) in the presence
of 57FeCl3 than cells grown without environmental Fe or with 57Fe-tannic acid
(1.1 � 10�7 � 0.1 � 10�7 M and 1.9 � 10�7 � 0.3 � 10�7 M for no Fe and 57Fe-tannic
acid condition, respectively). Importantly, 57FeCl3 contributed significantly more to
biofilm-bound Fe than to intracellular Fe (Fig. 3D). This experiment demonstrated that
the environmental source of Fe had an important impact on the mobilization of
biofilm-bound Fe by B. subtilis.

Efficiency of bacillibactin to compete with hydroxide and tannic acid for Fe. As
shown in Fig. 3B, Fe acquisition from the environment was delayed in the presence of
57Fe-tannic acid compared to 57FeCl3 (Fig. 3D). This delay could result from a lower
availability of environmental Fe when present as Fe-tannic acid rather than FeCl3.
Previously, we showed that siderophore production is absolutely required under our
experimental conditions to support growth of B. subtilis NCIB3610 in standing liquid
MSgg medium (5 mM potassium phosphate buffer, pH 7, 0.1 M morpholinepropane-
sulfonic acid, pH 7, 2 mM MgCl2, 0.05 mM MnCl2, 0.001 mM ZnCl2, 0.002 mM thiamine,
0.5%, vol/vol, glycerol, 0.5% [26.7 mM] glutamate, 0.7 mM CaCl2) (11). Consequently, we
hypothesized that the earlier acquisition of environmental 57Fe under the FeCl3 con-
dition reflected the higher efficiency of bacillibactin, the siderophore with the highest
affinity for Fe produced by B. subtilis, to recruit Fe from Fe-hydroxides (coming from

FIG 3 Influence of environmental Fe on B. subtilis growth and Fe acquisition strategy. Panels show cellular growth
(A), total intracellular Fe concentration (B), isotopic composition of biofilm-bound Fe (C), and isotopic distribution
of new cellular Fe (D) of B. subtilis cells 3 h and 6 h after transfer in a Fe-depleted MSgg medium (white bars in
panels B, C, and D, and triangles in panel A), 10�4 M 57FeCl3 (dark gray bars in panels B, C, and D, and circles in
panel A), or 10�4 M 57Fe-tannic acid (light gray bars in panels B and D, and squares in panel A).
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FeCl3) rather than from Fe-tannic acid. To test this hypothesis, we monitored the
formation of Fe-bacillibactin complex in the presence of 10�5 M bacillibactin, the
concentration produced by B. subtilis during biofilm formation (11), in MSgg medium
containing 10�5 M Fe provided as FeCl3 or Fe-tannic acid. As presented in Fig. 4, after
4 h, 40% of Fe was complexed by bacillibactin in the medium containing FeCl3
compared to only 15% in the medium containing Fe-tannic acid. This observation
confirmed the lesser accessibility of Fe-tannic acid than Fe-hydroxides to B. subtilis
siderophores.

DISCUSSION

Our results indicate that under static culture conditions, B. subtilis NCIB3610 biofilm
can trap large quantities of Fe in its extracellular matrix. Our data also suggest that Fe
complexation in the biofilm results from complex interactions between the various
components of the matrix, reflecting the role of chemical interactions between exopo-
lysaccharides and protein components in Fe binding. Since both exopolysaccharides
and proteins are required for the complete maturation of the biofilm (18), the signifi-
cantly higher sequestration of Fe by wild-type biofilms compared to those of mutants
(Fig. 1C) also suggests that the three-dimensional structure of the biofilm significantly
influences Fe sequestration. More research is required to decipher the role of biofilm
chemical composition and physical structure on Fe sequestration.

Accumulation of Fe, and potentially other metals, in biofilm matrix might be
widespread in environmental bacteria, as illustrated by similar Fe sequestration re-
ported in biofilms of the Gram-negative P. aeruginosa (12). The presence of an Fe pool
close to cells would constitute an efficient means of alleviating Fe stress in microor-
ganisms exposed to fluctuations in the availability of elements in the natural environ-
ment.

In the absence of environmental (i.e., from outside the biofilm matrix) Fe sources,
only a fraction of biofilm-bound Fe is available for uptake, and this amount is insuffi-
cient to sustain normal growth. The similar concentrations of Fe bound to the biofilm
of B. subtilis NCIB3610 cultures grown under contrasted Fe concentrations and chemical
forms suggests a bacterial control over Fe accumulation in the biofilm. Recent studies
reported that Fe in the biofilm can contribute to extracellular electron transport (EET)
supporting bacterial metabolism (19–21). Thus, Fe bound to the biofilm seems to
assume at least two important functions, a local source of Fe for uptake and an
extracellular metabolic function, such as EET. Assuming that bacteria need to maintain
a minimum pool of Fe in the biofilm for extracellular metabolic function (e.g., EET), we
propose a theoretical framework to explain how B. subtilis manages environmental and
biofilm-bound Fe for Fe uptake (Fig. 5). In the environment, three sources of Fe could
support Fe uptake for growth: available Fe in the biofilm, not required for extracellular

