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Bacteria are thought to play an important role in the formation of calcium-phosphate
minerals composing marine phosphorites, as supported by the common occurrence
of fossil microbes in these rocks. Phosphatase enzymes may play a key role in this
process. Indeed, they may increase the supersaturation with respect to Ca-phosphates
by releasing orthophosphate ions following hydrolysis of organic phosphorus. However,
several questions remain unanswered about the cellular-level mechanisms involved in this
model, and its potential signatures in the mineral products. We studied Ca-phosphate
precipitation by different strains of Escherichia coli which were genetically modified to
differ in the abundance and cellular localization of the alkaline phosphatase (PHO A)
produced. The mineral precipitated by either E. coli or purified PHO A was invariably
identified as a carbonate-free non-stoichiometric hydroxyapatite. However, the bacterial
precipitates could be discriminated from the ones formed by purified PHO A at the
nano-scale. PHO A localization was shown to influence the pattern of Ca-phosphate
nucleation and growth. Finally, the rate of calcification was proved to be consistent with
the PHO A enzyme kinetics. Overall, this study provides mechanistic keys to better
understand phosphogenesis in the environment, and experimental references to better
interpret the microbial fossil record in phosphorites.
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INTRODUCTION

Phosphorites are marine authigenic formations rich in
phosphorus (>18 wt% P,0s5) and the main long-term sink
in the biogeochemical cycle of P (Filippelli, 2002; Paytan and
McLaughlin, 2007). It is now generally accepted that bacteria
play an important role in the precipitation of the Ca-phosphates
composing phosphorites (Follmi, 1996; Omelon and Grynpas,
2008; Crosby and Bailey, 2012). This is supported by the many
occurrences of microstructures interpreted as fossil bacteria
observed in phosphorites of various ages and origins (e.g.,
Cosmidis et al., 2013a,b). In a different context, infection by
bacteria also seems to be the cause of some Ca-phosphate kidney
stones (Bazin et al., 2012) or calcified cardiac valves (Gilinskaya
et al., 2007) and imprints of bacteria are often observed at the
surface of the calcifications in these cases.

The most frequently invoked mechanism by which bacteria
drive phosphogenesis in marine sediments is the liberation
of orthophosphates (P;) following the hydrolysis of organic
forms of P by microbial degradation of organic matter (Follmi,
1996; Paytan and McLaughlin, 2007). The released soluble
P; then react with Ca?t ions to form the insoluble Ca-
phosphate minerals composing phosphorites, mostly carbonate-
fluoroapatite, provided that supersaturation with respect to these
minerals is reached. The bacterial enzymes responsible for the
release of P; by organic matter remineralization are called
phosphatases. Alkaline phosphatases in particular occur in a
broad diversity of microorganisms and are important for the
microbial recycling of phosphoesters, one of the most abundant
groups of dissolved organic P compounds in the ocean (Clark
et al., 1998; Young and Ingall, 2010). Alkaline phosphatases
catalyze the hydrolysis of phosphoester bounds in mono- or
diester phosphates such as glycerol-phosphate, phosphoproteins
and phospholipids, nucleic acids, and nucleotides (Ehrlich
and Newman, 2009). Alkaline phosphatases are therefore key
biomolecules involved in bacterially-driven phosphogenesis, as
suggested by several laboratory experiments dealing with the
microbial biomineralization of Ca-phosphates (Hirschler et al.,
1990; Blake et al., 1998; Benzerara et al., 2004a) or U-phosphates
(Beazley et al., 2007; Nilgiriwala et al., 2008; Shelobolina et al.,
2009).

While this general scheme may seem straightforward, i.e.,
P; release from organically bound P by phosphatases followed
by precipitation of P; with Ca?T, it should be kept in mind
that these reactions do not occur in a homogeneous aqueous
system but in a complex heterogeneous biological system.
Phosphatase enzymes can possibly be located in the intracellular
space (cytoplasm) and/or extracellular space and/or, for Gram-
negative bacteria, in the periplasmic space (Luo et al., 2009).
These different compartments, delimited by membranes, are
characterized by different physico-chemical conditions (ion
concentrations, protein concentrations, pH, etc.), all of them
possibly influencing Ca-phosphate precipitation. For instance,
the intracellular calcium concentration in bacteria is tightly
regulated, ranging from 100 to 300nM (Dominguez, 2004),
while it has been shown that the periplasm of Escherichia coli
cells can concentrate free calcium to concentrations several

fold higher than the extracellular medium (Jones et al., 2002).
The different compartments (cytoplasm/periplasm/extracellular
space) in bacteria may thus present very different levels of
supersaturation with respect to Ca-phosphates. Furthermore,
bacterial membranes can act as nucleation templates for the
precipitation of minerals (Fortin et al., 1997), and it is generally
assumed that heterogeneous nucleation occurs with much
more efficiency, i.e., at lower supersaturation, compared to
homogeneous nucleation (De Yoreo, 2003). It therefore appears
that a better understanding of Ca-phosphate precipitation by
bacteria requires a detailed examination of the mechanisms
leading to supersaturation with respect to Ca-phosphates in
the different cell compartments, as well as the mechanism
of nucleation and growth of Ca-phosphates in these different
compartments.

In this work, we studied Ca-phosphate precipitation
(sometimes called calcification hereafter) by the model Gram-
negative bacterium Escherichia coli. E. coli possesses a periplasmic
alkaline phosphatase, PHO A. Different strains of E. coli were
engineered, differing in the abundance, and localization of
PHO A. A calcification medium was designed to promote Ca-
phosphate formation by these different strains. The mineralogy
of Ca-phosphates formed in the calcification medium in the
presence of the different strains of E. coli as well as purified
PHO A was characterized using infrared and nuclear magnetic
resonance spectroscopies as well as scanning and transmission
electron microscopies and x-ray spectromicroscopy. Particular
attention was given to the description of the textures of the
minerals formed by the calcifying strains and enzymes, in an
attempt to shed new light on the interpretation of purported
traces of bacterial calcification in sediment and rock samples.
Finally, the kinetics of Ca-phosphate precipitation by the bacteria
in connection with PHO A enzymatic kinetics were modeled, in
order to gain further insight into the biogeochemical mechanism
of bacterial Ca-phosphate formation.

MATERIALS AND METHODS

Experimental Design

Overexpression of PHO A in E. coli

Two strains of E. coli have been designed for this study, with the
aim of overexpressing the pho a gene in E. coli, and controlling
the final localization of the PHO A enzyme in the cells. The
pET gene expression system (Studier and Moffatt, 1986) was
used to transform E. coli BL 21 cells. In this system, a plasmid
containing the target gene (here, pho a) linked to a T7 RNA
polymerase promoter which can be activated by isopropyl -
D-thiogalactoside (IPTG), as well as an ampicillin resistance
marker, is introduced in the cells. Two different strains were thus
obtained (Figure 1). The first one, called AP1, was transformed
with the native pho a gene, which possesses a targeting signal
peptide allowing the translocation of PHO A across the plasma
membrane of E. coli. AP1 cells thus produce abundant PHO
A proteins which are transported to the periplasm of the cells.
The second strain, called APm1 (m stands for modified), was
transformed with the pho a gene with deletion of the targeting
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FIGURE 1 | Schematic representation of the different E. coli strains
used in the calcification experiments. In WT cells, PHO A is expressed at
a basal level and is present in the periplasm. In induced AP1 cells, PHO A is
overexpressed and accumulates in the periplasm. In APm1 cells, PHO A is
overexpressed and accumulates in the cytoplasm.

signal peptide, and thus produces abundant PHO A enzymes
accumulating within the cytoplasm of the cells. We will refer to
“wild type” (WT) E. coli AP1 or APml cells cultivated in the
absence of IPTG. In this case, the expression of the target gene
is strongly repressed and the cells only express the native pho a
gene present on E. coli chromosome at a native low level.

API1 and APml strains were stored at —80°C. These stock
cells were grown on plates containing sterile LB agar medium
(Sigma-Aldrich Co.) and ampicillin (50 pg/mL), and grown
overnight at 37°C. Cells from one colony were inoculated in
2mL of autoclaved liquid LB medium (Sigma-Aldrich Co.) with
ampicillin (50 pg/mL). Liquid cultures were grown overnight at
30°Cand 180 rpm. One hundred microliter of these cultures were
used to inoculate 10 mL of liquid LB with ampicillin. The cells
were grown in this medium at 30°C and 180 rpm and the optical
density at 600 nm (ODggp) was monitored. AP1 and APm1 cells
were induced with IPTG (0.4 mM) once the ODggy reached a
value between 0.6 and 0.8. Induced and non-induced E. coli were
allowed to grow overnight in LB medium at 37°C, 180 rpm. The
following day, cells were harvested by centrifugation at 6500 rpm
for 10 min for the calcification experiments.

