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Abstract: Through geological time, cyanobacterial picoplankton have impacted the global carbon
cycle by sequestrating CO, and forming authigenic carbonate minerals. Various studies have
emphasized the cyanobacterial cell envelopes as nucleation sites for calcium carbonate formation.
Little is known, however, about how environmental conditions (e.g., nutrient content) trigger a
cell surface and its properties and, consequently, influence biomineralization. Our study aims to
understand how phosphorus (P) concentration impacts the properties of cell surfaces and cell-mineral
interactions. Changes to the surface properties of marine Synechococcus strains grown under various
P conditions were characterized by potentiometric titrations, X-ray photoelectron spectroscopy (XPS),
and tip-enhanced Raman spectroscopy (TERS). Biomineralization experiments were performed using
cyanobacterial cells, which were grown under different P concentrations and exposed to solutions
slightly oversaturated with respect to calcium carbonate. We observed the changes induced by
different P conditions in the macromolecular composition of the cyanobacteria cell envelope and its
consequences for biomineralization. The modified properties of cell surfaces were linked to carbonate
precipitation rates and mineral morphology from biomineralization experiments. Our analysis shows
that the increase of phosphoryl groups and surface charge, as well as the relative proportion of
polysaccharides and proteins, can impact carbonate precipitation by picocyanobacteria.

Keywords: calcium carbonate biomineralization; phosphorus; cyanobacteria; tip-enhanced Raman
spectroscopy; X-ray photoelectron spectroscopy; infrared spectroscopy; carbonate; Synechococcus cells

1. Introduction

Laboratory experiments have shown that, besides metabolic activity triggering environmental
changes leading to changes in the saturation state of mineral formation, cell surfaces—namely,
functional groups such as carboxyl, hydroxyl and phosphoryl, and amino groups—may also serve
as templates for the nucleation of biominerals (e.g., Reference [1]). To date, much attention has been
focused on a biomineralization model that emphasises metabolic activity, or photosynthesis in the case
of cyanobacteria, leading to carbonate precipitation (e.g., see Reference [2]). A number of studies have
focused on how the cell surface charge changes depending on the pH and ionic strength, as well as
the hydrophobic and hydrophilic capacities of cell surfaces (e.g., Reference [3]). The cyanobacterial
Synechococcus cell surface contains various proton-active functional groups with a negative charge [4,5],
which deprotonate and bind metal ions to form metal-ligand surface complexes [6,7]. Even more
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intriguing is the observation of carbonates formation on the negatively charged proteinaceous
S-layer (surface layer), which surrounds the cells of the freshwater strain Synechococcus GL24 [8].
In contrast, others have reported [9] that the metabolically active cyanobacteria Synechococcus sp. and
Planktothrix sp. can develop a positive surface potential in alkaline suspensions, which can deter cell
encrustation [9], which has been part of a controversial discussion around the role of cyanobacterial
cell surface reactivity in biomineralization.

Uncertainty still remains around the impact of environmental conditions on regulating cell
surface properties [10]. However, macronutrients such as phosphorus and nitrogen are crucial in the
cyanobacterial life cycle since cyanobacterial growth may be limited by phosphorus (P), and some
cyanobacterial strains are even capable of fixing atmospheric nitrogen (N) [11]. Comparing the titration
data and infrared spectra for a Synechococcus grown in a wide range of N /P ratios [12] indicated that
whereas the nitrogen source is a great determinant of ligand concentration, phosphorus limitation has
a greater impact on Synechococcus cellular and extracellular properties than does nitrogen limitation.

Phosphorus can strongly impact the synthesis of cyanobacterial extracellular polymeric substances
(EPS) [13] and also appears to induce significant changes in the synthesis of polysaccharides [14,15],
as well as membrane lipids [16]. Under P-limiting conditions, many cyanobacterial cells store
polyphosphate reserves and increase the production of extracellular phosphatases to obtain phosphate
from organic substrates [17]. In turn, the changes in the capsular EPS determine the ability of the cell
surface to promote the nucleation of calcium carbonate [3,18,19].

Despite the findings that nutrients and light are driving forces that govern the cyanobacterial
surface properties and performance, studies of how these factors affect microbial-driven geochemical
processes, especially biomineralization, are very scarce [20]. This is even more astonishing in view
of the fact that cyanobacteria are significant primary producers: For example, picocyanobacteria
genera Synechococcus and Prochlorococcus provide up to 50% of the primary production in oceans and
lakes, dominating the phytoplankton of different areas of the ocean and contributing significantly
to the global carbon cycle [6,21-26]. Notably, a recently proposed hypothesis stated that given an
increase of nutrients exported to coastal areas of oceans and lakes as a result of climate change, a
higher abundance of picocyanobacteria is expected [26]. Understanding how Synechococcus cell surface
properties adjust to environmental changes is highly relevant for carbon biogeochemistry in the photic
zone. Cyanobacterial calcification may reflect a link between phosphorus, calcium, and carbon cycles
that can be enhanced during changes in nutrient levels in aquatic systems.

The impact of nutrient conditions on cyanobacteria cell surfaces, especially with regard to P in
the frame of experimental setup, as well as the inherent consequences for biomineralization, have
been overlooked in most studies. For example, high concentrations of P are commonly applied
to cyanobacterial culture media for biomineralization studies, creating artifacts such as phosphate
minerals, (e.g., BG-11 has 2.47 mg P/L) [11,27,28]. The concentration of P in these experiments
was higher than those measured in marine Synechococcus natural environments, where phosphate
concentrations have a range of 3.2 x 1073-10~! mg P/L [26] and, therefore, conclusions about the
role of cell surfaces versus bulk oversaturation conditions with respect to carbonate biomineralization
could not be drawn. A commonly used strategy is to modify the culture media used in precipitation
experiments in order to avoid calcium—phosphate precipitation (for example, a 10-fold dilution of
BG-11 used in experiments with Gloeocapsa sp. [29]. Thus, the biomineralization experiments in this
study were performed in solutions without a P addition, allowing us to avoid artifacts.

