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Microbially catalyzed precipitation of carbonate minerals is an important process in diverse biological, geological, and engi-
neered systems. However, the processes that regulate carbonate biomineralization and their impacts on biofilms are largely un-
explored, mainly because of the inability of current methods to directly observe biomineralization within biofilms. Here, we
present a method for in situ, real-time imaging of biomineralization in biofilms and use it to show that Pseudomonas aeruginosa
biofilms produce morphologically distinct carbonate deposits that substantially modify biofilm structures. The patterns of car-
bonate biomineralization produced in situ were substantially different from those caused by accumulation of particles produced
by abiotic precipitation. Contrary to the common expectation that mineral precipitation should occur at the biofilm surface, we
found that biomineralization started at the base of the biofilm. The carbonate deposits grew over time, detaching biofilm-resi-
dent cells and deforming the biofilm morphology. These findings indicate that biomineralization is a general regulator of biofilm

architecture and properties.

,VI icrobially induced carbonate precipitation represents an es-
sential pathway for sequestration of large amounts of carbon
in ancient and modern environments (1-5). Rock records reveal
that Precambrian stromatolites formed as a consequence of trap-
ping, binding, and precipitation of calcium carbonate by the
growth and metabolism of microorganisms (2—4). Modern car-
bonate microbialites are found in a wide range of environments,
including freshwater, oceans, hypersaline lakes, and soils (6, 7).
Clinically, prolonged bacterial infection of indwelling urinary
catheters leads to the formation of mineralized biofilms that can
occlude the catheter lumen and cause serious complications (8—
10). Some persistent infections of the lungs, particularly those
associated with the genetic disorder primary ciliary dyskinesia,
involve precipitation of calcium-rich stones or coatings (11-14).
In engineered systems, microbially induced scale formation de-
creases the performance of a wide variety of processes, including
membrane separations in water treatment and heat exchange ef-
ficiency in cooling towers (15, 16). More recently, calcium car-
bonate biomineralization has also been explored as a novel bio-
technology for the purpose of bioremediation and stabilization of
porous structures, including soils, sediments, and construction
materials (17-21).

The microorganisms involved in carbonate biomineralization
cover nearly all classes, including bacteria, algae, and fungi (22—
27). It has been reported that more than 200 soil bacteria, includ-
ing Pseudomonas spp., Bacillus subtilis, and Azotobacter spp., are
capable of inducing calcium carbonate precipitation (5). Diverse
microbial metabolisms, such as photosynthesis, sulfate reduction,
and urea hydrolysis, can induce carbonate precipitation by signif-
icantly changing the saturation state of calcium carbonate (28,
29). Microbial respiration produces CO,, decreases pH, and in-
creases carbonate mineral dissolution. These biological processes
have been intensively studied at the cellular scale (23, 30, 31).
However, it is still very difficult to ascertain the specific role of
microorganisms in carbonate precipitation because little is known
about the processes that regulate carbonate biomineralization in
complex environments, such as biofilms (1, 11, 32).

Biomineralization commonly occurs in microbial mats or bio-
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films, which are heterogeneous, surface-attached aggregates of
microbial cells (6, 33-35). Spatial patterns in microbial growth
and metabolism both respond to and influence local chemical
microenvironments, leading to extremely variable conditions in
and around biofilms (35-37). Biofilm respiration and protein syn-
thesis activities show spatial variations in response to oxygen
availability (35). pH also varies dramatically in biofilms (38). Bio-
film microenvironment heterogeneity should facilitate biominer-
alization because it is more likely to lead to local supersaturation
within the biofilm. Ex situ studies suggest that the extracellular
polymeric substances (EPS) produced by biofilms influence pre-
cipitation and regulate patterns of mineralization (30, 39, 40).
Nucleation models predict a random distribution of crystals in
biofilm EPS in the absence of internal chemical gradients (3). Cur-
rent models for biomineralization in biofilms suggest that mineral
precipitation primarily occurs at the biofilm surface (41, 42).
However, these models have not been supported by in situ obser-
vations, as little information is available on spatial patterns of
mineral formation in biofilms. Consequently, the mechanisms
that regulate the initial precipitation and overall accumulation of
these deposits in biofilms are not understood.