Calcification Medium and Calcification Experiments

The medium used for calcification was designed to limit the
number of chemical parameters in the experimental system
and enable geochemical modeling of the calcification process. It
contained 10 mM of calcium-glycerophosphate (Sigma-Aldrich
Co.) as an organic phosphate and a calcium source, and HEPES at
20 mM as a pH-buffer. The pH was adjusted to 7.5 using HCI (1
M). The calcification medium was sterilized by filtration through
a 0.2 wm filter, and ampicillin (50 pg/mL) was finally added. The
calcification medium could not sustain growth of E. coli but some

cells remained viable in this medium during the few days of the
experiments (see Results).

WT, AP1,and APm1 E. coli cells were inoculated into 50 mL of
the calcification medium, at a cell density of 2 x 107 cells/mL, and
placed at 37°C, 180 rpm. In another experiment, Ca-phosphate
precipitation by PHO A in a cell-free solution was tested by
adding purified 5 x 1072 mg/mL of PHO A (alkaline phosphatase
from Escherichia coli, Sigma Aldrich Co.) to the calcification
medium. Finally, in order to mimic Ca-phosphate precipitation
by bacteria with extracellular PHO A, purified PHO A (5 x 103
mg/mL) was added to the calcification medium with WT cells
(2 x 107 cells/mL).

Viable Cells Counting

Enumerations of viable cells were performed using the plate
count method: at different time intervals during the course of the
calcification experiment, each experiment was sampled and serial
dilutions of these samples were performed in distilled sterile
water. One hundred microliters of these dilutions were spread
on sterile LB agar plates with ampicillin (50 pwg/mL), and grown
at 37°C overnight. E. coli colonies were visible to the naked eye
and the number of colonies on a plate were counted. The plates
containing between 30 and 300 colonies were used to determine
the abundance of colony forming units (CFU) in the original
samples.

Quantification of the Kinetics of

Calcification

Spectrophotometry Measurement of Calcium and
Orthophosphate Concentrations in Solution and
Calculation of the Supersaturation with Respect to
Hydroxyapatite

Two milliliters of the experimental medium were sampled
at different time intervals during the course of calcification
experiments, sterile filtered at 0.2 um, acidified with 1% HCI
and stored at 4°C until they were analyzed. Dissolved calcium
(Ca®™) concentrations were determined using a cresolphthalein
complexone spectrophotometry procedure adapted from
Moorehead and Biggs (1974). Dissolved inorganic phosphate
(P;) concentrations were determined using an ascorbic acid
spectrophotometry procedure adapted from Chen et al. (1956).
The pH of the solutions was measured prior to HCI acidification.
Ca’* and P; concentrations as well as the pH were used to
calculate the degree of supersaturation of the medium with
respect to hydroxyapatite Qps using the CHESS code (Van der
Lee, 1998) and a solubility constant for hydroxyapatite Kya as
log(Kyga) = —57.74 (Nancollas and Tomazic, 1974).

Enzymatic Assay of PHO A Activity

The enzymatic activity of PHO A was measured along the time-
course of the experiments using an enzymatic assay adapted from
Martinez et al. (1992). This assay uses p-Nitrophenyl phosphate
(p-Npp), a chromogenic substrate of the alkaline phosphatase.
The hydrolysis of p-Npp produces p-Nitrophenol, a colored
(yellow) soluble end-product, the concentration of which can
be monitored by its absorption at 410 nm. One milliliter of the
experimental medium containing E. coli cells was sampled at
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different time intervals during the course of the experiment.
The cells were harvested by centrifugation, resuspended in the
assay buffer (0.1 M Tris pH 7.5, 1 mM MgCl,) and stored on
ice until they were assayed for enzyme activity. The assays
were carried out in a spectrophotometer cuvette containing
variable concentrations of p-Npp (4-Nitrophenyl phosphate
disodium salt hexahydrate, Sigma-Aldrich Co.), 100 L of the
cell suspension, and the assay buffer. The total assay volume
was 1 mL. The cells were added to the assay mixture in the last
step. Starting from 60 s after cell addition (a period necessary to
obtain stable readings), absorption at 410 nm was read every 30
s. The evolution of absorption with time was used to determine
initial reaction rates of p-Nitrophenol release by the alkaline
phosphatase. According to Beer-Lambert law, the absorbance
A is indeed proportional to the concentration of the absorbing
substance C (here, p-nitrophenol): A = ¢IC, where [ is the path
length of the light through the solution in the spectrophotometer
(Icm) and ¢ is the extinction coefficient of p-nitrophenol at
410 nm. & was determined by measuring the absorption at 410 nm
of a small and known amount of pNPP totally hydrolyzed by
PHO A. Its value was ~ 2.4 x 10* M~!.cm~!. It can be compared
with the value of 7.8 x 10> M~ !.cm ™! obtained by Martinez et al.
(1992) using a different assay buffer (0.1 M MOPS, pH 7.2, with
86 mM NaCl and 1 mM MgCl,).

Microscopic Characterization of the

Calcifying E. coli Cells and PHO A

Scanning Electron Microscopy (SEM)

One milliliter of calcification medium containing E. coli cells
and/or PHO A was sampled at different time points during
the course of the experiment. The samples were harvested
by centrifugation, rinsed three times in distilled water, and
deposited on a polycarbonate filter (Isopore membrane filters,
Merck Millipore, pore size 0.2 um). The filters were dried at
ambient temperature and mounted on aluminum stubs using
double-sided carbon tape. The samples were carbon coated
prior to SEM analyses. SEM analyses were performed using
a Zeiss ultra 55 SEM equipped with a field emission gun.
Unless mentioned in the captions, images were acquired in the
secondary electron (SE) mode with the microscope operating at
3kV and a working distance (WD) of ~2.5 mm, using the SE2
detector, and in the backscattered electron (BSE) mode, at 10kV
and WD ~7.5 mm, using the AsB detector. Energy-dispersive x-
ray spectrometry (SEM-EDXS) analyses were performed at 15kV
and WD ~7.5mm.

Transmission Electron Microscopy (TEM)

Two types of samples were used for transmission electron
microscopy (TEM) analyses. The first type consisted of rinsed
samples, prepared using the same method as SEM samples, and
deposited on copper grids covered with a lacey carbon film.
The second sample type was ultrathin ultramicrotomy sections.
Ultra-thin sections were used for TEM observations of highly
calcified samples, which were no longer electron-transparent.
For that purpose, the samples were fixed with glutaraldehyde
and post-fixed with osmium tetroxide in HEPES buffer, then
dehydrated (ethanol and propylene oxide) and embedded in an

Epoxy resin (Epoxy embedding medium kit, Sigma-Aldrich Co.).
Ultrathin sections (50-70nm) were obtained using diamond
knife ultramicrotomy. TEM analyses were performed using a
JEOL 2100F (FEG) operating at 200kV and equipped with a
field emission gun. Scanning transmission electron microscopy
(STEM) observations were performed in the high angle annular
dark field mode (HAADF) and a probe size of 1nm. EDXS
chemical mapping was performed using the STEM mode.

Cryo-Transmission Electron Microscopy (Cryo-TEM)
E. coli cells collected from the calcification medium 5-7h after
the beginning of the calcification experiment were concentrated
by centrifugation to an ODggy of ~2-3. A ~5uL drop was
deposited on a Quantifoil holey-carbon-coated grid. The grids
were blotted with filter paper and rapidly plunge-frozen in liquid
ethane in order to form a thin amorphous ice film and avoid
water crystallization. Grids were loaded onto a side entry Gatan
626 cryoholder cooled at —180°C with liquid nitrogen. Images
were recorded on ultrascan 2 k CCD camera, using a LaBg
JEOL JEM 2100 microscope operating at 200 kV with a low dose
system (Minimum Dose System, MDS) to protect the thin ice film
from irradiation before imaging and to minimize the irradiation
during image capture.