Although it has been shown that concentrations of P are critical for cell surface properties [10],
little is known about the impact of cell surfaces on cyanobacteria calcification. In this study, we
explored the impact of P concentrations from 45 to 180 pM on the molecular properties of the cell
surface of a marine Synechococcus strain and the consequence on the CaCOj3 formation mechanism.
A combination of spectroscopy, potentiometric titration, and microscopy techniques were applied
to investigate the cell envelope properties. Potentiometric titrations were used to estimate the acid
dissociation constants (pK,) and the overall cell surface charge, whereas various spectroscopy methods,
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such as Fourier transform infrared (FTIR) spectroscopy, tip-enhancement Raman spectroscopy (TERS),
and X-ray photoelectron spectroscopy (XPS) were used to assess the changes in macromolecular
structures induced on the outer layers of Synechococcus cells by different P exposures. Finally,
in vitro biomineralization experiments were performed in the darkness to determine the impact
of the molecular properties of picocyanobacteria cells on CaCOj3; nucleation. The experimental
results elaborated on the interactions between the nutrient concentrations, the molecular properties of
picocyanobacteria surface, and the CaCOj; formation.

2. Materials and Methods

2.1. Synechococcus Growth in Different Phosphorus Concentrations

Cultures of the marine Synechococcus sp. PCC8806 (hereafter Syn. PCC8806) [23] were cultured in
ASN-III medium. Axenic cultures were inoculated in 150 mL flasks (Falcon Erlenmeyer flasks, five
replicates each) containing medium spiked with K;HPO4 x 3HO, so that the P concentrations were 45,
90, and 180 uM at the beginning of the experiments (Supplementary Information). These p-values were
chosen to mimic those found at environmental levels (45 uM), levels in growth media (180 uM), and an
intermediate level (90 pM). The cultures were grown at room temperature (25 °C) and under constant
light exposure for 45 days. The light irradiance was kept constant at values of 32 pmol photon m 2 s~ !
(HOBO Micro Station H21-002 light sensor, Hoskin Scientific, Burlington, ON, Canada). Growth
curves for each culture were monitored through optical-density (ODg5p) measurements at 650 nm
(GENESYS 5 UV-Vis, Thermo Fisher Scientific, Rochester, NY, USA), and growth rates were determined
by curve-fitting to a Gompertz model [30] (Supplementary Information: Figures S1 and S2, Table S1).
Cell pellets were harvested at an early stationary growth phase by centrifugation (15 min, 7303x g,
at 20 °C). Afterward, the cells were washed in sterile 0.1 M NaNOj four times, and cell pellets were
resuspended in 0.1 M-NaNO3.

2.2. Cell Envelope Molecular Properties

2.2.1. Potentiometric Titrations and Their Combination with Attenuated Total Reflectance
(ATR)-FTIR Spectroscopy

The washed cell suspensions were transferred to a sterilized glass vial and freeze-dried overnight
at —50 °C on a Labconco FreeZone 2 (Labconco, Kansas City, MO, USA). The biomass was stored in an
excicator before spectroscopy measurements were taken. Potentiometric titrations were conducted
under an N; atmosphere by resuspending freeze-dried cells in a 0.1 M NaCl solution (0.5-0.8 g/L)
and allowing them to equilibrate with the solution for 30 min. Prior to the titration, the electrolyte,
a 0.1 M NaNOs solution, was bubbled with Nj for 1 h in order to purge CO, contributions from
the atmosphere. Before the commencement of the titration, the pH of the bacterial suspensions was
raised to 9, and then aliquots of HCl were added to titrate the suspension to pH 3 (Supplementary
Information, Figure S5). The control titration of the electrolyte was performed before each titration.
Whereas dissolved organic matter can be released during the titration of freeze-dried cells, the reverse
and forward titration did not show a hysteresis, indicating that the main impact on the titration
curve originated from the freeze-dried cells. These experiments were repeated in triplicate using an
autotitrator (Titrino plus 877, Metrohm, Herisau, Switzerland). For the jth addition of acid or base
titrant during the titration, the charge balance expression could be expressed as

Coj —Caj+ [H']; - [OH]; = Z(ﬁ

)+S 1
where C;; and Cy; are the concentrations of acid and base for the jth addition of the titrant, and
[H+]]- and [OH_]]- are obtained from measuring the proton concentration at the jth addition. The
surface-binding sites are considered as a sum of n monoprotonic ligands [Lt;] with acidity constants
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and total concentration. S is a constant term analogous to the acid-neutralizing capacity or initial
protonation state of the cell surfaces.

Titration data were modeled using a linear programming method (LPM) for the quantification
of site densities and the determination of ligand functional groups acid-ionization constants (pKa),
as previously demonstrated [4,5,10].

Aliquots of the freeze-dried bacterial suspensions were removed during the titration and
attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was used to determine
the identity of the functional groups modeled from the titration. The aliquots were deposited onto
a single-reflection ZnSe 45° ATR accessory (Harrick Scientific Products, Inc., Umed, Sweden) and
allowed to dry onto the crystal at 25 °C under an N; atmosphere. Before the cells were dried onto
the ATR crystal, a background spectrum (512 scans) of only the ATR crystal was collected under
an N, atmosphere. Infrared spectra (512 scans, between 1900 and 800 cm ™!, spectral resolution of
1 cm~1) were then taken of the dried cells, using a Bruker IFS 66v /S equipped (Umed, Sweden) with a
deuterated triglycine sulphate (DTGS) detector and a water-cooled Globar source. All spectra were
baseline-corrected and normalized to the amide II band.

2.2.2. Tip-Enhanced Raman Spectroscopy

Tip-enhanced Raman spectroscopy (TERS) was conducted on an NTEGRA Spectra system
(NT-MDT, Moscow, Russia) equipped with an inverted optical microscope (Olympus IX71, Tokyo,
Japan) coupled with an atomic force microscope (AFM) NTEGRA Platform and Solar TII spectrometer.
TERS was performed using top visual noncontact AFM silicon cantilevers (VIT-P series, NT-MDT,
Russia), gold-coated (Polaron E5000C-PS3, Quorum Technologies, Laughton, UK) 2 h before the
analysis. Raman spectra were obtained at room temperature and at ambient pressure using a 532 nm
wavelength laser with a maximal power of 8.7 mV. The laser power was attenuated with neutral-density
filters built into the NTEGRA Spectra system (NT-MDT, Moscow, Russia) to reduce fluorescence and
sample damage. The backscattered light was collected through a 100x oil-immersion objective and 0.7
numerical aperture (NA) and redirected to a high-resolution 1600 x 200 pixel CCD camera (cooled
at —70 °C). Single TERS spectra were acquired for 0.18 s and accumulated 30 times. The spectral
resolution of the spectra was 0.44 cm~! for 1800 lines/mm grating. All spectra processing was done
using NT-MDT SPM software (NT-MDT, Moscow, Russia).

