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Abstract

:

The recent discovery of intracellular carbonatogenesis in several cyanobacteria species has challenged the traditional view that this process was extracellular and not controlled. However, a detailed analysis of the size distribution, chemical composition and 3-D-arrangement of carbonates in these cyanobacteria is lacking. Here, we characterized these features in Candidatus Gloeomargarita lithophora C7 and Candidatus Synechococcus calcipolaris G9 by conventional transmission electron microscopy, tomography, ultramicrotomy, and scanning transmission X-ray microscopy (STXM). Both Ca. G. lithophora C7 and Ca. S. calcipolaris G9 formed numerous polyphosphate granules adjacent or engulfing Ca-carbonate inclusions when grown in phosphate-rich solutions. Ca-carbonates were scattered within Ca. G. lithophora C7 cells under these conditions, but sometimes arranged in one or several chains. In contrast, Ca-carbonates formed at cell septa in Ca. S. calcipolaris G9 and were segregated equally between daughter cells after cell division, arranging as distorted disks at cell poles. The size distribution of carbonates evolved from a positively to a negatively skewed distribution as particles grew. Conventional ultramicrotomy did not preserve Ca-carbonates explaining partly why intracellular calcification has been overlooked in the past. All these new observations allow discussing with unprecedented insight some nucleation and growth processes occurring in intracellularly calcifying cyanobacteria with a particular emphasis on the possible involvement of intracellular compartments and cytoskeleton.
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1. Introduction


Cyanobacteria are abundant and widespread photosynthetic bacteria which have contributed massively to the primary production of some ecosystems for more than ~2.3 billion years [1,2]. The biomineralization of carbonates by cyanobacteria has received much interest for several decades [3,4,5,6,7]. Cyanobacteria favor the precipitation of carbonate minerals by fixing CO2 by RuBisCO [8,9]. Therefore, they have been considered as major contributors to the formation of carbonates rocks such as stromatolites, which are found abundantly in the geological record up to ~3.5 Ga ago [10] and whitings, which are ephemeral square kilometer-sized milk-white patches in lakes or shallow tropical seas [11]. Finally, it has been suggested repeatedly that cyanobacterial calcification might be used for carbon capture and sequestration [12,13].



Until recently, the formation of carbonates by cyanobacteria has invariably been considered as an extracellular and biologically induced mineralization process [14,15,16]. Many studies have measured the rates of extracellular calcification by diverse cyanobacterial species [7,17,18,19]. The general model proposes that cyanobacteria import HCO3−, which is enzymatically converted to CO2 and OH− within the cells. CO2 is subsequently fixed by RuBisCO, while OH− production is balanced by H+ import. This buffers the cytoplasmic pH and results in the production of an alkaline microenvironment around the cell. At least part of the H+ import is coupled with an active export of Ca2+ from the cells [20,21]. Altogether, these transports of H+ and Ca2+ increase the saturation of the extracellular solution with carbonates. As a result, various carbonate phases such as calcite (CaCO3), Mg-calcite ((Mg,Ca)CO3), aragonite (CaCO3) or hydromagnesite (Mg5(CO3)4(OH)2·4H2O) can precipitate depending on the chemical conditions prevailing in the cyanobacterial environment [22,23].



However, diverse cyanobacterial taxa have been shown recently to form carbonates intracellularly [24]. Couradeau et al. [25] first described this biomineralization process in a deep-branching cyanobacterial species, Candidatus Gloeomargarita lithophora, isolated from a highly alkaline lake in Mexico. They showed that the cells formed intracellular Ca-Mg-Sr-Ba carbonate inclusions measuring several hundreds of nanometers in diameter and increasing the density of the cells by as much as 12%. These carbonate inclusions were amorphous by electron diffraction. Couradeau et al. [25] suggested among other possibilities that such an intracellular carbonate precipitation may act as a pH buffering system possibly serving as an efficient carbon concentrating mechanism. Benzerara et al. [26] discovered additional diverse unicellular cyanobacterial taxa forming intracellular electron diffraction amorphous Ca-carbonates, including strains deposited in culture collections, which were isolated from diverse environments around the world. Based on transmission electron microscopy (TEM) images, Benzerara et al. [26] described two different distribution patterns of the carbonate inclusions in these strains: (i) one with Ca-carbonate inclusions apparently scattered within the cell cytoplasm such as in Ca. G. lithophora; and (ii) another one in which Ca-carbonate inclusions likely formed at the cell division septum, and were subsequently located preferentially at the cell poles such as in Candidatus Synechococcus calcipolaris. This last pattern was detected in all the studied members of a particular phylogenetic clade which included Thermosynechococcus elongatus BP-1, showing that intracellular calcification at the division septum constitutes a synapomorphy (shared inherited trait) in all members of this clade. Benzerara et al. [26] briefly mentioned some mechanisms possibly involved in the biomineralization of intracellular carbonates but only based on a few SEM and conventional TEM observations.