Scanning Transmission X-ray Microscopy (STXM)
Cells harvested at different times during the course of the
experiment were rinsed three times in distilled water and a small
drop (~1pL) was deposited on a Si3N4 window and allowed
to dry at ambient temperature. Reference hydroxyapatite and
amorphous calcium phosphate purchased from Sigma-Aldrich
Co. were gently ground in pure ethanol in an agate mortar,
deposited on Si3Niy windows and similarly dried at ambient
temperature. STXM analyses were performed on beamline
11.0.2.2. of the Advanced Light Source (Lawrence Berkeley
National Laboratory, Berkeley, USA). Energy calibration was
achieved using the well-resolved 3p Rydberg peak of gaseous CO;
at 294.96eV (Ma et al, 1991). A 25nm zone plate was used.
Data included images and image stacks, from which XANES
spectra and maps were retrieved. The aXis2000 software was
used for data processing. Stacks were acquired in an energy
range covering both C K and Ca L, 3-edges (260-360 eV). X-ray
absorption near edge structure (XANES) spectra were extracted
from these stacks. A linear background correction was applied
to the spectra at the C K and Ca L 3-edges (by setting to zero
the slope of the spectra baseline in the 260-280¢eV region and
340-345eV region, respectively) to eliminate the contribution
of lower energy absorption edges. Then, the two edge steps at
the Ca L, 3-edges resulting from transitions to the continuum
were subtracted using double arctan functions, as described in
Cosmidis et al. (2015). Maps of organic C were obtained by
subtracting an optical density (OD) converted image obtained at
280eV (i.e., below the C K-edge) from an OD-converted image at
288.2 eV (1s— 1t* electronic transitions in peptides). Maps of Ca
were obtained by subtracting an OD-converted image obtained at
342 eV (i.e., below the Ca L3-edge) from an OD-converted image
at 349.2 eV (energy of the Ca L3-edge).
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Spectroscopic Characterization of the

Ca-Phosphate Biominerals

Fourier-Transform Infrared Spectroscopy (FT-IR)
Precipitates formed in the presence of APm1 cells or PHO A only
(no cell) were harvested by centrifugation after 7 and 2 days of
incubation in the calcification medium, respectively. The samples
were dried for 48 h at ~40°C. About 3 mg of sample were gently
ground in an agate mortar and mixed with ~300 mg of dried
potassium bromide (KBr). Pellets were formed in a vacuum press
under nine tons of pressure for ~1 min. The pellets were placed
overnight in a drying oven at ~90°C to remove water vapor of
ambient air. After a second pressing, FT-IR spectra were recorded
between 400 and 4000 cm ™! with a resolution of 1cm™! using
a Nicolet 7600 FT-IR spectrometer. One hundred absorbance
spectra were averaged for each sample. The baseline subtraction
was done with Omnic 7.3 software. A reference hydroxyapatite
(hydroxyapatite nanopowder, Sigma-Aldrich Co.) was prepared
and analyzed similarly.

31p 1H, and 13C Nuclear Magnetic Resonance (NMR)
Precipitates formed in the presence of APml cells or PHO A
only were harvested by centrifugation 2 weeks after inoculation
into the calcification medium. The samples were dried for
48h at ~40°C and prepared for NMR experiments. 3'P and
'H solid state NMR experiments were performed on a Bruker
AVANCE TII 700 spectrometer at By = 16.4 T (vo(*'P) =
283.46 MHz, vo('H) = 700.23 MHz) with a 2.5mm double
resonance Bruker magic angle spinning (MAS) probe spinning
at 30kHz. 3'P MAS NMR spectra were recorded with the
acquisition of 48 transients and a recycle delay of 60s. 3!P
CP MAS NMR spectra were recorded with the acquisition of
2000 transients, a recycle delay of 5s and a contact time of
2ms. 'H MAS spectra were recorded with the acquisition of
8 transients and a recycle delay of 5 s. 'H-3!P Heteronuclear
Correlation (HetCor) spectra were recorded with the acquisition
of 112 transients and 256 t; increments, a recycle delay of 5s
and a contact time of 2ms. 1*C solid state NMR experiments
were performed on a Bruker AVANCE III 500 spectrometer at
By = 11.7 T (vo(**C) = 125.78 MHz) with a 4mm double
resonance Bruker MAS probe spinning at 10 kHz. Samples were
spun at the magic angle using ZrO; rotors. The spectra were
recorded with a contact time of 1.5 ms. The number of transients
was respectively 155540 and 30600 for PHO A and APml.
31p and 3C NMR chemical shifts were referenced respectively
to 85% aqueous H3PO4 (3 = Oppm) and adamantane (§ =
1.85 ppm).

RESULTS

Microscopic Characterization of Calcifying
E. coli and PHO A

Samples collected at different time intervals during the
course of the calcification experiments were observed
by SEM (Figures2, 6), TEM (Figures3, 4, 6), cryo-TEM
(Supplementary Figure 1) and STXM (Figure 5, Supplementary
Figure 2).

Non-induced E. coli (WT)

Calcification by non-induced E. coli cells (WT) was limited to
the formation of small (20-100 nm) electron-dense particles at
the surface of the cells, only visible by TEM (Figures 3A,B)
and STXM (Figures 5A-C) after several days in the calcification
medium. The XANES spectra at the Ca L, 3-edge of the small
particles formed at the surface of WT cells matched that
of hydroxyapatite (HA) and amorphous Ca-phosphate (ACP)
(Supplementary Figure 2). The energy positions and relative
intensities of major and minor peaks in reference ACP and
HA spectra were indeed very similar, suggesting a similar Ca
site structure in ACP and HA. As a comparison, only a very
faint XANES signal at these energies was present for WT
cells prior to their inoculation into the calcification medium,
accounting for the Ca present in the cells and/or adsorbed
onto their surfaces (Figure5C). The XANES signal of the
bacteria at the C K-edge was identical before and after their
inoculation into the calcification medium, with peaks at 284.9,
288.1, 289.1, and 292.5eV, attributed respectively to ls—m*
electronic transitions in aromatic groups, ls—m™ transitions
in amide groups (proteins), 1s—3p/c* transitions in ethers
or hydroxylated aliphatics and 1s—¢™ transitions in aromatics
(Cody et al., 2003; Benzerara et al., 2004b; Brandes et al., 2004;
Lehmann et al., 2005; Schumacher et al., 2005; Haberstroh et al.,
2006).

Additionally, WT E. coli cells often presented prominent
electron-dense globular bodies at one or both poles on SEM
images (Figures 2A,B). These globular bodies were also observed
by SEM in cells grown in LB before inoculation in the
calcification medium, and thus were not indicative of Ca-
phosphate precipitation. They were also visible in some WT, AP1,
and APm1 cells on STXM images but had the same composition
as the rest of the cytoplasm based on XANES spectroscopy
at the C K-edge. These globular bodies are thus composed of
organic molecules at a concentration higher than in the rest of
the cells. Since such globular bodies were not observed by cryo-
TEM (Supplementary Figure 1), it is assumed that they formed
artefactually during SEM and STXM sample preparation and/or
were caused by dehydration within the chamber of the SEM or
STXM.

E. coli Expressing PHO A in the Cytoplasm (APm1)

Calcification was quantitatively much more important in
APm1 than in non-induced cells. The very first stages of
calcification were captured by TEM (Figures 3F-L) and cryo-
TEM (Supplementary Figures 1G-L) observations. The first
precipitates were small electron-dense patches (20-90 nm) with
TEM-EDXS compositions consistent with a Ca-phosphate,
forming at the periphery of the cells as early as 2h after
incubation in the calcification medium. Cryo-TEM shows that
the Ca-phosphates formed on the external surface of the outer
membrane of the cells. These Ca-phosphates presented a fibrous
texture, with fibers distributed radially around the cell surface
(Supplementary Figures 1G,H). Some cells were observed to
produce outer membrane vesicles (Kulp and Kuehn, 2010), on
the surface of which Ca-phosphate precipitates were also present
(Supplementary Figures 1K,L). These vesicles were sometimes
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obtained on WT E. coli cells. (H) EDXS spectra obtained on calcified APm1 cells.

FIGURE 2 | SEM images of WT, AP1, and APm1 E. coli after 24 in the calcification medium. (A,B) WT E. coli. (C,D) AP1. (E,F) APm1. (G) EDXS spectrum
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observed at a distance from the bacteria (Supplementary
Figure 1J), showing that they could detach from the cells.
Electron diffraction analyses performed on the patches after
6h of incubation showed a diffuse ring pattern (Figure 3H),
suggesting poor crystallinity. With time, the size and number
of Ca-phosphate precipitates per bacterium increased, to finally
form a continuous crust around the cells, measuring 100-200 nm
in thickness (Figures 3J,K). SEM observations after 24 h showed
fully encrusted cells forming large aggregates (10 to more than
100 wm in width) (Figure 2E).