2.2.3. X-ray Photoelectron Spectroscopy (XPS)

Complementary information about the cell surface macromolecules (proteins, lipids, and
carbohydrates) was obtained using XPS [31,32]. The XPS analyses were performed with a Thermo
Scientific K-Alpha photoelectron spectrometer with monochromatized Al K« X-ray radiation. For
each sample, a survey analysis and individual peak analysis spectrum was obtained with the pass
energy of 150 eV and with a 0.2 eV step. High-resolution spectra of Cls, Ols, and N1s were recorded.
These spectra were measured using a pass energy of 25 eV (0.1 eV step). To fix the Cls component
due to C-C bonds, 284.8 eV was set as the binding energy scale. The atomic concentration ratios were
calculated from peak areas (linear background subtraction) normalized on the basis of the acquisition
parameters and of sensitivity factors and transmission functions provided by the manufacturer.

Although XPS does not detect individual compounds, the spectral information obtained
corresponds solely to the outermost cell surface (10 nm) [31]. In 1997, Dufrene et al. [29] compared
the biochemical analysis and XPS analysis of isolated cell walls of several bacterial strains [31] and
documented a strong relationship between the XPS results and the macromolecular composition
of the bacterial cell surface. The combined XPS technique and surface speciation approach have
successfully been applied to quantify the proportion of the major organic compounds in the diatom
cell wall [33]. Thus, in this study, we used a similar approach to estimate the weight fraction of the
macromolecular content from the measured XPS concentration ratios of N/C and O/C in a system of
equations calibrated with respect to the carbon content of model compounds.
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2.3. Calcium Carbonate Precipitation Experiments with Synechococcus Cells

Calcium carbonate (CaCOs) saturated solutions were prepared by mixing 24.8 mL of 3 mM
NaHCOj3 with 0.2 mL of 400 mM CacCl, in sterilized conical falcon tubes. All solutions were prepared
from analytical-grade reagents (puriss. p.a., ACS reagent, Sigma Aldrich, St.Louis, MO, USA))
dissolved in autoclaved Milli-Q grade water. A total of 18 replicates were set for each condition
(i.e., a blank solution without cells addition) and for each Synechococcus biomass grown in different P
concentrations. The vials were capped and placed on a rotating shaker on a temperature-controlled
incubator set at 25.0 & 0.01 °C for a period of 24 h under dark conditions. Synechococcus cell biomasses
(0.22 £ 0.05 g/L dry weight) were added and placed on a rotating shaker 2 h after the preparation of
the mineral-saturated solutions.

In order to monitor the onset of calcite nucleation, sampling was performed after 7 and 24 h
preceding the preparation of the solution. For each sampling period, three replicates were taken
from each of the conditions tested. The solution pH and total alkalinity were measured immediately
after sampling. All measurements were performed in a Metrohm GP 736 Titrino unit interfaced by
TITRINET software (Metrohm, Herisau, Switzerland). In addition, 5 mL of solution were collected
with sterilized syringes and filtered through a polytetrafluoroethylene (PTFE) membrane filter (pore
size 200 nm) and washed rapidly with Milli-Q grade water to remove the excess of salt. The filters
were stored in sterile petri dishes at room temperature for scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) analysis. The filters were sputtered with platinum (Pt)
for the SEM observations. The cells suspensions were used to prepare the transmission electron
microscopy (TEM) sections (Supplementary Information).

Total dissolved calcium concentrations were determined from filtrate solutions using the benchtop
total reflection X-ray fluorescence (TXRF) spectrometer S2 PICOFOX (Bruker, Middlesex County, MA,
USA). This instrument is equipped with an air-cooled low-power X-ray tube (Mo target), a multilayer
monochromator with 80% reflectivity, and the liquid nitrogen-free XFlash® Silicon Drift Detector
(SDD) with an energy resolution of <150 eV (Mn K«). The quantification of Ca was made by internal
standardization (Gallium, 10 mg/L).

The concentration of calcium in the sample was determined as

CisNiSis

Cca = NisS; ’ )
where Cc, is the concentration of calcium, Cjg is the concentration of the internal standard (Gallium),
N; is the net signal of the internal standard element, Njg is the net signal of the analyte, S is the
relative sensitivity of the analyte, and S; is the relative sensitivity of the internal standard element.
All instrument parameters were set at the factory, and the coefficient of variability (CV) based on
the triplicate analysis of each sample was calculated as <1%, indicating good analytical precision. A
multi-element standard (Bernd Kraft GmbH, Duisburg, Germany) was used to determine the method
accuracy. All values were found to be within 10% of the actual value, and the detection limit for
calcium in samples was determined as approximately 20 pg/L.

3. Results

3.1. Functional Groups at Picocyanobacterial Surfaces

The experimental data showed that the cell surfaces contained at least three functional groups
(Table 1), related to carboxyl (pK; = 3-5.5), phosphoryl (pK; = 6-8), and amine and hydroxyl
(pKa = 8-10) groups [5] (Table 1). The concentrations of phosphoryl groups increased with P for
cultures grown in 90 uM of phosphorus (1.15 £ 0.7 for Syn. PCC8806, 90 uM). On the other hand, the
carboxyl concentrations appeared to decrease with increasing P (Table 1). A higher concentration of
amine and hydroxyl groups was found to increase with P for Syn. PCC8806, 90 uM.
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Table 1. Functional groups assignment (pK,) and ligands concentrations determined from titration

experiments by means of the linear programming method.

Syn. PCC8806 Syn. PCC8806

Syn. PCC8806

Functional Group pKa Range P=45uM P =90 uM P =180 M
pKa Lt (mM/g) pKa Lt (mM/g) pKa Lt (mM/g)
Carboxyl 3-5.8 443+06 0.17+0.1 5.8 0.03 n.d. n.d.
Phosphoryl 6-8 6.8+ 04 021+01 700£06 115+07 6.6+ 0.4 057 £04
Amine 89 8.2 029+01 820£01 0.65+02 n.d. n.d.
Lt (mM/g) 0.67 1.83 0.57

P = initial phosphorus in culture media; Lt = sum of # monoprotonic ligands; n.d. = not detected.