By using specific 16S rDNA primers, Ragon et al. [27] evidenced the presence of members of the Ca. G. lithophora and T. elongatus lineages in many biotopes around the world including carbonate rocks from several Mexican lakes, karstic areas and thermophilic or hypersaline microbial mats collected in South America and Europe. Amarouche-Yala et al. [28] also found 16S rDNA sequences phylogenetically close to Ca. G. lithophora in hot springs in Algeria. Overall, these studies demonstrated that, intracellularly, calcifying cyanobacteria are phylogenetically diverse and geographically widespread. Bacterial intracellular carbonatogenesis is even more widely distributed phylogenetically and geographically when one considers the large yet-uncultured sulfur bacterium Achromatium oxaliferum which has been shown to form intracellular (crystalline) calcite [29,30] and has fostered significant interest recently [31,32].



Yet, the mechanisms involved in intracellular calcification and the molecular properties differentiating intracellularly calcifying cyanobacteria from other cyanobacteria remain unknown. Cam et al. [33] abiotically synthesized amorphous carbonates with a chemical composition, a morphology and a size similar to the carbonates formed by Ca. G. lithophora. However, this was performed in solutions highly supersaturated with carbonate phases, while it is commonly assumed that cyanobacterial cells regulate their cytoplasmic chemical composition below Ca-carbonate saturation, with a Ca concentration around 100 nM, a near-neutral pH and a high inorganic carbon content around 30 mM [21,34,35]. These conditions are not conducive to the formation of intracellular carbonates, which clearly shows that our understanding of this process is still too limited.



A better assessment of the precise distribution, as well as the chemical and morphological features of intracellular carbonate inclusions formed by cyanobacteria is needed to constrain hypotheses about the formation mechanisms. So far, only 2-D TEM images of carbonate inclusions in cyanobacteria have been provided by Benzerara et al. [26]. Here, we present new scanning transmission X-ray microscopy, 2-D electron microscopy and 3-D electron tomography data acquired on both Candidatus Gloeomargarita lithophora C7 and Candidatus Synechococcus calcipolaris G9. Based on these new observations and a review of the literature, we discuss with unprecedented detail the molecular pathways possibly involved in the formation of intracellular carbonates in both cyanobacterial groups.




2. Materials and Methods


2.1. Bacterial Culture and Sample Preparation


Two cyanobacterial strains enriched from the alkaline Lake Alchichica in Mexico were used in the present study: Ca. G. lithophora C7 and Ca. S. calcipolaris G9 [25,26]. Both strains were cultured in media BG-11 and MS-2. Medium BG-11 has been commonly used to culture cyanobacteria [36], while MS-2, which did not contain supplemented phosphate and had a higher Mg/Ca ratio, was designed to mimic chemical conditions existing in Lake Alchichica. Briefly, 1 L of BG-11 medium contained 17.65 mM of NaNO3, 0.18 mM of K2HPO4·3H2O, 0.3 mM of MgSO4·7H2O, 0.25 mM of CaCl2·2H2O, 0.03 mM citric acid, 0.03 mM of ferric ammonium citrate, 0.003 mM EDTA, 0.38 mM of Na2CO3, and 1 mL of trace mineral solution (noted as A5 + Co in [36]). One liter of MS-2 medium contained 8 mM of NaNO3, 0.5 mM of KCl, 6 mM of MgSO4·7H2O, 0.1 mM of CaCl2·2H2O, 0.03 mM citric acid, 13 mM of NaHCO3, and 1 mL of A5 + Co solution. All cultures were carried out at 22 °C for one week to three months under an alternation of 12 h-light and 12 h-darkness. One sample analyzed by electron tomography was collected from an aquarium, where microbialites from Lake Alchichica were incubated as described by Couradeau et al. [25]. The typical chemical composition of the solution in this aquarium is provided by Couradeau et al. [25].