The XANES spectrum at the Ca L, 3-edges of Ca-phosphates
encrusting APm1 cells matched the spectra of ACP and HA
(Supplementary Figure 2). Some Ca-phosphate precipitates were
also observed by STXM at distance from the cells (Figures 5F-I).
These extracellular precipitates had XANES spectra at the
Ca L, 3-edges similar to precipitates encrusting the cells, and
moreover contained carbonate ions, as shown by XANES
spectroscopy at the C K-edge with a peak at 290.2 eV attributed
to 1s— 1™ electronic transitions in carbonate groups (Benzerara
et al., 2004b). Interestingly, this peak at 290.2eV was not
present in the spectra of the Ca-phosphates encrusting the cells,
suggesting that they are carbonate-free.

After several days, the thickness of the crusts increased up
to ~700nm and the interior of at least some of the cells

was filled with Ca-phosphate (Figure4). The Ca-phosphate
precipitated inside some of the cells presented a fibrous texture
with fibers radiating from the periphery of the cells (Figure 4B).
Some of the cells were surrounded by an electron-dense crown
(Figures 4C,E,G), with a mean thickness of ~24.4 (+5.3) nm.
This value is consistent with the width of the periplasmic
space of E. coli, as measured by Matias et al. (2003) using
CEMOVIS (Cryo Electron Microscopy on Vitreous Sections)
(~20nm). These crowns likely resulted from the precipitation
of Ca-phosphates within the periplasm of the cells. Some
cells did not show this periplasmic precipitate, suggesting a
diversity in cell calcification patterns among cells from the same
culture.

E. coli Expressing PHO A in the Periplasm (AP1)

Similarly to APml, calcification in AP1 was quantitatively
much more important than in WT cells. However, the initial
stage of calcification was different from that described for
APml. Indeed, after 6h of incubation in the calcification
medium, intracellular electron dense granules were observed by
cryo-TEM (Supplementary Figure 1) and conventional STEM
(Figures 3C,D), corresponding to Ca-phosphates based on TEM-
EDXS composition. Surprisingly, the localization of the first Ca-
phosphate precipitates was thus not correlated with the expected
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FIGURE 3 | TEM and STEM images of WT, AP1, and APm1 E. coli during the calcification experiments. (A,B) WT E. coli after 1 week in the calcification
medium. (B) is a close-up of the area depicted by a square on (A). (C,D) AP1 after 6 h in the calcification medium. (C) STEM image. (D) EDXS map of C (in green), Ca
(in red), and P (in blue), showing that the intracellular dense grains contain Ca and P. (E) EDXS spectrum obtained on the Ca and P-rich grain (in purple) and bacterium
(in green) on (D). The tall peak on the left of the spectrum corresponds to the C Ka x-ray emission line. Cu comes from the grid on which the sample was deposited.
(F-L) APm1 after 6 and 24 h in the calcification medium, respectively. (G) is a close-up of a patch at the surface of a cell at 6 h, depicted by a rectangle in (F). (H)
Diffuse electron diffraction pattern obtained on the grain on (G). (I) EDXS maps of C (in green), Ca (in red), and P (in blue) at 6 h. (J,K) Show fully encrusted APm1

cells. (L) EDXS maps of C (in green), Ca (in red), and P (in blue). Some bacteria are both encrusted and filled by Ca-phosphate.

localization of alkaline phosphatase, i.e., within the periplasm.
The later stages were similar to those described for APm1 cells,
with Ca- and P-bearing patches at the surface of the cells,
observed by STXM (Figures 5D,E). XANES spectra at the Ca
L, 3-edges acquired on the patches were similar to that of HA
and ACP (Supplementary Figure 2). After several days, large
aggregates of heavily encrusted cells were observed by SEM
(Figures 2C,D).

PHO A Enzymes in the Presence or Absence of WT E.
coli

A Ca-phosphate phase was observed to form within a few
minutes after purified PHO A was introduced in the calcification
medium, with and without WT E. coli. In both cases, precipitates
appeared on SEM images as clusters of empty spherical or
ovoid structures, measuring ~2 pm in diameter (Figures 6A-D).
In both cases the minerals presented plate-like textures. The
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(in blue) obtained on the area depicted by a rectangle in (D).

FIGURE 4 | TEM (A-C) and STEM (D,F,G) images of APm1 after 1 week in the calcification medium. (A) Cluster of encrusted cells. The Ca-phosphates
located directly in contact with the cells have been partially removed by ultramicrotomy, leaving holes around the bacteria. (B) Cell having intracellular Ca-phosphate
precipitate presenting a fibrous texture, with fibers radiating from the periphery of the cell. (C,F,G) Cells surrounded by an electron-dense crown, with a mean
thickness of ~24.4 (+£5.3) nm, likely resulting from the precipitation of Ca-phosphates within the periplasm of the cells. (E) EDXS map of C (in green), Ca (in red), and P

precipitates formed by PHO A in the presence or absence
of bacteria thus presented strikingly similar morphologies at
the SEM scale. However, they could be discriminated when
observed with TEM. In the presence of E. coli, well-delimited
structures corresponding to the cells were visible in section
(Figure 6H). The interior of most bacteria was free of Ca-
phosphate. An electron-dense irregular and discontinuous crown
of Ca-phosphate was observed at the periphery of some of the
cells only (Figures 6],K). The Ca-phosphates forming the crowns
were needle-like, and oriented tangentially to the border of
the cells. Extracellular Ca-phosphate crystals also had needle-
like shapes, with randomly oriented needles, less than 50 nm
in length. In contrast, precipitates formed in the absence of
bacteria did not show well-delimitated round structures. Instead
of that, it looked as if several empty spheres had merged together

(Figure 6E). The walls of the spheres were composed of needle-
like Ca-phosphate crystals oriented perpendicularly to the walls,
their length increasing (from ~20nm to more than 100 nm)
outwardly. On some images, the needle-like crystals appeared
as plates seen in cross section (Figure 6G), consistent with SEM
observations.

FT-IR and NMR Characterization of the
Ca-Phosphates Formed during the
Calcification Experiments

FT-IR

The Ca-phosphate precipitates formed by APml or PHO A
without cells, after 1 week and 2 days of incubation in the
calcification medium, respectively, were analyzed by FT-IR
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FIGURE 5 | STXM analyses of WT, AP1, and APm1 E. coli during the calcification experiments. (A-C) WT E. coli after 24 h in the calcification medium. (A)
Image at 349 eV. (B) Map of organic C (red) and Ca (blue) obtained on the same area as (A). XANES spectra at the C K and Ca Ly 3-edges obtained on the cells (red)
and on the particles at the surface of the cells (blue). The spectrum of the precipitates at the Ca Ly 3-edge is shown in greater detail in SM 1. (D,E) AP1 after 7 h in the
calcification medium. (D) Image at 349.2 eV. (E) Map of Ca (in blue) and organic C (in red) obtained on the same area as (E). (F,G) APm1 after 7 h in the calcification
medium. (F) Image at 349.2 eV. (G) Map of Ca (in blue) and organic C (in red) obtained on the same area as (F). (H) XANES spectra at the C K-edge, obtained on the
areas depicted on (F). XANES signal at the C K-edge is similar for non-calcified cells (a) and calcified cells (b), with peaks corresponding to organic C functional
groups at 284.9, 288.1, 289.1, and 292.5eV. The signal of extracellular Ca-phosphate precipitates (c) is much noisier, due to a smaller total C concentration. A peak
at 290.2 eV is present corresponding to 1s—xt* transitions in carbonate groups. (I) XANES spectra at the Ca Ly 3-edges obtained on area (b) (calcified cell) and (c)

(extracellular precipitate). Vertical positions correspond to peak energy positions in the reference HA spectrum (see Supplementary Figure 2).

spectroscopy (Figure 7). Based on a comparison with a reference
HA, the bacterial and enzymatic Ca-phosphate precipitates could
be identified as poorly crystalline HA. The main peaks in the
FT-IR spectra are assigned to the characteristic vibrational bands
of HA: (i) P-O-P bending v, (472 cm™1), (ii) P-O-P bending v,
(563 and 602 cm ™), (iii) P-O stretching v; (960-962 cm™ 1), and
(iv) P-O stretching v3 (1035-1045 cm™!) of POy groups, or to
the librational modes of OH™ groups (the two bands at 630-633
and 3570 cm™!). The additional broad absorption band at 3300-
3600 cm ™! is related to the presence of adsorbed water, whereas
the band near 1650 cm ™! might be related to the C = O stretching
v; of amide groups in the samples (Roche et al, 2010). The
observed bands are generally broader than those in the reference
HA spectrum, suggesting that the HA in the samples have a
more disordered structure than the reference compound (Nawrot
et al.,, 1976; Jager et al., 2006). Moreover, the P-O stretching v3

is less defined in the spectrum of APm1 precipitates than in the
spectrum of PHO A precipitates, which might indicate a lower
crystallinity for the APm1 precipitates (Nawrot et al., 1976).
Other indicators, such as linewidth of the v4 PO4 bands (Surovell
and Stiner, 2001; Pucéat et al., 2004; Roche et al., 2010), or the
linewidth of the v; POy4 band (Balan et al., 2010), also suggest a
more disordered structure for the bacterial precipitates.