A qualitative analysis of the ATR-FTIR spectral data (Figure 1) indicated that several FTIR
bands were dependent on the solution pH within the spectral regions related to polysaccharides
(900-1200 cm 1) and proteins (1700-1500 cm ). For Syn. PCC8806, the spectral variation with pH
was mostly observed at ~1022 cm ! (vC-O-C of polysaccharides), ~1150 cm~! (v(CO) of the C-O-C
glycosidic bridge). We also observed the spectral variations at ~1737 and ~1723 cm~! (C = O) and
~1395 cm~! (vC-0), which reflected the deprotonation of carboxylic acid groups (Figure 1).
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Figure 1. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy spectra of
Synechococcus sp. PCC8806 (Syn. PCC8806) at different pH values in the titration experiments with the
freeze-dried cells grown in (a) 45 uM, (b), 90 uM, and (c) 180 uM of P concentrations. The % indicates
the amide II band used for spectra normalization.
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The combination of the titration technique with ATR-FTIR analysis can be used as a tool to
monitor and quantify active functional groups in a wide range of pH. Yet, the technique’s limitation is
the penetration depth of ATR-FTIR that is similar to the cell thickness, which is maximal at 1-2 pm,
and hence intracellular spectral features can mask the surface interaction. Thus, a combination of the
titration and ATR-FTIR methods provided promising results that could be interpreted as the changes
in surface properties. Furthermore, surface characterization techniques such as XPS and TERS were
also applied to accompany the titration and ATR-FTIR experiments.

Principal component analysis of the FTIR spectra at different pH revealed that the polysaccharide
bands (900-1200 cm 1) and proteins (1555 and 1563 cm~ 1) in the spectra of Syn. PCC8806 (90 uM) and
PCCB8806 (180 uM) largely controlled the sample variance (Supplementary Information, Figure S9).
The analysis indicated a high relevance of phosphorus groups in Syn. PCC8806 (180 uM), which may
have been related to a presence of P-OH and P-O-P vibrations of phosphate oligomers or glycosidic
linkage (2923 cm ™).

3.2. Surface Spectroscopy and Morphology of Synechococcus Cells

Complementary to the ATR-FTIR analysis with a penetration depth around 1 pm, XPS and
TERS techniques were used and represented well-established surface characterization methods with
penetration depths at the sample surface around nm or even at the atomic scale [29]. The peaks in the
XPS spectra of the core levels associated with the cell surface macromolecules included carbon (285 eV),
oxygen (532 eV), and nitrogen (400 eV, Table 2 and Supplementary Information, Figure S6). The
atomic elemental composition showed that total carbon on the cell surface was, on average, constant
(71.44 £ 0.04)% in terms of mass fraction, but differences were detected for oxygen (O) and nitrogen
(N) (Table 2). Nitrogen content was found to be higher with the increase of P in the growth media.

Table 2. Energy (eV) of the low and high-resolution X-ray photoelectron spectroscopy (XPS) spectral
bands, mass fractions (%), and band assignment.

Syn. PCC8806

Element/Ratio Peak Mass Fraction (%) Assignment
(eV) 45 uM P 9QuMP 180 uMP
Total C 284.98 + 0.06 714 714 715
Total O 532.01 + 0.08 20.8 20.0 188
Total N 399.73 + 0.06 6.3 8.0 8.9
0/C 0.3 0.3 0.3
N/C 0.1 0.1 0.1
Cls 284.88 + 0.03 57.0 52.8 56.5 C—~(C,H)
Cls A 286.28 + 0.06 29.4 30.4 28.2 C—(ON)
ClsB 287.9 + 0.08 117 133 134 C=0+0-C-0
ClsC 288.82 + 0.02 19 35 19 O =C-OH/C=0
Ols 531.12 + 0.03 21.9 23 20.6 0=C; P =0, P-O-Ring
Ols A 532.11 + 0.06 55.3 49.4 54.4 C-OH; C-O-C
OlsB 533.06 + 0.09 29 283 25.0 HO-C
Nis 399914003 1000 100.0 100.0 unprotonated amine or

amide functions

The peaks in the XPS spectra linked to specific functional groups were convoluted to their
components, and their molar ratio relative to total carbon (Cls) was estimated in order to define
relative proportion (Supplementary Information, Figure S6). For carbon (Cl1s), the most significant
peak was found at the binding energy of ~284.8 eV, which was linked to carbon and hydrogen, C—(C,H)
in amino acids or lipids (Table 2). The lowest value for this peak was found to be associated with
cells cultured in ~90 pM of P. The other C1s components were found at ~286.3 eV, assigned to carbon
singly bound to oxygen or nitrogen (C—(O,N)), including ether, alcohol, amine, and amide; at ~287 eV,
assigned to carbon forming a double bond with oxygen C = O or two single bonds O-C-O attributed
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to carbonyl, carboxyl groups, amide, acetyl, and hemiacetal; and at ~288 eV, associated with carbon
forming one double bond and one single bond with oxygen C = O-0O, including the carboxyl group,
and C = O-OR, including esters [31,32,34]. The other C1s components were found at ~286.3, ~287 €V,
and ~288 eV and were found to be higher for cells cultured in 90 uM of P, in particular the peak at
~288 eV (Table 2).

The oxygen peak (Ols) was deconvolved into three components: A peak at 531.1 eV corresponding
to oxygen forming a double bond with carbon O = C and oxygen forming a double bond with phosphate
P = O or oxygen forming a single bond with phosphate P-O-ring in the esters, amides, and phosphate
group; a peak at 532.1 eV attributed to hydroxide, acetal, and hemiacetal; and a peak at 533.5 eV
associated with oxygen forming a single bond with hydrogen (HO-C), including the hydroxyl group,
or carbon (C-O-C), including acetals and hemiacetals [31,32,34]. We observed a decrease of Ols at
286.28 eV (O1s A) and an increase of Ols at 287.9 eV (Ols B) in the Syn. PCC8860 (90 uM), with respect
to the other treatments (Table 2).