Biomineralization can alter essential biofilm properties, in-
cluding detachment, permeability, community metabolism, me-
chanical strength, and susceptibility to antimicrobials. Prior stud-
ies have found that deposition of solid particles alters biofilm
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morphology (43, 44). It has been suggested that this process
should increase biofilm resistance to biocides by reducing trans-
port of solutes into and within biofilms (45), but this hypothesis
has not been tested experimentally. Calcium carbonate precipita-
tion has also been found to increase the rigidity and strength of
aerobic granules, which are biofilm-like suspended aggregates of
cells encased in a matrix (21). However, the mechanisms that reg-
ulate interactions between biomineralization and biofilm proper-
ties are poorly understood, mainly because current endpoint vi-
sualization methods do not support real-time observations of
biomineralization and associated feedback on other biofilm pro-
cesses.

Here, we present real-time visualizations of calcium carbonate
biomineralization in Pseudomonas aeruginosa biofilms and assess
the resulting changes in biofilm properties. We also compare pat-
terns of biofilm morphology and mineral deposits resulting from
in situ biomineralization and ex situ precipitation in order to dif-
ferentiate microbially catalyzed biomineralization from accumu-
lation of abiotically precipitated material in biofilms.

MATERIALS AND METHODS

Experimental systems, strains, and inoculation procedure. Biofilm
growth and biomineralization were observed in a flow cell system that
supports continuous culturing of biofilms under a user-controlled growth
medium, as described previously (46, 47). P. aeruginosa PAO1 strains with
constitutively expressed fluorescence were used to form biofilms in these
experiments, because P. aeruginosa is the most intensively studied model
organism for biofilm formation and Pseudomonas spp. have previously
been found to induce calcite precipitation (5, 31, 48). PAO1-gfp was used
in all experiments, with the exception that PAO1-mCherry was used in
experiments involving calcein staining, because calcein and green fluores-
cent protein (GFP) have similar fluorescence properties (49).

Log-phase bacterial cell cultures were grown in tryptic soy broth (TSB)
(Difco) and then diluted in 1% TSB to a final optical density at 600 nm
(ODgyp) 0f0.01 for inoculation into the flow cell chamber. The inoculated
bacteria were allowed to attach to the cover glass surface under stagnant
conditions (no flow) for 1 h. A flow of 1% TSB was then continuously
supplied to the flow cell chamber for 3 days at a flow rate of 10 ml/h.

Calcium carbonate biomineralization in biofilms. Stock solutions
(0.5 M and 1 M) of NaHCO; (99.5 to 100.5%; Sigma-Aldrich) and CaCl,
(>99%; Sigma-Aldrich) were filter sterilized with 0.2-pm cellulose ace-
tate membrane filters before use. Three-day-old PAO1 biofilms grown as
described previously were subjected to flowthrough of a saturated calcium
carbonate solution containing 15 mM (each) CaCl, and NaHCO; in 1%
TSB. This solution has a pH of 7.6 and a saturation index (log(}) of 1.88 at
room temperature (~22°C) {Q = ([Ca**][CO,*"])/K, where K is the
calcite solubility product constant and [Ca®"] and [CO,> "] are the con-
centrations of Ca®>" and CO,>~ in solution}. logKs = —8.46 at 22°C under
atmospheric partial pressure of carbon dioxide (pCO,) (50). Because the
growth medium was highly dilute and the calcium carbonate solution was
highly oversaturated, the effect of organic ligands was neglected in the
calculation of the saturation state. The saturated solution was pumped
through the flow cell at the same flow rate used to grow the biofilms for 12
to 17 h at room temperature.

A series of experiments were performed with calcein staining to con-
firm the calcium content of mineral precipitates. In experiments with
calcein staining of in situ biomineralization, the saturated calcium car-
bonate solution was introduced with 5 pg/ml calcein. Calcein-labeled
abiotic precipitates were obtained by adding 5 g/ml calcein to a mixture
of 100 mM CaCl, and NaHCO;. Calcein stock solution (10 mg/ml) was
prepared and stored following established protocols (51).

Confocal imaging. In situ imaging was performed by confocal laser
scanning microscopy (CLSM) (Leica TCS SP2) using a 63X oil objective.
A 488-nm argon ion laser was employed to excite bacterial self-expressed
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fluorescence (GFP and mCherry). Mineral deposits were imaged by col-
lecting the reflection of the excitation laser in a detection window of 483 to
493 nm. Biomass (fluorescence) and mineral deposit (reflectance) signals
were obtained simultaneously. This approach is similar to an imaging
method described previously (52). In experiments involving calcein stain-
ing, residual calcein was rinsed from the flow cell and biofilm before
imaging by flowthrough of deionized (DI) water for 15 min.