FIG 4 Complexation of Fe by the triscatechol siderophore bacillibactin in the presence of FeCl3 and
Fe-tannic acid. Formation of Fe-bacillibactin complex, expressed as a percentage of Fe complexed to
bacillibactin, in the presence of 10�5 M Fe-tannic acid (circles) and 10�5 M FeCl3 (squares). Complexation
was assayed in Milli-Q water supplemented with 10�5 M bacillibactin.
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metabolism (Fig. 5E), direct Fe uptake from the environment, allowing the preservation
of Fe stocks in the biofilm for extracellular needs (Fig. 5B), and uptake of Fe from a
biofilm dynamically replenished by environmental Fe (Fig. 5C and E). Under our
experimental conditions, mining biofilm-bound Fe for uptake quickly collides with the
need to sustain the Fe requirement in the biofilm to support critical metabolic functions
(e.g., EET and no Fe conditions). Once the small fraction of biofilm-bound Fe available
for uptake is used, bacterial growth (Fe uptake) requires the contribution of external
sources. In the presence of 57Fe-tannic acid, bacterial growth can be fully explained by
the use of a small fraction of biofilm-bound Fe (similar to the amount used under the
no Fe condition) followed by the direct uptake of Fe from the environment by cells (Fig.
5B and E). Indeed, the low accessibility of 57Fe-tannic acid could force cells to acquire
Fe locally before accessing the external pool. Environmental 57FeCl3 is more easily
accessible, providing an efficient replenishment of the biofilm with environmental 57Fe
that matches or exceeds cellular Fe uptake, sustaining both intra- and extracellular Fe
needs (Fig. 5C and E). This is illustrated by the higher acquisition of 56Fe from the
biofilm (Fig. 3B) and the observed replenishment of the biofilm with environmental
57Fe under the FeCl3 condition (Fig. 3D). The mechanisms leading to the replenishment
of Fe in the biofilm remain to be fully characterized.

Recently, we reported that siderophore production and biofilm formation are both
essential for B. subtilis NCIB3610 growth and Fe homeostasis in static culture and that
concentrations of bacillibactin in both the biofilm and the supernatant of B. subtilis
standing cultures are similar (11). Thus, siderophores could contribute to refueling the
biofilm by acting as a shuttle between environmental sources and the biofilm. The
faster complexation of Fe from FeCl3 compared to that of Fe-tannic acid (Fig. 4) results
in faster and higher availability of environmental Fe (Fe-siderophore complex) for
uptake and subsequent biofilm refueling.

FIG 5 Schematic framework for biofilm-bound and environmental Fe management by B. subtilis. (A)
Bacteria secrete siderophores in the environment to recruit Fe from natural sources (oxides and organic
[Org.] matter). (B and C) Siderophore-Fe complexes can be directly taken up by cells (B) and/or contribute
to refuel Fe in the biofilm (C). (D and E) The biofilm contains large amounts of Fe (an order of magnitude
more than cells), a large fraction of which is used for extracellular metabolic functions (e.g., EET) (D), and
the rest can be mobilized for uptake (E). The mechanisms underpinning the accumulation of Fe in the
biofilm and the mobilization of Fe from the biofilm for uptake remain unclear.

Iron Homeostasis in B. subtilis Biofilm and Cells Applied and Environmental Microbiology

November 2020 Volume 86 Issue 22 e00944-20 aem.asm.org 7

https://aem.asm.org


Nonetheless, our results, along with those of recent studies, suggest that Fe acqui-
sition by biofilm-forming bacteria, such as B. subtilis, is complex and modulated by
intra- and extracellular Fe requirements and environmental Fe availability (abundance
and chemical form). More research on Fe requirements for extracellular metabolic
functions and on the mechanisms underpinning Fe transport to the biofilm and to cells
is warranted and would allow a more comprehensive understanding of Fe homeostasis
in biofilm-forming bacteria. The high requirements of biofilm-bound Fe for normal
growth observed in this study (Fig. 3) invite further research to decipher the real
function and homeostasis of Fe in the biofilm.