The two vibrational bands corresponding to OH™ groups
are much weaker (for PHO A) or almost absent (for Apml)
compared to the HA spectrum, indicating a lower concentration
of hydroxyl ions in the samples compared with stoichiometric
HA. The charge balance within the crystals has thus to be
maintained by lattice substitutions, generally the replacement
of the POT anions by bivalent species, HPOff and/or A-
type CO? (ie., CO? ions substituting for OH™ in the c-axis
channels of apatite). A vibration band at 880 cm™! is present in
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FIGURE 6 | SEM and TEM images of calcification by PHO A in the absence or the presence of WT E. coli. (A,B) SEM images of calcification by PHO A in the
absence of WT E. coli. (C,D) SEM images of calcification by PHO A in the presence of WT E. coli. Clusters of spherical or ovoid void structures, measuring ~2 pm in
diameter are formed in both cases. (E-G) TEM images of calcification by PHO A in the absence of WT E. coli. (F) and (G) are close-ups of the areas depicted by
rectangle on (E). (H-K) TEM images of calcification by PHO A in the presence of WT E. coli. (H) Most cells are empty, with a few exceptions (white arrow). The cell on
(J) is surrounded by an electron-dense discontinuous layer of Ca-phosphate. (K) is a close-up of the area depicted by rectangle on (J). The Ca-phosphates forming
the discontinuous electron-dense layer are needle-like, and oriented tangentially to the border of the cells.

the FT-IR spectra of the samples. While it is usually assigned to
A-type COg_ in the literature (Gibson and Bonfield, 2002; Rey
et al.,, 2007; Lafon et al., 2008), it can alternatively be attributed
to the P-O(H) stretching in HPOif groups substituting PO?{
groups in the apatite structure (Vallet-Regi et al., 1997; Liou
et al., 2004; Miiller and Miiller, 2006; Nassif et al., 2010). Since
the signal in the 1400-1600cm™! frequency domain, where
absorption bands corresponding to A- and B-type CO? are
expected (Fleet and Liu, 2004) is very weak here (Figure 7C)
and C K-edge XANES measurements did not show ls—m*
electronic transitions characteristic of carbonate groups in the
Ca-phosphates associated with E. coli cells, a very low carbonate
content is inferred in the samples. Hydroxyl groups in the
samples are therefore mainly substituted by HPO? ™ ions. OH~
ions are more heavily substituted in the HA precipitated by APm1
than in the HA precipitated by PHO A without cells, which is
consistent with a lower crystallinity of this sample (Pasteris et al.,
2004).

81p, 'H, and '3C NMR

The precipitates formed in the presence of APml and PHO
A 2 weeks after inoculation in the calcification medium were
characterized by 3'P MAS and CPMAS NMR and 'H MAS NMR
(Supplementary Figure 3), as well as 1H-31P HetCor (Figure 8).
In the 2D spectra of both samples, a sharp correlation peak can be
distinguished between the phosphate site from HA (3.1 ppm) and
the hydroxyl anions (0 ppm). Furthermore, a broad correlation

peak between the phosphate resonance and a proton resonance
at 5.5 ppm is observed, which corresponds to water according
to its chemical shift. The HetCor experiment signal at 5.5 ppm
corresponds to water in close proximity (far less than 1nm)
to P, either hydrogen-bounded to the surface of the crystals or
included in their structure (Cho, 2003; Duer et al., 2009; Wang
et al., 2012). Apatite nanocrystals usually present a structurally
disordered surface with a hydrated layer containing labile ionic
species, a large proportion of which are cog— and HPOi_ in
non-apatitic environments (Dorozhkin, 2009; Rey et al., 2009).
Here the peak corresponding to the resonance of the phosphate
ions in the hydrated environment (*!'P projection at 3(*H) =
5.5 ppm) is significantly broader than the peak corresponding
to the resonance coming from the phosphate ions in the apatitic
phase (*'P projection at 8('H) = 0 ppm). The linewidth of the
31P signals make it possible to attribute them (and through them,
the correlated 'H signals as well) to surface and core regions of
the crystals, as the core is expected to be relatively well-ordered
and crystalline and therefore give relatively sharp *'P lines, while
surface regions are expected to be more heterogeneous and
disordered and hence present broader 3'P lines (Duer et al,
2009). The Gaussian line shape of the broad signal is attributed to
a distribution of 3'P chemical shifts due to a variety of chemical
environments in the disordered hydrated non-apatitic domain
around HA nanocrystals (Wu et al., 2002; Jager et al., 2006;
Huang et al., 2009; Wang et al., 2012). This line is broader for
APm1 compared to PHO A. This suggests a more important
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FIGURE 7 | (A) Full FT-IR spectra of reference HA (in black) and Ca-phosphate precipitates formed in the presence of APm1 (in blue) and PHO A (in red), after 7 and 2
days of incubation in the calcification medium, respectively. (B-E) are close-ups of different frequency domains. The vertical lines in (D) correspond to the frequency
positions of vibration bands assigned to A-type and B-type carbonate groups in apatite.
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disordered surface layer compared to apatitic core in this sample
than in the PHO A sample. No signal is observed at ' H chemical
shifts >10 ppm, where a broad peak attributed to HPO?[ in
the surface layer has been described in previous 'H-*!'P HetCor
studies of synthetic (Jidger et al., 2006) or bone (Duer et al., 2009;
Bradley et al., 2010) minerals. However, in the presence of water
in the samples, exchange reactions may occur between protons
in HPOi_ groups and in H,O that prevent the detection of this
group (Wang et al., 2013).

Figure 9 shows the >C CPMAS spectra of the bacterial and
enzymatic precipitates. In both spectra, a broad peak is observed
at ~69 ppm, corresponding to C-OH groups, and thus likely
corresponding to glycerol precipitated with or adsorbed onto
the samples during their preparation for NMR experiments.
Additional peaks are present in the APm1 spectrum. The peaks
in the 10-50 ppm chemical shift domain could be attributed to
aliphatic carbons (Duer et al., 2009). The peak at ~173 ppm
corresponds to C = O groups in amide and carboxylate carbons
(Duer et al., 2009; Bradley et al., 2010). This peak is not present
in the PHO A spectrum, probably because the concentration
of proteins in this sample is below the detection limit, and/or
PHO A enzymes did not co-precipitate with HA. A- and B-type
carbonate ions in HA, with resonances at 166.5 and 170.5 ppm,

respectively (Beshah et al., 1990; Nassif et al.,, 2010), are not
observed here consistently with STXM and FT-IR analyses.

Geochemical Modeling of Ca-Phosphate

Precipitation

The evolution of dissolved calcium and inorganic phosphate (P;)
concentrations and pH during the calcification experiments are
shown in Figure 10. P; concentration rapidly increases with time
in the presence of bacteria, as a consequence of glycerophosphate
hydrolysis catalyzed by the alkaline phosphatase of the cells.
However, part of P; also precipitates with calcium to form
solid HA. The evolution of P; concentration is therefore a
balance between P; release by glycerophosphate hydrolysis and
precipitation of P; as HA. The increase of calcium concentration
observed with time in the control (where almost no Ca-
phosphate precipitation occurred) is due to evaporation of the
mineralization medium during the course of the experiment.
The effect of evaporation is then corrected for all the data
assuming that evaporation was the same in the control and
the different samples. Consistent with microscopy observations,
chemical analyses show that HA precipitation by the WT is very
limited and delayed compared to AP1 and APm1 strains. The pH
of the calcification medium decreases with time in the presence
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FIGURE 8 | (A) TH-31P HetCor spectra of the Ca-phosphate precipitates formed in the presence of APm1 (A) and PHO A (B), after 2 weeks in the calcification
medium, and extracted 3'P slices at §('H) = 0 and 5.5 ppm.

of AP1 and APml, and, to a lesser extent, WT cells. Indeed, the
precipitation of HA results in an acidification of the solution, as
shown by the equation:

3HPO}™ +5Ca*" + H,0 — Cas(PO,);0H + 4H" (1)
Dissolved Ca*t and P; concentrations have been used to
calculate phosphate release rates (d[P;];/dt). Indeed, the amount
of phosphate released by the cells (total inorganic phosphate,
[Pi];) can be calculated by adding the measured phosphate
concentration ([Pi],;) and the phosphate having precipitated
with calcium ([P;],):

[Pl; = [Pl + [Pi], @)

The precipitated phosphate was determined as the amount of
phosphate having precipitated with calcium as hydroxyapatite
(Cas(PO4)3(OH)). The Ca/P ratio of the Ca-phosphate
precipitated by the cells might differ from that of hydroxyapatite

(5/3), but using a different ratio does not change significantly the
value of d[P;];/dt calculated here:

[P;), = 3/5[Cal, = 3/5([Caly — [Cal,,) 3)

[Cal, is the precipitated calcium, calculated as the difference
between the maximal calcium concentration [Ca]y; (measured
for the abiotic control, for which no precipitation was observed)
and the measured calcium concentration [Cal,,, which corrects
for the evaporation. The results are shown in Figure 10E. As
expected, phosphate release rate is more important for cells
overexpressing PHO A than for WT E. coli. Phosphate release
rates decrease during the course of the experiment, which might
be due to the degradation of the enzyme with time and/or
inhibition of the enzyme by inorganic phosphate (Garen and
Levinthal, 1960).