Confocal Raman microscopy. The mineralogy of biomineralized de-
posits was determined by confocal Raman microscopy (Princeton Instru-
ment TriVista CRS). Biofilms containing mineral deposits were rinsed for
12 h with DI water at the same flow rate used in the primary experiments
to remove residual calcium and carbonate ions. The entire flow cell cham-
ber was then dried in air. Following drying, the coverslip was carefully
removed from the flow cell with a steel blade, and the material on the
coverslip was subjected to Raman microscopy. All Raman spectra were
recorded at room temperature with a charge-coupled-device (CCD) de-
tector (liquid nitrogen cooled) and an optical microscope with a 100X
objective and an argon ion laser at 514 nm. Spectrum scanning was per-
formed at a range of 100 to 1,600 cm™ ! Raman shift with an interval of 1.6
cm ™. The spectra show the overall Raman shifts from the field of view.
The resulting data were analyzed using Origin 8 software.

Image analysis. Biofilms and mineral deposits were visualized and quan-
titatively compared using the Volocity software package (PerkinElmer, Inc.).
Particle analysis was performed in Image]J. Images were first transformed into
binary format with appropriate thresholding, and then the area of each par-
ticle was measured by the Particle Analysis function in Image]J. The biofilm
biomass was quantified using the BioSPA (Biofilm Spatial Pattern Analysis)
software package running in Matlab.

Biofilm detachment during biomineralization. Cell detachment
from biofilms during biomineralization was monitored by enumerating
CFU in the flow cell effluent. Effluent samples were collected at 1 and 2 h
prior to the introduction of the biomineralization medium. After the
introduction of the biomineralization medium, effluent samples were col-
lected at 0, 1, 3, 4, 5, and 17 h. Effluent samples were vortexed to fully
disperse the cells before plating. Cell detachment experiments were also
conducted in nontreated biofilms or biofilms treated separately with
CaCl, or NaHCO;.

RESULTS

The deposition and precipitation of calcium carbonate in P.
aeruginosa PAO1 biofilms were imaged within a flow cell by means
of confocal microscopy. Biofilm morphology was imaged with the
constitutively expressed GFP. PAO1 biofilms were grown under
typical (nonbiomineralizing) conditions, yielding typical mush-
room-shaped microcolonies surrounded by flat lawns of cells.
These biofilms were then subjected to a supersaturated calcium
carbonate medium to induce biomineralization within the bio-
film. We confirmed that this medium was nontoxic to planktonic
and biofilm-resident PAO1 cells (see Fig. S1 in the supplemental
material).

We imaged the resulting deposits using the laser reflectance
signal of confocal microscopy. Biomineralized deposits yielded a
distinctive reflection signal (Fig. 1a). Mineral deposits imaged by
the reflection signal showed irregular geometries that comple-
mented voids in the biofilm (Fig. 1a and b). Annular patterns were
observed in larger mineral deposits (Fig. 1a) because reflection
occurred at the surfaces of the deposits. This allowed the outlines
of the mineral deposits to be identified in each focal plane.

To verify that the reflection signal specifically identified cal-
cium carbonate deposits, we labeled the deposits with calcein, a
fluorophore that specifically binds to calcium (51, 53). Calcein
specifically labeled abiotically precipitated and biomineralized
calcium carbonate (Fig. 1; see Fig. S2 in the supplemental mate-
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FIG 1 Imaging of mineral deposits in P. aeruginosa biofilms by confocal laser reflection. Calcium carbonate minerals and biofilm morphology were imaged
simultaneously in PAO1-gfp (a and b) and PAO1-mCherry (c and d) biofilms. (a, ¢, and d) Minerals imaged by laser reflection appear blue (a and ¢), and those
imaged by calcein staining appear green (d). (b, ¢, and d) Biomass appears green (PAO1-gfp) (b) and red (PAO1-mCherry) (c and d). (c and d) Minerals imaged
by laser reflection and calcein staining present identical morphologies. Scale bar = 20 pm.

rial). Signals of carbonate deposits obtained by laser reflectionand ~ cein emission generated a relatively high colocalization coefficient
calcein emission also displayed good coincidence for both abiotic (rp) of 0.756.