We assumed that the surface composition of cell walls could be presented in terms of three
classes of basic constituents: Polysaccharides, peptides, and hydrocarbon-like compounds [31].
Hydrocarbon-like compounds refer here to the main features of lipidic compounds. Compounds such
as peptidoglycans are considered a combination of basic constituents, peptides plus polysaccharides.
This corresponds to C¢H1¢Os for polysaccharides and to CHj for hydrocarbon-like compounds. The
amino acid composition considered for peptides is that of the major outer membrane protein OE
28.3. The weight fraction ratios of protein (CPr/C), polysaccharide (CPS/C), and hydrocarbon-like
compounds (CHC/C) to total carbon were estimated according to the following equations:

[N/C]obs = 0'279(CPr/C)/ (©)]
[O/Clgbs = 0.325(Cp;/C) + 0.833(Cps/C), 4)
1=(Cp;/C) + (Cps/C) + (Cpc/O). (@)

Solving this system of equations provided the proportion of carbon associated with each molecular
constituent: (Cpg/C), (Cpt/C), and (Cpc/C). We converted these proportions into weight fractions,
using the carbon concentration of each constituent [31]. The lipid composition of the cell envelope was
similar between strains, but it tended to decrease with the increase of P in the culture media (Figure 2).
This decrease was accompanied by changes in the weight fraction of proteins and polysaccharides.
The dominant macromolecules of the Syn. PCC8806 cell envelope were proteins, and their weight
fraction tended to increase with P in the media (Figure 2, Table 2). Quantitative variations of the
functional groups associated with carboxylic functions C—(O,N)/C (286.3 eV) and O =C, P = O
or P-O-P (531.3 eV), and hydroxide (C-OH) or (C-O-C) (532.7 eV) were observed [31,32,34]. The
discrepancy between these bands in the different cells was mostly noted in Syn. PCC8806 at P = 90 uM.

TERS (Figure 3) highlighted spectral variations in the wavenumber region 800~1700 cm !, where
most of the vibrational features linked to polysaccharides and proteins can be detected [35]. Raman
spectrum of cyanobacteria is typically dominated by bands linked to the molecular vibrations of
photosynthetic pigments such as 3-Carotene [36], and carotenoids bands at the wavenumbers ~1003,
~1150, and ~1506 cm ! were observed in all spectra. TERS on the cell surface also revealed a broad band
in the region 1000-1125 cm ™! for higher P concentrations, and bands at ~1300 cm ! and ~1415 cm ™!
indicating the presence of glycosidic ring breathing modes and carboxylate stretching vibration modes
for higher P concentrations [35,37,38]. The differences in P concentrations were reflected in the TERS
spectra: The peaks at 1061 and 1081 cm ™! for carotenoids C-H bending and carbohydrate C-O-H
bending were more representative for higher P concentrations (Table 3). In contrast, a peak at 1413 cm !
for P = O and a peak at 1210 cm ™! for amide Il C-H vibrations were more intensive at high P compared
to low P concentrations.
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Figure 3. (a) Atomic force microscopy (AFM) of Synechococcus cells. (b) Tip-enhanced Raman
spectroscopy (TERS) spectra of Syn. PCC8806 grown under different P.
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Statistically significant differences in the thicknesses of the cell envelope of the Synechococcus
cells were detected between cells exposed to different P (ANOVA: Syn. PCC8806 F (2,69) = 3.31,
p = 0.04), Supplementary Information, Table S2, Figure 54). The ratio between the carbohydrates” most
intense peak and their amide II peak is indicated as (C/A) and was used to assess the variation of
polysaccharides with respect to proteins in cells. Interestingly, the average thickness of the cell envelope
decreased with increasing P, and to some extent with the increase of the C/A ratio (Supplementary
Information, Figures S3 and S4).

Table 3. Raman wavenumbers (cm~!) and band vibrational assignments of TERS analysis of Syn.
PCC8806 for three P treatments: 45 uM, 90 uM, and 180 uM.

P=45uM P=90uM P=180uM Wavenumbers (cm~!) and Band Vibrational Assignments

954 957 960 Carbohydrate
1001 1001 1000 Carotenoid C-H bending
1063 C-N and C-C str
1081 Carbohydrate C-O-H bending; C-O
1149 1149 1149 Carotene C-H stretches
1184 1185 1182 Tyrosine, phenylalanine
1223 Amide III random, lipids
1258 1264 1261 Lipids
1293 CH,
1318 Amide III, C-H def
1373 1383 1372 Thymine, adenine, guanine
1415 P=0
1442 1438 Alkyl C-Hy, 5(CHy)scis
1507 1507 1507 Carotene C = C stretches

3.3. Variations in CaCO3 Precipitation

The initial pH of the experiments was 8.21 £ 0.04, and this was stable for 7 h (Figure 4a). After
the additions of the cell biomass to the solutions, the pH was changed. An increase of 0.2-0.3 pH units
was measured in the solutions containing biomass exposed to P concentrations higher than 90 uM,
whereas in the experiments with the cells cultured in 45 pM, the pH increase did not exceed 0.1 pH
units. After 24 h, all solutions reached pH values that were lower than the initial values. The largest
decrease was observed for the abiotic conditions (final pH 7.59 =+ 0.08), whereas for solutions containing
Synechococcus biomass, the final pH was measured in the range of 7.88-8.02 (Figure 4a). Syn. PCC8806
strains caused larger Ca removal in solutions when compared to the abiotic conditions (Figure 5b). The
changes in Ca in the experiments with Syn. PCC8806-90uM were found to be statistically significant
(Supplementary Information, Figure S7, Table S3) compared to the abiotic system (p = 0.02).

SEM micrographs showed that the formation of particles containing calcium, oxygen, and carbon
after 24 h was strongly impacted by the presence of Synechococcus cells (Figure 6, Supplementary
Information, Figure S11). The morphology, size, and distribution of the mineral particles were linked
to the cell surface properties. First, all cells were covered with calcium. EDX analysis of the cell surface
revealed that calcium was always present, either integrated in the precipitate particles or adsorbed
to the cell surface, as in the case of Syn. PCC8806 cultured in 45 uM of phosphorus. In the cells
exposed to higher P values, we observed different morphologies, namely on Syn. PCC8806 cultured
at P = 90 uM with well-defined crystals and on Syn. PCC8806 cultured at P = 180 uM with small
granular aggregates.
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Figure 4. (a) Dynamics of pH in the abiotic conditions and in the presence of Syn. PCC8806 biomass.
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at different stages of the experiment (3 replicates). The initial molar concentration of calcium was
2.52 mM. The changes in Syn. PCC8806-90um solutions were found to be statistically significant: A
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2 pm EHT = 500kV  Signal A = InLens Date :18 Jan 2015 ZEISS
f———Mag= 839KX WD= 16mm  PhotoNo. =898 Time :18:41:37

Figure 5. SEM micrographs of the CaCO3 particles formed in picocyanobacteria biomass Syn. PCC8806
at (a) 45 pM, (b) 90 uM, and (c) 180 uM. The energy-dispersive X-ray spectroscopy (EDX) spectra
obtained from the precipitates are presented in all images. The platinum (Pt) peak was due to the
sputtering with platinum (see “Materials and Methods”). More images and spectra are presented in
Supplementary Information Figures 510 and S11.