Supersaturations of the calcification medium with respect to
hydroxyapatite (Q2y4) have been calculated using Ca** and P;
concentrations as well as the pH (Figure 10D). Before adding
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FIGURE 9 | 13C CPMAS spectra of the Ca-phosphate precipitates
formed in the presence of APm1 (A) and PHO A (B), after 2 weeks in the
calcification medium.

cells (t = 0), Qua is ~7.4. Qua is positive since a small
concentration of P (~13 wM) is already present in the medium at
the beginning of the experiment (most likely due to the hydrolysis
of glycerophosphate). Maximal values of Qs were measured at
7h in the presence of AP1 and APm1 and were respectively 11.5
and ~12.0. For WT E. coli, the maximal Qpa was reached at
70h and was ~11.3. High supersaturation thus occurs sooner
for the cells overexpressing PHO A than for the WT cells,
consistently with the timing of Ca-phosphate precipitation for
these different strains. After Qpa has reached a maximal value,
it slowly decreases for all the strains, in parallel with the decrease
of P; and pH with time.

Viability of E. coli Cells during Calcification
The results of viable cells counting for AP1, APm1 and WT
strains along the course of the experiment are shown in
Figure 10F. Two hours after inoculation into the calcification
medium, only ~10® CFU/mL were enumerated for all the strains.
This is one order of magnitude smaller than the density of
cells initially introduced in the calcification medium (2 x 107
cells/mL). Ca is known to interfere with E. coli cellular division
(Dominguez, 2004; Ferguson, 2004) and, as a result, filamentous
E. coli are frequent in Ca-rich media and were observed in
our experiments. Filaments are unlikely to form colonies on
agar plates, which could account for this low CFU density. The
number of CFU/mL decreased by a factor of 10 after 2 days of
experiments for AP1 and APm1 cells which were heavily calcified,
whereas it almost remained constant for the WT cells, which
did not significantly calcify at this stage. After about 1 week, a
significant number of viable cells (at least ~10* CFU/mL) were
still present in the experiments, even for the heavily calcified AP1
and APmI strains.

DISCUSSION

Experimental Validation of a Ca-Phosphate
Formation Model Involving the Alkaline
Phosphatase

In order to test the model of microbial phosphogenesis based
on alkaline phosphatase activity, we aimed to correlate Ca-
phosphate precipitation with PHO A activity in the calcification
experiments. To do this, the concentration of active PHO A
enzymes ([E]o) associated with E. coli cells had to be assessed.
In an enzymatic reaction, [E]y is proportional to the maximum
reaction rate V, x:

Vinax = kear % [Elg (4)

where kg is turnover number (the maximum number of
substrate molecules converted to product per enzyme molecule
per unit of time). In the Michaelis-Menten model (e.g., Johnson
and Goody, 2011), Viyuy is usually determined using enzymatic
assays by measuring the reaction rate at different substrate
concentrations. However, as shown by Martinez et al. (1992,
1996, 1999), a Michaelis-Menten model alone cannot explain the
kinetic behavior of PHO A in vivo (i.e., inside bacteria), because
under some conditions diffusion across the cell membranes is the
rate-limiting step of the enzymatic dynamics. Indeed, we were
unable to determine the value of V4, during the calcification
experiments with E. coli cells using a classical p-nitrophenol
enzymatic-assay and classical Michalis-Menten plots (Enzymatic
Assays Performed on E. coli Cells during the Calcification
Experiments Supplementary Data Section). Nevertheless, the
value of Vi, in E. coli calcification experiments could be
estimated using phosphate release rates d[P;];/dt. Indeed, during
the first hours of the experiment, d[P;];/dt provides a measure
of the initial reaction rate vi. This approach is further justified
in Determination of the Turnover Number k.; of PHO A
Using Purified Enzymes Supplementary Data Section. v; is equal
to Viuax when the substrate (glycerophosphate) concentration
is several orders of magnitude higher than the Michaelis
constant K,,. During the course of the experiment, no more
than 4mM of glycerophosphate (out of the 10 mM initially
present in the medium) was hydrolyzed. The remaining substrate
concentration (>6mM) is therefore always several orders of
magnitude higher than the value of K, for the purified alkaline
phosphatase (K, ~15puM; Martinez et al., 1992). However, it
has been shown by Martinez et al. (1992) that in the case where
PHO A is present inside the cells, the apparent K, can be 1000-
fold higher than the K, of pure alkaline phosphatase because of
diffusion issues. The rates of phosphate release thus correspond
to the maximal reaction rate V,,,;, when phosphate release is
due to free (i.e., outside cells) PHO A, e.g., PHO A released
after cell lysis. In contrast, the phosphate release rates are smaller
than Vi, when the enzymes are associated with the cells. The
calcification medium likely contains both free and cell-bound
enzymes, so the values of d[P;]/dt given in Figure 10E should
be interpreted by a combination of Michaelis-Menten behavior
as well as of diffusion controlled enzyme kinetics (Martinez
et al., 1992, 1996, 1999), and thus yields minimum estimates of
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FIGURE 10 | Evolution of geochemical parameters during the calcification experiments with WT E. coli cells (red squares), AP1 (green triangles),
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hydroxyapatite (2a). (E) Phosphate release rate (d[P;]t/dt). (F) Viable cell counts (CFU/mL).

Vinax- These values can be used to calculate minimum estimates
of enzyme concentrations during the experiment (Eyp), using
Equation 4 and ks = 8.1 s~1. This value of ke was obtained
using purified PHO A in the calcification medium conditions
(Supplementary Data Determination of the Turnover Number
kear of PHO A Using Purified Enzymes). Its use is justified by
the fact that this kinetic parameter has proved to be the same for
PHO A in dilute solution and in the periplasm of E. coli (Martinez
et al., 1996).

Using the computed values of [E]y at the beginning of
the experiment, we can then calculate the initial number of
enzymes per cell (Nj) for AP1, APm1 and WT E. coli using this
equation:

_ Ng x [Ely

N;
D;

(5)

where N, = 6.022 x 10?*> mol~! is Avogadro’s number and Dj
is the initial cell density (2 x 107 cells/mL). We obtain 1.6 10*
enzymes/cell for WT E. coli, 7.3 x 10* enzymes/cell for AP1 and
1.02 x 10° enzymes/cell for APm1. This is in very good agreement
with the numbers given by Martinez et al. (1996) who found
that about 2 x 10* alkaline phosphatases are present in wild-type
E. coli and up to 2 x 10° in cells overexpressing PHO A. This
means that at the time scale of the calcification experiment (a few
hours), the solution “sees” all the enzymes present in the bacteria
as free enzymes, i.e., diffusion is not a limiting parameter. This
might be due to the fact that diffusion times through the outer or
periplasmic membrane of E. coli are very small compared to the

characteristic time scale of the calcification experiment (hours)
(this also explains why diffusion is indeed a limiting parameter
in pNPP enzymatic assays with E. coli, which are only a few
minutes long). Alternatively, one might argue that enzymes could
have been released in the mineralization medium due to cell
lysis. However, the pNPP enzymatic assays performed with E. coli
harvested and rinsed at different times show that an important
phosphatase activity was still associated with the cells, even
after 70 h of experiments (Supplementary Data Enzymatic Assays
Performed on E. coli Cells during the Calcification Experiments).
The values of v; measured in these assays were comparable
to those obtained on intact cells by Martinez et al. (1992) for
similar cell densities and pNPP concentrations, which confirms
that the enzymes were (at least in great part) still present in the
cells.