and biotic precipitates (Fig. 1c and d; see Fig. S2 in the supplemen- In separate experiments, we confirmed the mineralogy of the
tal material). Intensity-based Pearson’s colocalization analysis biomineralized precipitates using confocal Raman microscopy.
(54) of the biotic-precipitate signals from laser reflection and cal-  The spectra of biofilms containing biomineralized precipitates
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FIG 2 Panel a shows a Raman spectrum of biomineralized calcium carbonate minerals in a P. aeruginosa biofilm. The highest Raman shift intensity appears at
1,088 cm ™', indicating the presence of carbonate minerals. The primary peaks match those in a calcite standard spectrum (shown in panel b), indicating that the
biomineralized deposits are calcite and not aragonite.
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FIG 3 (a) Time series visualization of mineral growth and biofilm morphology. The same field of view was imaged at 0, 3, 5, and 17 h. Scale grid = 23 wm. See
Fig. S$4 in the supplemental material for orthogonal images. (b) Quantified biomass and mineral deposits in the field of view show opposite trends during
biomineralization. (c) Detachment of cells from the biofilm during biomineralization. The cell concentration in the flow cell effluent was monitored for 2 h before
biomineralization. Biomineralization medium or control treatments were introduced at ¢, (arrow). Cell counts in the flow cell effluent significantly increased
during biomineralization, indicating that biomineralization induced detachment of cells from the biofilm. Increased cell detachment was not observed in
biofilms under control conditions, including untreated biofilms and biofilms treated with 20 mM CaCl, or 20 mM NaHCO,.

closely matched calcite standards (Fig. 2). The most prominent
feature in the spectra of the biomineralized deposits is the peak at
1,088 cm !, which is from the internal vibrations (symmetric
stretch) of the carbonate ion. In addition, the spectra show the
calcite in-plane bending peak at 712 cm™" and the lattice mode
peak at 153 cm ™. Similar bacterially induced calcite formation
has been reported in a variety of natural and laboratory settings (5,
31, 55). Aragonite, which is another commonly observed micro-
bially produced CaCO; mineral (1, 56, 57), has doublet bands at
701 cm™" and 705 cm ™' from in-plane bending and the lattice
mode peak at 205 cm ™' (58), but these features were absent in the
spectra observed here. The deposits identified by reflectance also
completely dissolved following a 15-min treatment with 0.01 M
HC, as expected for calcium carbonate (see Fig. S3 in the supple-
mental material).

These results indicate that the reflection signal specifically
identified biomineralized calcite deposits within biofilms. Because
the reflection method is noninvasive, it is suitable for real-time
quantitative analysis of biomineralization processes within bio-
films. While calcein also successfully labeled precipitated calcium
carbonate in biofilms, it proved less suitable for quantitatively
assessing in situ biomineralization because high concentrations of
calcein increased the rate of calcium carbonate precipitation (pre-
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sumably because of its strong binding of Ca*"). Conversely, post-
experiment staining with calcein did not yield a detectable signal
of the precipitated deposits (results not shown).

We used the reflectance imaging method to observe spatiotem-
poral patterns of carbonate biomineralization within biofilms. We
found that calcium carbonate biomineralization started from the
base of the biofilm and the precipitated deposits expanded over
time (Fig. 3a; see Fig. $4 in the supplemental material). Biomin-
eralized deposits expanded from the initial nucleation sites and
did not form at other locations in the biofilm, indicating that the
initial deposits became preferential sites for further precipitation.
The volume of the precipitated deposits increased linearly over
time (* = 0.99), and these deposits displaced an equivalent vol-
ume of biofilm biomass (Fig. 3b). This caused significant detach-
ment of cells from the biofilm (Fig. 3¢). Cell concentrations in the
flow cell effluent were similar under all conditions and were at a
magnitude of 10" CFU/ml (Fig. 3c). The number of CFU in the
flow cell effluent significantly increased in biofilms under biomin-
eralization treatment (Fig. 3¢). Especially at 4 h, the cell concen-
tration in the effluent reached 10° CFU/ml, which was 2 orders of
magnitude higher than that before biomineralization. Such en-
hanced cell detachment was not observed in control experiments
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FIG 4 Spatial patterns of in situ calcite biomineralization and deposited calcite particles in P. aeruginosa biofilms. (a and b) Horizontal section (a) and
three-dimensional (3D) rendering (b) of simultaneous in situ calcite biomineralization and deposition of abiotically precipitated calcite particles. (a) The red
arrow indicates particles trapped on the biofilm surface, while the white arrows indicate deposits produced by in situ biomineralization. (¢) When experiments
were repeated with the flow cells inverted, no particles were deposited onto the biofilm surface, and only in situ biomineralization was observed. (d) Spatial
patterns of mineral particle size over the depth of the biofilm. Biomineralization occurred at the base of the biofilm and produced larger deposits, while abiotic
particles were smaller and were deposited at the biofilm surface. (e) The total volume of biomineralized deposits produced in situ was about four times greater
than the volume of deposited calcite particles. The error bars were calculated from triplicate data sets from independent biomineralization experiments. Scale