For microscopy sample preparation, 0.5 mL of culture was centrifuged at 5000 g for 10 min at 4 °C. Cell pellets were washed three times in Milli-Q (mQ) water (Millipore, Billerica, MA, USA) and suspended in 200 µL of mQ water. For TEM experiments, a drop of 5 µL of cell suspension was deposited on a carbon-coated 200-mesh copper grid and dried at ambient temperature. For scanning transmission X-ray microscopy (STXM) analyses, the cells were deposited on silicon nitride windows.




2.2. Transmission Electron Microscopy Analyses


Conventional TEM analyses were carried out on a JEOL-2100F (JEOL Ltd., Tokyo, Japan) microscope operating at 200 kV. This microscope was equipped with a field emission gun, an ultra-high resolution (UHR) pole piece, a Gatan energy filter (GIF200) system (Gatan, Inc., Pleasanton, CA, USA), a JEOL detector with an ultrathin window allowing detection of light elements, and a scanning TEM (STEM) device, which allowed Z-contrast imaging in high angle annular dark field (HAADF) mode. Chemical analyses were acquired by performing energy dispersive X-ray spectrometry (EDXS) mapping in the HAADF STEM mode. STEM EDX spectrum analysis was made using the JEOL Analysis Station software, and the semi-quantitative chemical microanalyses of individual carbonate and polyphosphate inclusions relied on the use of K-factors. After subtracting out the background noise in the EDX spectrum, the software performed a Gaussian fit of selected elemental peaks and calculated the area under the peaks. From this, the atomic percentage of selected element was assessed.



Bright-field TEM and HAADF-STEM tomography experiments were performed at 200 kV accelerating voltage on a JEOL-2100 microscope equipped with a LaB6 gun and on a Tecnai F20 microscope (FEI Company, Hillsboro, OR, USA) equipped with a Shottky field emission gun, respectively. Tomographic tilt series were obtained at ±70° with 2° intervals in the Saxton mode. Images at each angular increment were recorded by a 1024 × 1024 pixel Ultrascan cooled CCD detector (Gatan) for bright-field TEM images and with a Gatan 777 HAADF-STEM detector. The acquisition was performed using the Gatan Tomography package running under GMS1.8.5. Tomograms were reconstructed using the IMOD software package (University of Colorado, Boulder, CO, USA) or DIGIECT software [37].



The particle sizes (diameters) of carbonate inclusions were calculated from more than 200 measurements performed on HAADF-STEM images using Image J software (v1.50b). The frequency distribution of particle sizes was analyzed by the IBM SPSS Statistics software (v.22) (IBM, New York, NY, USA), and the skewness was calculated using the equation (µ − ν)/σ, where µ is the mean, ν is the median, and σ is the standard deviation. A skewness value of zero means that the distribution is symmetric (Gaussian distribution), while a positive skewness indicates an asymmetrical distribution with a long tail towards higher values, and a negative skewness indicates an asymmetrical distribution with a long tail towards lower values.




2.3. Sample Preparation for Conventional Ultramicrotomy


G. lithophora cells cultured in BG-11 were prepared for ultramicrotomy sectioning following a standard protocol used for ultrastructural studies of bacteria [24,36,38]. Briefly, cells were first fixed in 2% glutaraldehyde at 4 °C for 18 h, centrifuged (5000 g, 4 °C, 10 min), and rinsed three times in 10 mM HEPES buffer (pH 7) at ambient temperature. Some samples were then post-fixed in 1% OsO4 for 2 h in the same HEPES buffer, while duplicates were not treated by OsO4. Then, all samples were rinsed three times in distilled water, dehydrated in a graded ethanol series (50%–100%), transitioned through 1,2-propylene oxide and then progressively embedded in an Epon resin (Epon 812). Ultrathin sections (70-nm thick) were cut with a LEICA ultramicrotome (EM-UC6) and deposited on TEM copper grids. Some samples were stained with uranyl acetate (2% w/v) while others were not. G. lithophora cells were analyzed by (S)TEM imaging and STEM-EDXS mapping after each step of the protocol described above.