MATERIALS AND METHODS
Strains, isotopic labeling of cells, and biofilm. All experiments were conducted with Bacillus subtilis

strain NCIB3610, except for those shown in Fig. 1, where strains SSB488 (3610 epsA-O::tet) (18) and CA017
(3610 tasA::kan) (22) were used. Biofilm medium used throughout this study was MSgg without Fe
(5 mM potassium phosphate buffer, pH 7, 0.1 M morpholinepropanesulfonic acid, pH 7, 2 mM MgCl2,
0.05 mM MnCl2, 0.001 mM ZnCl2, 0.002 mM thiamine, 0.5%, vol/vol, glycerol, 0.5% [26.7 mM] gluta-
mate, 0.7 mM CaCl2) (23). Milli-Q deionized water was used to prepare the medium. Prior to medium
preparation, glassware was washed for 24 h with a 10% solution of HCl (trace metal reagent) and rinsed
three times with Milli-Q water to prevent Fe contaminations of the MSgg. To prepare the inoculum for
biofilm formation marked with intracellular 56Fe, B. subtilis cells were precultured from glycerol stocks for
5 h at 37°C with shaking at 150 rpm in MSgg medium containing 10�4 M pure 56FeCl (56FeCl3, 99% purity;
Trace Sciences International Corp.). Cells were diluted 1:25, and this preculture was repeated 3 times to
ensure maximum depletion of the other natural Fe isotopes. The culture was then diluted in 50 ml of
MSgg medium without Fe added to generate an inoculum with an optical density at 595 nm of 1 � 0.07.
To prepare the 57Fe-labeled biofilm, wells (15.5 ml) from sterile 6-well plates were filled with a cell culture
insert (Fisher Scientific) and 4.8 ml of MSgg medium with 10�4 M enriched 57FeCl3 (57FeCl3, 99% purity;
Trace Sciences International Corp.) and inoculated with 150 �l of the 56Fe-marked B. subtilis inoculum
suspension (time zero) (Fig. 2). Incubations were performed at 30°C until robust biofilm formation (�22
h). As described previously (11), under these conditions growth is supported solely by the dilution of
intracellular Fe stocks, in this case 56Fe (Fig. 2). The inserts containing 56Fe-labeled cells and 57Fe-labeled
biofilm then were sterilely transferred into new wells containing MSgg with no Fe or 10�4 M pure 54Fe
(54FeCl3, 95% purity; Trace Sciences International Corp.), provided as FeCl3 or Fe-tannic acid complex.
When indicated, Fe was added to the medium from a solution of isotopic 54FeCl3 (37% HCl) or
precomplexed with tannic acid (1 h). In the presence of tannic acid, 72.9% of Fe was complexed
(calculated using the complexation constant reported by Sungur and Uzar [24]). The final Fe concen-
tration is specified in the legend of each figure. Finally, intracellular Fe content, and its isotopic identity,
was analyzed after 0 h, 3 h, and 6 h.

Cell isolation and Fe analysis. The methodology and controls for cell and biofilm isolation and
analysis are described in Rizzi et al. (11). For elemental analysis, cells were digested on an SCP Science
Digiprep Jr with 1 ml of nitric acid (trace metal grade; Fisher Chemical) at 65°C for 45 min. After digestion,
each tube was filled to 10 ml with Milli-Q water. Samples were analyzed for phosphorus and Fe content
on an inductively coupled plasma mass spectrometer (ICP-MS; XSeries2; Thermo Scientific) as previously
described (11). Cell numbers were determined based on cellular phosphorus content, which, under our
experimental conditions, is linearly correlated with cell density in B. subtilis (11).

Fe complexation by bacillibactin. Complexation of freshly precipitated Fe (10�5 M FeCl3) or
precomplexed Fe-tannic acid (10�5 M) by bacillibactin (10�5 M) in water was monitored over time by
UV-visible (UV-Vis) spectrometry (Genesys 10S; Thermo Scientific) at 330 nm. Bacillibactin was extracted
and purified as described previously by Miethke et al. (25). This wavelength was selected to avoid spectral
overlap between the spectrum of the Fe-bacillibactin complex and the spectra of apo-bacillibactin and
Fe-tannic acid complex (see Fig. S1 in the supplemental material). Fe-tannic acid complexes were
prepared by adding tannic acid and Fe (as FeCl3) in a 1/1 ratio (10�4 M) in Milli-Q water and allowing the
complex to form for 2 h at room temperature on a rotating shaker. The concentration of Fe-bacillibactin
complex formed over time was calculated using the extinction coefficient of Fe-bacillibactin at 330 nm
(d � 12,800) (26).

Statistical analysis. Statistical analyses were performed using GraphPad Prism, version 8. A t test was
used to test the difference in Fe content between cells and the biofilm (P � 0.001) (Fig. 1A). The
difference in Fe bound to the biofilm between the WT and the mutants (epsA-O and tasA) was tested by
analysis of variance (ANOVA) (P � 0.001 by Tukey’s post hoc test) (Fig. 1C). The difference in Fe contents
(Fe bound and intracellular Fe) between treatments was tested using a two-way ANOVA (P � 0.001 by
Benjamini-Kriger-Yekutieli test) (Fig. 3).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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