bar = 20 pum. Scale grid = 23 pum.

with nontreated biofilms or biofilms treated separately with CaCl,
or NaHCO; (Fig. 3¢), confirming that biomineralization was re-
sponsible for the observed cell detachment from biofilms.

Biomineralization did not occur in dead or metabolically inert
biofilms under the same medium, indicating that the biomineral-
ization process resulted from active cellular metabolism (see Fig.
S5 in the supplemental material). Further, the process was local-
ized within the biofilm, as the bulk pH did not change significantly
during biomineralization (see Fig. S6 in the supplemental mate-
rial). These results indicate that in situ biofilm metabolism actively
regulates local microenvironments to facilitate carbonate precip-
itation within biofilms.

We compared patterns of in situ biomineralization with pat-
terns of accumulation of calcium carbonate particles precipitated
abiotically in solution. In situ biomineralization produced sub-
stantially larger deposits, different patterns of deposits, and more
overall carbonate accumulation than abiotic precipitation (Fig. 4).
In situ biomineralization yielded four times greater calcite accu-
mulation in the biofilm than deposition of abiotically precipitated
particles (Fig. 4e). Further, abiotic particles deposited only at the
biofilm surface, while biomineralized deposits were larger and
grew from the base of the biofilm (Fig. 4a, b, and d). Calcite de-
posits on the biofilm surface were similar in size to suspended
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particles (Table 1), indicating that these deposits originated from
the bulk flow and did not precipitate in situ. We confirmed that
these surficial deposits formed by gravitational settling of prepre-
cipitated particles by repeating experiments with the flow cells
inverted. In inverted flow cells, abiotic calcite particles did not
deposit on the biofilm surface, confirming that the surficial depos-
its formed by gravitational settling, but biomineralization still oc-
curred at the base of the biofilm, confirming that metabolism
produces distinct patterns of biomineralization in situ (Fig. 4c).

TABLE 1 Sizes of calcite particles in different regions of flow cells
containing P. aeruginosa biofilm

Particle area (pwm?)

Particle source (mean * SD)*

Flow cell inlet 47.2 = 32.8
Precipitates deposited on biofilm surface 429 £ 15.7
Flow cell outlet 38.6 = 18.2
In situ biomineralization 564 £ 110

“ The means and standard deviations of 9 independent measurements are reported. The
cross-sectional particle area was measured in Image]J.
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DISCUSSION

We developed a confocal imaging method for noninvasive, real-
time visualization of biomineralization in biofilms and demon-
strated that this method successfully resolved spatiotemporal pat-
terns of calcium carbonate biomineralization. This method
should also be suitable for imaging biomineralized deposits pro-
duced by other mechanisms, including ureolytic, photosynthetic,
and sulfate reduction metabolisms.

We showed that P. aeruginosa biofilms induce substantial in
situ precipitation of calcite and that the deposits produced by this
mechanism are morphologically distinct from abiotically precip-
itated calcium carbonate particles (Fig. 4). There is an ongoing
debate about the role of microbial processes in calcium carbonate
precipitation in oversaturated environments, because the ob-
served mineralization could simply be interpreted as a result of
passive trapping and deposition of abiotic precipitates (1). Our
results clarify that in situ biomineralization and trapping of abi-
otically precipitated particles occur simultaneously in biofilms
under supersaturated conditions. Both processes immobilize in-
organic carbon and contribute to microbial carbonate sequestra-
tion (59). In the experiments described here, in situ biomineral-
ization was a more efficient carbonate sequestration pathway (Fig.
4e). In general, the relative importance of microbial and abiotic
precipitation processes should be regulated by a combination of
the saturation state of CaCOs;, local environmental conditions
around biofilms, and native biofilm physiology.