This suggests that the main factor controlling phosphate
release by bacteria is the number of PHO A molecules per
cell. The localization (intra- or extracellular) of the enzyme
has little importance since at time scales larger than hours,
diffusion through the membranes of the bacteria has no
impact on the phosphate release rate. On the other hand,
it is not clear whether cell viability has an influence on
calcification. In the experiments where the bacteria became
heavily calcified (AP1 and APm1), the number of viable cells
in the calcification medium decreased more rapidly than in the
experiment where calcification was limited (WT). A correlation
between cell viability and calcification was therefore observed,
but it is not totally clear whether a causal link exists between
those two variables. Alkaline phosphatases are known to be
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remarkably stable enzymes, with the ability of maintaining
an activity over a wide range of environmental conditions,
a property that has to be related to the fact that they are
often secreted by the microorganisms to hydrolyze phosphate
esters and release P; in the extracellular medium (Luo et al,
2009). Most PHO A enzymes were therefore probably still
active long after the cell that produced them had ceased to be
viable.

These results thus confirm the microscopy observations
showing that bacteria play an important role in Ca-phosphate
precipitation by producing alkaline phosphatases, in addition
to serving as nucleation templates for the precipitation of the
minerals. This finding confirms a number of previous studies
suggesting the importance of alkaline phosphatase activity in
bacterial phosphate formation (Lucas and Prévot, 1981, 1984;
Hirschler et al., 1990; Blake et al., 1998; Macaskie et al., 2000;
Beazley et al., 2007; Martinez et al., 2007; Nilgiriwala et al., 2008;
Shelobolina et al., 2009; Salome et al., 2013).

Relation between Bacterial Calcification
Patterns and Alkaline Phosphatase

Localization

The calcification of WT as well as APm1 E. coli cells started
with the precipitation of Ca-phosphate at the surface of the
cells. Ca** is highly concentrated in the calcification medium,
and phosphate generated through PHO A activity in the cells
can be exported to the medium via several phosphate exchange
systems inserted in the cytoplasmic membrane of the bacteria
(Blake et al., 1998). We calculated that the calcification medium
is supersaturated with respect to HA from the beginning of the
experiment. Extracellular Ca-phosphate precipitation is therefore
expected. Heterogeneous precipitation of minerals on bacteria is
moreover a very common phenomenon, resulting from the ionic
interactions of metals ions (such as Ca21) with reactive chemical
anionic groups (such as carboxyl, phosphate, or amide groups)
exposed at the cells surfaces (Fortin et al., 1997).

In contrast, the start of calcification of APl cells,
overexpressing PHO A in the periplasm, within the cytoplasm of
the cells was more surprising. Indeed, intracellular free calcium
concentration in metabolically active E. coli is strictly regulated,
and usually range from 100 to 300nM (Dominguez, 2004).
Similarly, POi_ concentrations in the cytoplasm of E. coli is
tightly regulated through Pho regulon (Shimizu, 2013). Many
API cells presented disruptions of the cell wall and/or membrane
vesicles when observed by cryo-TEM (Figure 3F). However,
even in such lysed cells, where above-mentioned regulatory
systems are likely inactive, it is not clear why Ca-phosphate
precipitation occurs in the cytoplasm and not the periplasm
or extracellular medium. It is possible that a fraction of the
PHO A enzymes produced by AP1 are not translocated in the
periplasm and accumulate in the cytoplasm. PHO A precursor
has been shown to dimerize and to form active enzymes even
without cleavage of the signal peptide and excretion across the
periplasmic membrane (Inouye and Beckwith, 1977), suggesting
that PHO A enzymes could have been active in the cytoplasm of
API.

Latter stages of calcification were similar for APl and
APm1. The precipitates finally formed throughout the periplasm
(forming a 24 nm-thick periplasmic Ca-phosphate crown around
the cells) and the cytoplasm, while Ca-phosphate also continued
to precipitate outside the cells. As stated above, the precipitation
of Ca-phosphate is most likely prevented by Ca?t and P;
regulation systems in the cytoplasm of intact cells, and
intracellular precipitation probably occurs only upon death,
in particular after disruption of the cell membranes. Only
~1% of cells initially inoculated into the calcification medium
were still viable after 2 days of experiment, and ~0.1% after
1 week (Figure 10F). The Ca-phosphate precipitated inside
some of the APml cells presented a fibrous texture with
fibers radiating from the periphery of the cells (Figure 4B).
This suggests nucleation starting on the inner surface of the
plasma membrane and growth of acicular Ca-phosphate crystals
inwards away from this nucleation site. Cultures of Bacterionema
matruchotii in a solution supersaturated with respect to Ca-
phosphate similarly formed HA crystals in their cytoplasm
(Ennever, 1963; Takazoe et al., 1963) and this was attributed to
the nucleation of HA on a cytoplasmic membrane proteolipid,
which was later isolated (Ennever et al., 1976, 1978). Intracellular
HA formation by E. coli cells was also achieved by the same
authors (Ennever et al., 1974, 1981). Such a mechanism of
nucleation on a membrane proteolipid might occur during E. coli
calcification.

In the experiment with WT cells in the presence of
extracellular PHO A, a discontinuous crown with irregular
thickness was present at the periphery of some cells
(Figures 6J,K), as opposed to the regular ~24nm-thick
periplasmic Ca-phosphate crown observed with APm1l cells
(Figure 4). This discontinuous crown therefore probably does
not result from Ca-phosphate precipitation in the periplasm of
the cells, but is more likely formed by minerals accumulating
at their surface. The interior of most cells remained free of
precipitate, even after 1 week. The absence of Ca-phosphate
precipitation in the cytoplasm and periplasm might be due
to insufficient PO;”[ concentrations when PHO A is not
overexpressed in the cells. It is indeed likely that P; released
extracellularly by PHO A directly precipitates in the presence of
high Ca?" concentrations in the medium, before being taken up
by the bacteria.

The localization (intra- vs. extracellular) of the alkaline
phosphatase therefore has an influence on the calcification
patterns in E. coli, and could partly explain differences in
the patterns of Ca-phosphate precipitation among different
bacterial species as described for instance by Rizzo et al
(1963), Ennever et al. (1981), and Streckfuss et al. (1974).
However, it is likely that calcification patterns are also influenced
by the composition (and in particular, saturation) of the
medium. Indeed, in an experiment by Dunham-Cheatham et al.
(2011) with non-metabolizing Bacillus subtilis and Shewanella
oneidensis that were placed under supersaturated conditions with
respect to U-phosphates, hydrogen uranyl phosphate minerals
precipitated homogeneously (i.e., at distance from the cells) at
low supersaturations whereas they precipitated at the surface and
within the cell walls of cells at higher supersaturation.
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Mineralogy of the Ca-Phosphates Formed
during Calcification Experiments and

Influence of the Bacteria
Based on FT-IR and NMR results, the Ca-phosphate precipitates
obtained at the end of the experiments with bacteria as well as
purified PHO A were all poorly crystalline non-stoichiometric
hydroxyapatite free of carbonate ions. Similarly, hydroxyapatite
substituted by HPOi_ ions with no or very little COg_ ions
were obtained in the experimental studies by Lagno et al.
(2012), Vallet-Regi et al. (1997), and Wright et al. (2011). The
incorporation of carbonate ions in the apatite lattice greatly
depends on the presence and concentration of carbonate in the
precipitation medium (Vignoles et al., 1988; Pan and Darvell,
2010), a parameter that is rarely assessed in above-mentioned
in vitro HA precipitation studies. It is likely that the calcification
medium did not contain significant concentrations of carbonate
ions, those mainly originating from the dissolution of CO, from
the atmosphere or CO, produced during glycerol metabolism in
E. coli (either respiration or fermentation; Murarka et al., 2007).
HA crystals formed by APm1 cells were relatively smaller
(a few tens of nm vs. more than 100nm) compared to the
precipitates formed by PHO A. They were furthermore less
crystalline, having a larger disordered HPOi_ -containing surface
hydrated layer relative to apatitic core. The relative contribution
of the disordered surface layer vs. apatitic core could be simply
related to the size of the crystals, smaller crystals having greater
surface to volume ratio than large ones. A similar result was
obtained by Dunham-Cheatham etal. (2011), were HA formed in
the presence of bacteria were relatively smaller and less crystalline
compared to precipitates formed abiotically. Similarly, in a study
by Wright et al. (2011), poorly crystalline calcium-deficient
hydroxyapatite (CDHA) with a Ca/P ratio of ~1.4 was formed
when bacteria were present, whereas quasi-stoichiometric HA
(Ca/P~1.67) precipitated without bacteria. According to Wright
et al, the presence of the bacteria moreover resulted in a
higher a and smaller ¢ lattice parameter compared with the
abiotic experiment, due to the incorporation of HPOT and
water in the crystal structure in the presence of the bacteria.
Smaller crystal sizes and more disordered structure of HA in the
presence of bacteria have been interpreted as a consequence of an
interaction between organic bacterial exudates with precipitating
HA particles in Dunham-Cheatham et al. (2011). The presence
of citrate, an organic ligand of Ca**, was for instance shown to
induce the precipitation of HA crystals of relatively smaller size
and containing more lattice imperfections compared to crystals
formed without citrate (Van Der Houwen et al., 2003). In our
experiment with APm1, obvious interactions exist between HA
and organic molecules in this experiment (organic molecules
serving for instance as nucleation templates for HA minerals),
which might account for reduced crystal size and crystallinity
compared to HA formed in the experiment with purified PHO A.
HA precipitation occurred at very high supersaturations
(Q2ua > 11), which were maintained over the course of the
calcification experiments in the presence of cells. It is likely that
our values of Qpa are slightly overestimated. Indeed, the exact
determination of Qpa of the solution requires knowledge of the
exact activity of each of the entities in solution included in the