4. Discussion

4.1. Effect of Phosphorus in Growth Media on Surface Molecular Composition of Synechococcus Cells

The cell envelope of cyanobacteria consists of the cell membrane, a peptidoglycan layer, and an
outer membrane, with the envelope’s total average thickness rarely exceeding 40 nm [39,40]. The
titration experiments showed that the increase of P in the growth media led to a nonlinear rise of
phosphoryl (pK, 6-8) groups on cells. The Synechococcus cultured in 90 uM of P showed the highest
concentration when compared to the other settings used in this study (Table 1). In general, high
concentrations of phosphoryl groups are typically found in the external layers of cyanobacteria
envelopes, such as in the cyanobacterial sheath, in the muramic acid in the peptidoglycan, and in the
lipopolysaccharide [41]. Amine groups are linked to membrane proteins and the peptide component
of peptidoglycan [41]. Thus, the increase of the contribution of phosphoryl groups for the total charge
(XLT) implies changes in macromolecular composition at the cell envelope level and, consequently, the
reactivity of the cells in respect to the adsorption of protons and metals.

This variation was further confirmed by Raman spectroscopy (TERS), where an increase of protein
bands in cells grown at higher P concentrations was observed (Figure 3, Table 3). Moreover, the presence
of a broad Raman band in the region 1000-1125 cm~ !, and bands at ~1300 cm ™! and ~1415 ecm ™},
indicated the presence of glycosidic ring breathing modes and carboxylate stretching vibration modes
often associated with polyanionic molecules common in microbial EPS molecules [35,37,38]. These facts
support the interpretation of FTIR titration experiments, where the increase of the C/A ratio with P
was associated with vC—O-C of polysaccharides. These results are in agreement with XPS analysis,
which showed that in the Syn. PCC8806 cell envelope, the weight fraction of protein increased with P
in a growth media (Figure 2). Furthermore, an outcome of the different environmental conditions on
the macromolecule variations could be directly observed in the cell envelope thickness. Indeed, the
outer membrane of the cells seemed to be surrounded by the S-layer (Figure S3), which consisted of a
single (glyco-) protein. Generally, the S-layer moves to the cell surface and gets assembled there [8].
Interestingly, our results suggest that changes in the P of growth media impacted the properties of
the S-layer. Even though we did not chemically characterize it, an increase in P was most probably
accompanied by changes in the properties of the S-layer, since we observed an elevated amount of
protein bands and in the C/ A ratio in the TERS and XPS analyses, respectively.
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The cell surface reactivity with respect to proton and metal adsorption depends largely on the
concentration of proton-active functional groups [10,42]. These concentrations are known to vary
between species of cyanobacteria [5,41,43] and depend upon environmental conditions (e.g., pH values,
ionic strength, and salinity). Our data confirmed this: For Syn. PCC8806, vC-O-C of polysaccharides
and v(CO) of the C-O-C glycosidic bridge were most sensitive to pH changes. The impact of carboxylic
function groups was consistent with the results from the titration and FTIR observations previously
described [31,32,34].

Indeed, the titration experiments demonstrated that the point of zero charge for the marine strain
Syn. PCC8806 occurred at pH = 8.6. Consequently, the cells of Syn. PCC8806 were negatively charged at
a pH lower than 8.6, in the range between 6.0 and 8.5. This is in agreement with FTIR and XPS results,
suggesting the presence of the amine and hydroxyl (pK, 8-10) groups and the carboxylic groups
(pKa 4-5.5). Similar conclusions have been obtained in experiments with axenic Anabaena cultures,
where nitrogen assimilation from different sources had a large influence in the ligand distribution [10].

The use of spectral information obtained from the microbial cells is still, however, challenging.
The lack of reference data for microbial surface structures significantly limits the interpretation of
the spectral data to the identification of functional groups and to the relative peaks variations in the
regions assigned to major macromolecules groups such as lipids, proteins, and carbohydrates, without
any specificity. Moreover, the bands identification is often performed by comparison with databases on
synthetic organic molecules. Consequently, combined approaches are required to provide a detailed
reliable characterization of the intact cell envelope.

4.2. Linking CaCO3 Biomineralization with Surface Properties of Cells

Nucleation of CaCOj3 on Synechococcus has previously been documented [1,5,23,44]. In 2010,
Martinez et al. reported that active cyanobacteria Synechococcus sp. and Planktothrix sp. could develop
a positive surface potential with the consequence of deterring cell encrustation (Martinez et al., 2010).
In contrast, the cyanobacterial Synechococcus elongatus cell surface was shown to have a negative
charge and to be associated with carbonate precipitation [4,5]. Experiments with an inhibition of
photosynthesis, especially Photosystem II, showed that when sufficient CO, was supplied (i.e., cells
took up CO, and not HCO3-), the nucleation of calcite was independent of photosynthesis [45].

In the presented biomineralization experiments, we used freeze-dried cells and performed
the experiments under dark conditions, and thus we excluded the role of photosynthesis.
The biomineralization experiments were conducted in CaCl, and NaHCOj3 solutions without
phosphate, and the experiments lasted 24 h. Consequently, phosphate-related artifacts in the carbonate
mineralization experiments were eliminated (Gallagher et al., 2013), and conclusions could be drawn
about a possible environmental control over cell surfaces on the biomineralization process. We
simulated the typical media conditions used in batch and chemostate cyanobacteria cultures from
most carbonate biomineralization laboratory studies [27,46]. In ASN-III media, P concentration
is by far much higher than that found in natural environments [11,28]. Similarly to the previous
biomineralization experiments, only cells in the stationary stage were investigated, as that can largely
reduce the variability of the cell envelope composition observed in the exponential stages [43,47].