The in situ observations presented here show that calcite pre-
cipitation is highly heterogeneous in biofilms. We expected to find
such heterogeneity in biomineralization because biofilms are
known to exhibit diverse and highly structured microenviron-
ments resulting from a combination of microbial metabolism and
transport limitations (35). Based on prior theoretical predictions
(41, 42), we also expected biomineralization to occur primarily at
the biofilm surface, but we observed strikingly different patterns
of biomineralization in situ, with precipitation starting at the base
of the biofilm and building upward (Fig. 3). The time series ob-
servations of spatial patterns in biomineralization we present here,
therefore, challenge conventional biofilm models and suggest that
in situ microbial processes, rather than delivery of ions from the
bulk fluid, primarily regulate biomineralization in biofilms. Sim-
ilar mineral distribution patterns have also been reported in cal-
cium-rich aerobic granules (21).

We also found that the biomineralization process required ac-
tive cellular metabolism (see Fig. S5 in the supplemental material).
The most likely mechanisms for active calcite precipitation by P.
aeruginosa are local accumulation of carbonate through cation
transport and aerobic respiration and associated alteration of local
pH microenvironments in regions of high cellular metabolism.
Determination of the exact mechanism will require the develop-
ment of new methods for direct, noninvasive observation of dis-
tributions of calcium and carbonate ions within biofilms to eval-
uate patterns of local supersaturation relative to cell density and
metabolism.

Biofilm EPS can accumulate cations through sorption and pro-
vide initial crystallization sites for biomineralization (30, 39).
However, it is difficult to ascertain the in situ functions of biofilm
EPS matrix in calcite biomineralization. We found that no car-
bonate biomineralization occurred in the EPS mutant strain
PAO1 Apel Apsl, suggesting that biofilm EPS is important to car-
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bonate precipitation. However, this conclusion is not definitive
for EPS, because the mutant also exhibits significant deficiency in
forming structured biofilms under flow (see Fig. S7 in the supple-
mental material). We also did not observe a clear correlation be-
tween EPS density and biomineralization patterns in PAO1 bio-
films (see Fig. S8 in the supplemental material). Since calcite
biomineralization was not found in metabolically inert biofilms
(see Fig. S5 in the supplemental material) that still have the intact
EPS matrix, we conclude that active metabolism, rather than EPS
binding, is the predominant mechanism for heterogeneous car-
bonate biomineralization in biofilms.

Biofilm morphology affects external and internal solute trans-
port patterns and therefore regulates the physiology of biofilm-
resident cells (35, 60). Cell detachment also regulates biofilm
physiology by controlling the organisms that are retained in the
biofilm (61, 62). We showed that biomineralization causes de-
tachment of biofilm-resident cells and alters biofilm morphology
(Fig. 3), which indicates that biomineralization is a general regu-
lator of biofilm physiology. Similar processes are expected to be
important in diverse natural environments, engineered systems,
and human infections, but limited understanding of biofilm phys-
iology and chemodynamics makes it difficult to interpret specific
mechanisms and outcomes of biomineralization in different set-
tings. The methods presented here provide new tools for resolving
biomineralization dynamics in situ and can be combined with
other emerging imaging tools, such as fluorescently labeled chem-
ical tracers and genetically engineered bioreporter strains, to pro-
vide new insight into coupled biophysicochemical controls on
mineral precipitation.

This study provides the first direct in situ observations of calcite
biomineralization by P. aeruginosa biofilms. P. aeruginosa is a
ubiquitous organism in aquatic environments and also an impor-
tant opportunistic pathogen (63). The results presented here show
that P. aeruginosa biofilms can be used as a model system for
investigations of calcite biomineralization. This is useful, because
P. aeruginosa is a definitive model organism for biofilm studies
(64), with numerous mutant and reporter strains available for
experimentation.

Overall, our findings provide detailed information on spatial
patterns of biomineralization in biofilms relevant to a diverse ar-
ray of poorly understood problems, including microbial carbon
sequestration, identification of biological signatures in the rock
record, formation of harmful renal and urinary calculi, and mi-
crobial pulmonary calcification. The imaging method presented
here can be broadly applied in conjunction with existing fluores-
cent imaging methods to assess feedback between biomineraliza-
tion and other basic biofilm processes, including nutrient and
substrate delivery, metabolic heterogeneity, antimicrobial suscep-
tibility, and mechanical stability.
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