ionic activity product, i.e., in the case of HA, all ionic and neutral
forms of calcium and phosphate present in the medium. Even in
a relatively simple solution, the possible formation in solution of
many calcium- and phosphate-bearing species such as CaHzPOI
and CaPO,, can be incompletely taken into account by the
thermodynamic models used in chemical equilibrium modeling
softwares (Pan and Darvell, 2009; S6hnel and Grases, 2011). The
omission of such complexes leads to an overestimation of the
activities of free dissolved calcium and phosphate in solution,
and thus an overestimation of the saturation of the solution.
Another effect can also affect the observed supersaturation: the
complexation of Ca?t by organic ligands. The HEPES used
as a buffer in our study is a good complexing agent of Ca?"
(Crowell and Bowers, 1985) because of the affinity of calcium for
sulfonate groups. Anionic functional groups such as carboxylates
and phosphates present at the bacterial surfaces can also
complex calcium (Fortin et al., 1997). Moreover, bacterial cells
can produce extracellular organic polymers that also complex
Ca?t (Dunham-Cheatham et al, 2011). These species could
not be modeled in the geochemical precipitation model. Such
complexation effects might have increased the values of Qpa
calculated in our experiments by a few units, but cannot alone
explain the very high values of Q2p4 that were obtained. Although
a definitive explanation of these elevated levels of supersaturation
remains to be found, one can propose that the chemistry of the
solution is controlled by the formation of a poorly crystalline
non-stoichiometric hydroxyapatite (or CDHA) (as observed in
our experiments), which is more soluble than pure HA (Driessens
and Verbeeck, 1981; Meyer and Fowler, 1982; Ducheyne et al.,
1993; Fulmer et al., 2002; Pan and Darvell, 2009). As an example,
if the solubility of the amorphous calcium phosphate (ACP)
AM1 from Wright et al. (2011) is used as a proxy for the
thermodynamics of this metastable intermediate, one computes
values of Qacp of about 0 at all the conditions investigated
in our experiments. The question then becomes why a more
soluble metastable phase precipitate spontaneously instead of the
thermodynamically stable HA. A kinetic explanation is provided
by Zawacki et al. (1990). They showed that aqueous phosphate
ions in a solution where non-stoichiometric hydroxyapatite
forms are always more extensively protonated (i.e., under
HPOi* form) than those of the precipitating solid. They
assume that it may be difficult to deprotonate the excess HPOif
ions before they are incorporated in the crystal lattice. The
electroneutrality of the solid then has to be maintained by
exclusion of both calcium and hydroxyl ions to allow a HPO?~
ion to enter the crystal, leading to the formation of CDHA
instead of HA. The formation of less thermodynamically stable
CDHA would therefore be favored over more stable HA because
of faster nucleation, a phenomenon known as the Ostwald rule
of stages (e.g., Nivlt, 1995). The importance of kinetic factors
rather than thermodynamic considerations in determining
the formation of different Ca-phosphate phases has also been
stressed by Valsami-Jones (2001).

Interpretation of Putative Microbial Fossils
in Phosphorites

Many occurrences of microstructures morphologically similar to
microorganisms have been reported in phosphorites of various
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ages and origins, and have been used as major evidence of
the implication of microbes in their formation (e.g., Mullins
and Rasch, 1985; Soudry and Lewy, 1988; Lamboy, 1994;
Purnachandra Rao et al., 2000; Soudry, 2000; Bailey et al., 2013;
She et al., 2013). These microstructures are often interpreted
as fossil bacteria, based on their resemblance in sizes and
shapes with modern type bacilli or cocci on SEM images.
In the calcification experiment with purified PHO A, we
obtained ovoid structures, measuring ~2 pm in diameter, which
could easily be confused with calcified bacteria based on SEM
only (Figures 6A-D). Similar objects, sometimes referred to
as spherules or microspheres and composed of apatite or
octocalcium phosphate, have been obtained in the past by abiotic
synthesis (Van Kemenade and de Bruyn, 1987; Kniep and Simon,
2007; Sun et al.,, 2009; Teshima et al., 2009; Gan et al., 2010;
Perez et al., 2011). Therefore, SEM images should be considered
only very cautiously for inferring the biogenicity of objects in
phosphorites.

In contrast, calcified bacteria might be discriminated from
enzymatic precipitates using higher resolution techniques such
as TEM and STXM. The presence of a calcified periplasm (i.e., a
continuous crown of mineral with a regular thickness consistent
with the width of a bacterial periplasm), obtained with E. coli
overexpressing PHO A intracellularly (Figure 4), seems to be a
conclusive indicator of the biogenicity of the objects, since such
a feature has so far never been observed in abiotic precipitates.
Calcification of the periplasm was moreover not achieved in
the experiment mixing WT E. coli cells and extracellular PHO
A. A fossil calcified periplasm may therefore be an indication
of intracellular phosphate release, i.e., active Ca-phosphate
biomineralization (as opposed to simple passive encrustment
of the cells in a precipitating calcium and phosphate-rich
solution). The present study provides some experimental support
to the recent discovery of bacterial microfossils with a calcified
periplasm, observed in a Paleocene (~60 Ma old) phosphorite
from the Ouled Abdoun phosphate basin (Morocco) (Cosmidis
et al,, 2013a). In that study, STXM revealed the presence of
organics associated with the fossilized cell wall of the bacteria.
In a diagenesis experiment using calcified E. coli cells, Li
et al. (2014) showed that microbial biomineralization had a
positive influence on the chemical preservation of organics
during fossilization processes. The association of a fossilized
periplasm and organic residues thus appears as a potential trace
of microbial biomineralization that can be searched for in ancient
phosphorites.

CONCLUSION

The main findings in the present study have direct
implications on our understanding of the mechanism by
which microorganism influence P cycling and phosphorite
formation in the environment. We indeed demonstrated
experimentally that alkaline phosphatase activity is the main
parameter controlling the amount of Ca-phosphate precipitation
by E. coli. PHO A activity is indeed responsible for the build-

the cellular localization of the alkaline phosphatase might
influence the calcification pattern, but not supersaturation
nor the amount of Ca-phosphate eventually formed by the
bacteria. These results confirm that phosphatase activity might
be one of the important enzymatic processes involved in the
formation of phosphorites in the environment, and provide
experimental references (for instance, critical supersaturation
for microbial Ca-phosphate formation) that could be used
for the geochemical modeling of modern or past conditions
conducive to Ca-phosphate formation in nature. It furthermore
suggests that phosphatase activities, either directly measured
in natural water columns and sediments (Hoppe, 2003) or
indirectly assessed using metagenomics approaches (Kathuria
and Martiny, 2011; Luo et al., 2011), might be used in a first-
order model to predict Ca-phosphate precipitation rates in the
environment.

This study furthermore provides experimental clues to better
interpret the microbial fossil record in phosphorites. The
composition, structure and morphology of the HA precipitates
formed in the presence of E. coli cells was very similar
to HA formed in the absence of cells, suggesting that
such features cannot be used as biogenicity criteria. Texture
however, ie., the way precipitates are spatially distributed
and crystallographically oriented at the sub-micrometer scale,
was different in precipitates formed with and without E. coli.
In particular, the textural evidence of a calcified periplasm
might be a powerful biosignature and an indicator of active
microbial Ca-phosphate biomineralization in modern and
ancient phosphorites. Importantly, such textural features could
only be observed using nano-scale methods such as TEM and
STXM. This argues for a more systematic use of high-resolution
methods for the identification and interpretation of biomorphic
microstructures in phosphorites and other rocks.
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