Modeling of the pH and Ca®* dynamics by PHREEQC (Wateq4f database) [48] during the
biomineralization experiments was based on the Plummer, Wigley, and Parkhurst settings (Table 4,
Reference [49], Supplementary Information). The calculated pH for the abiotic conditions showed
good agreement with the experimental data (Figure 6a). After the initial 7 h of the metastable period,
the pH dropped simultaneously with a decrease in [Ca?*] and saturation indices of CaCOj3 (reaction
(4), Supplementary Information 5, Figure 6b,c). This behavior was observed in all experiments, even
though the rates of Ca removal in the experiments with Synechococcus cells differed from those in the
abiotic conditions.
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Table 4. Summary of the precipitation experiments results.

H Average Changes in CaCOj3
n  Time (h) p ( :I:SD)g [HCO3~ ] mM [Ca?*1 mM Slcat  Slara Concentration over
Time mm.L ™ ')
Initial 0 821 3.00 252 097 082
conditions
13 1 8.21 4+ 0.04 3.01 + 0.04 2.43 +0.08 0.97 0.82 0.036
Abiotic 3 7 8.22 +£0.01 2.90 £+ 0.04 2.27 +0.07 0.92 0.78 0.036
3 24 7.59 4+ 0.08 2.99 + 0.06 2.20 +0.10 0.35 0.21 0.004
Syn. PCC8806 4 7 8.34 +0.02 2.98 + 0.02 2.16 +£0.17 1.03 0.88 0.050
(45 uM) 3 24 8.04 £+ 0.05 2.96 £+ 0.01 2.06 + 0.04 0.38 0.24 0.006
Syn. PCC8806 3 7 8.57 £ 0.02 3.02 £ 0.06 2.05+0.01 1.22 1.07 0.066
(90 uM) 3 24 8.04 £+ 0.05 3.09 + 0.05 1.98 £ 0.16 0.41 0.27 0.004
Syn. PCC8806 3 7 8.41 +0.01 3.02 + 0.02 212+ 0.15 1.09 0.95 0.057
(180 uM) 3 24 8.02 £ 0.04 3.01 £0.04 2.06 = 0.01 0.39 0.24 0.003
S, = calcite saturation indices; Slay, = aragonite saturation indices.
s
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Figure 6. Dynamics of pH: (a) [Ca?*] and (b,c) saturation indices in the precipitation reactions predicted
with PHREEQC Interactive. The dots represent the experimental data used in comparisons to the
model output: Abiotic (H); Syn. PCC8806 biomass (® 45 uM, @ 90 uM, @ 180 uM).

The initial increase of pH in our experiment was in agreement with the observations made
in the laboratory in experiments with Synechococcus cells with blocked photosynthesis [5,45] and
demonstrates the crucial role of the ligand properties of cyanobacteria in biomineralization. An increase
of pH in the presence of cells could be interpreted as possible enzyme activities that were triggered
by changing the environmental conditions, namely adding cells to the precipitation solution. In this
study, the presence of phosphoryl groups was associated with the pH changes toward higher values
and, consequently, the favorable conditions for calcite supersaturation [1].

At the end of the experiments, Ca dropped more in the presence of the marine cells Syn. PCC8806
than in the abiotic experiments (Table 4). Calcium carbonate precipitation for cells cultured in 90 uM P
was significantly distinguishable compared to the abiotic experiments. This could have been related
to the different surface properties of Syn. PCC8806 (90 uM). Interestingly, these cells also contained
the highest amount of phosphoryl groups at their surfaces. The titration experiments showed that the
total concentration of the surface functional groups at Syn. PCC8806 (90 M) was also three times as
much as in other strains (Table 1). This link between biomineralization and surface properties could be
interpreted as an enhanced effect of surface reactivity due to the presence of functional groups and
most specifically the phosphoryl groups.

Exposing Synechococcus cells to different P conditions led to changes in a proportion of phosphoryl
and carboxyl groups as a consequence of variations in the protein and carbohydrate proportions in
the cell surfaces (Tables 1 and 2, Supplementary Information Figures 54-56). Notably, we observed a
co-linked effect on the biomineralization of CaCOj3 on cell surfaces. Cell envelope macromolecules,
particularly proton-active functional groups, have been shown to trigger metal adsorption onto
microbial cells [3,13,42,50]. The carboxyl groups associated with cyanobacterial external structures
are often referred to as the main contributors to CaCOj3; nucleation on cyanobacteria [51,52].
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Furthermore, most of the organo-template calcification occurs in highly carboxylated macromolecules
(polysaccharides or proteins) [51-54]. In our experiment, we also observed an important role of
phosphorus groups in cell surfaces as well as N content.

Additives rich in carboxylic and phosphorus functional groups are known to impact the
morphology of calcite [55,56]. Little is known, however, about how bacteria control the polymorphism
of CaCOj. In previous biomineralization studies with picocyanobacteria, polymorphism was attributed
to strain-specific cell envelope properties or to the presence or absence of EPS, which can be attached to
cell surfaces or released in a surrounding environment [5,45]. Gallagher et al. (2013) showed that high
P concentrations in precipitation solutions could induce differences in the EPS template composition
and promote carbonate formation in the presence of sulfate-reducing bacteria (SRB) [28]. So far, no
link has been documented, however, between initial P in growth media and the surface properties
of cyanobacteria.

Our findings show that the differences detected in the Synechococcus cell envelope grown under
different P levels influenced the Ca removal rates, and the morphology of CaCOj3 crystals formed.
We observed a correlation between Ca removal during the first 7 h and the nitrogen content of the
cell surface functional groups obtained from XPS spectra (where penetration depths were a few nm
(Supplementary Information, Figure S8)). Additionally, this correlation also existed after 24 h of the
precipitation process. Nitrogen content in the cell surfaces reflected mostly a portion of amine and
amide functional groups. During the nucleation and precipitation phases, Ca removal was dependent
on an amount of double bonds O = C and P = O and carboxylic acids, esters, amides, and phosphate
groups, as well as a portion of single bonds with hydrogen (OH-C) or carbon (C—O-C) confirmed
by TERS, supporting a proposed role of phosphorus and carboxylic groups in calcium carbonate
nucleation on cyanobacterial cells. This interpretation benefits from the advantage of the combination
of XPS and FTIR analysis techniques in the characterization of cell surfaces.

The SEM images show that precipitates, which contained Ca, C, and O, were formed preferentially
attached to cells based on our observations (Figure S10). All precipitates we analyzed were attached
to the cells, with the EDX spectra of the precipitates confirming the C, O, and Ca chemistries of
the precipitates (Supplementary Information, Figure S11). Based on the chemical composition of
the precipitating solution, which contained CaCl, and NaHCHOj3, and by using the geochemical
modeling program PHREEQC (Figure 7), we assumed that calcium carbonates precipitated in the
system. No precipitates were found in the abiotic samples after 24 h, which was possibly due to the
low saturation state.

4.3. Implications for Marine Systems

There are many lines of evidence that aquatic systems respond to global changes due to their
closed link to the lithosphere through the physical exchange of water and biogeochemical cycling [20].
By the conversion of atmospheric CO; into biomass and the formation of authigenic carbonate minerals,
cyanobacteria contribute to carbon sequestration [27]. In a global warming scenario, with higher surface
temperatures and increasing extreme weather events, with pulses of nutrient and sediment resuspension
a rise of Synechococcus abundance of up to 14% in the ocean has been predicted [26,57,58]. High levels
of phosphate and the geographical distribution of marine Synechococcus have been correlated [26].
Investigations of interactions between abiotic factors, particularly nutrients and microbes in aquatic
systems from geochemical perspectives such as cell surface properties and calcification, are still rare [12].
Our study shows that ongoing global changes in abiotic parameters in aquatic ecosystems can affect cell
surface reactivity, which drives cell-mediated geochemical changes such as precipitation-dissolution,
sorption-desorption reactions, and contaminant transport.

This study highlighted that microbial cell surface properties are responsive to changes in nutrient
levels. Thus, changes in phosphate can trigger different surface properties of Synechococcus, which
in turn impacts CaCOj3 precipitation. Therefore, we can assume that P input into coastal regions will
spur changes in Synechococcus envelope reactivity. This can translate into the rearrangement of the
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envelope molecules and the determination of the proton-active functional groups available, as well as
their ion sorption ability (Figure 7) and their biomineralization potential. Since Synechococcus accounts
for a substantial fraction of marine primary production, an increase in their worldwide abundance
will have an impact on the carbon export to sediments (Figure 7) and, consequently, on the carbon
biogeochemical cycle [24,26,57].

different phosphorus concentrations

Co,

)

Figure 7. Conceptual model of the contribution of cyanobacteria envelopes to authigenic calcium
carbonate formation in environments spiked with nutrients.

5. Conclusions

We investigated the impact of P concentration in growth media on the cell surface properties of
marine picocyanobacteria from the genus Synechococcus. It has been recognized that the outer layers
of the microbial cell control both ion adsorption and carbonate mineral nucleation. Combining a
wide range of experimental techniques (microscopy, spectroscopy, and potentiometric titrations) and
biomineralization experiments, we found a direct effect of P concentrations of growth media on the cell
envelope reactivity and, subsequently, biomineralization. Shifts in the functional groups concentration
and total charge, as well as in the relative proportions of polysaccharides and proteins in the cell
envelope of marine cyanobacteria, were identified. The increase of phosphoryl groups in the cells
cultured in 90 uM of P was linked to higher levels of Ca removal in biomineralization experiments
and has been interpreted as an increase of surface reactivity. The impact of modified cell surfaces on
CaCOs; precipitation experiments was revealed by variations in the Ca removal and, to some extent,
by mineral polymorphism. Our findings show that ongoing global changes in abiotic parameters
in aquatic ecosystems affect cell surface reactivity, which drives geochemical conditions as well as
precipitation dissolution, sorption-desorption reactions, and contaminant transport. Our research
reveals how the adaptation of picocyanobacteria to environmental changes is relevant to inorganic
carbon capture and why the differences in the cell surface properties are crucial for the kinetics and
polymorphism of carbonates.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2076-3263/8/12/471/s1,
Table S1: Predicted carrying capacity value, or the maximum microbial population reached at the stationary

phase (a, as OD650 and cells LD, specific growth rate (k, as d—1) obtained from Gompertz model curve fitting
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(confidence interval (R2) of 0.99). Table S2: ANOVA analysis of the thickness of cell surfaces under different P
conditions. Table S3: ANOVA analysis of the Ca variation in precipitation experiments. Figure S1: Calibration
curves of Synechococcus sp. optical densities to cell enumeration by image-analyzed epifluorescence microscope.
Figure S2: Growth curves of Syn. PCC8806 under constant light. Each data point was obtained from the average
of five replicates. Figure S3: Example of the transmission electron microscopy (TEM) micrographs of single cells,
the single used for thickness measurements. The red arrows indicate the cell membrane structure in the zoomed
areas. Figure S4: Variation of (a) the growth-rate constant (d-1), (b) the C/A ratio, and (c) the average thickness
of Syn. PCC8806 under different P concentrations. Figure S5: The results of the potentiometric titrations. The
circles plots represent the average of three potentiometric titrations for each strain and P condition. Fitted charge
excess (see Equation (1) in the main text) obtained through LPM is represented by lines (dashed and continuous)
with the same color as the corresponding P conditions. Figure S6: High resolution (0.1 eV step-size) XPS spectra
of Synechococcus PCC8806 deconvoluted to Cls, Ols, and N1s peaks to determine their chemistry. Figure S7: (a)
Dynamics of pH in abiotic conditions (control) and in the presence of Syn. PCC8806 biomasses. Data collected after
7 and 24 h. (b—d) Dynamics of dissolved calcium at different stages of the experiment. The initial Ca concentration
was 2.52 mM. Figure S8: Ca removal rates and N content of cell surface (a) and surface functional groups (b).
Figure S9: Principal components (PC1 vs. PC2) score plots (a) and loading plots (b) of the FTIR spectra of Syn.
PCCB8806 obtained at different pH (indicated in the figure). Figure S10: SEM micrographs of the precipitates (a—c)
formed in the presence of cells of Syn. PCC8806 cultured at 90 uM P. Figure S11: The SEM images and respective
EDX spectra obtained from the precipitates in the biomineralization experiments: (a,b) With PCC8806 (40 uM),
(c,d) with Syn. PCC8806 (90 uM), (e,f) with Syn. PCC8806 (180 uM).
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