2.4. Scanning Transmission X-Ray Microscopy Analyses


STXM experiments were carried out at the P L2,3-edges. STXM and X-ray absorption near-edge structure (XANES) spectroscopy analyses were performed on beamline 11.0.2.2 at the Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA, USA). The ALS storage ring was operated at 1.9 GeV and 500 mA current in a top-up mode. Energy calibration was achieved using the well-resolved 3p Rydberg peak of gaseous CO2 at 294.96 eV for the C K-edge. A 25-nm zone plate was used. Alignment of images of stacks and extraction of XANES spectra were done using the aXis2000 Software [39]. Carbonate inclusions were discriminated based on their different spectral signature at the C K-edge and the Ca L2,3-edges following the approach detailed by Cosmidis et al. [40].





3. Results


3.1. Chemical Composition of Carbonate and Polyphosphate Inclusions in Ca. Gloeomargarita lithophora and Ca. Synechococcus calcipolaris


Ca-carbonate inclusions were scattered throughout the cell cytoplasm in Ca. G. lithophora C7, while they were clustered at the cell poles and sometimes in the middle of the cells, i.e., at the division septum in Ca. S. calcipolaris G9 (Figure 1 and Figure 2). The two strains formed Ca-carbonate inclusions in both BG-11 and MS-2 culture media. The chemical composition of Ca-carbonate inclusions was systematically analyzed by STEM imaging and STEM-EDXS mapping in the HAADF mode (Figure 1 and Figure 2).
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Figure 1. (a,b) HAADF-STEM images of Ca. G. lithophora C7 cells grown in BG-11; (c) STEM-EDXS map of C7 cells (same area as in (b)); (d) EDX spectra extracted from one single inclusion of Ca-carbonate (red line) and polyphosphate (green line) which are indicated by red and green dashed circles in image b, respectively; (e,f) HAADF-STEM images of C7 cells grown in MS-2; (g) STEM-EDXS map of C7 cells (same area in (f)); (h) EDX spectra extracted from one single inclusion of Ca-carbonate (red line) and cytoplasm area as background (cell, blue line) which are indicated by red and blue dashed circles on image (f), respectively. In (c,g), each color in the elemental map corresponds to one element indicated by its own symbol with the same color. 
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When grown in BG-11, both cyanobacterial strains also produced several P-rich granules (Figure 1a–d and Figure 2a–d). Ca-carbonate and P-rich inclusions were readily distinguished based on the presence/absence of P as shown by STEM-EDXS analyses (e.g., Figure 1c,d and Figure 2c,d). They also had a different contrast in STEM-HAADF images with Ca-carbonates appearing brighter (e.g., Figure 1a,b). XANES spectra acquired by STXM at the P L2,3-edges on P-rich granules were identical for Ca. G. lithophora C7 and Ca. S. calcipolaris G9. They showed peaks at 136.7, 137.7 and 139 eV as well as a wider peak at 146.8 eV, similarly to the measured reference polyphosphate compound (Figure 3). These XANES spectra could be assigned to polyphosphates based on existing libraries of P-containing compounds [40,41,42]. When transferred to MS-2 medium, both strains lost their polyphosphate granules, and produced Ca-carbonates only (Figure 1e–h and Figure 2e–h).



STEM-EDXS microanalyses showed that polyphosphate granules generally contained about 53%–63% of phosphorus (atomic proportion of P over P + Ca + K + Mg), ~13% to ~29% of calcium, ~2% to ~18% of magnesium and ~7% to ~15% of potassium (Figure 1d and Figure 2d, Table A1 and Table A3). In contrast, Ca-carbonate inclusions only contained Ca and Mg for both strains grown in BG-11 (e.g., Figure 1d and Figure 2d). The results show that the chemical compositions of the Ca-carbonate inclusions, in particular their Ca/Mg ratio, varied mostly with the nature of the cyanobacterial strain, not significantly with the composition of the culture medium (Figure 4, Table A1, Table A2, Table A3 and Table A4). Ca. S. calcipolaris G9 formed purer Ca-carbonates with little amount of Mg compared to Ca. G. lithophora C7. The Mg/Ca ratio was equal to 0.0263 ± 0.0237 (N = 10) and 0.0458 ± 0.0232 (N = 21) for the Ca-carbonate inclusions of Ca. S. calcipolaris G9 grown in BG-11 and MS-2, respectively. In comparison, this ratio reached 0.209 ± 0.0332 (N = 8) and 0.185 ± 0.033 (N = 19) in C7 grown in BG-11 and MS-2, respectively. Consistently, the Mg/Ca ratio in polyphosphates was 0.196 ± 0.0685 (N = 9) for G9 and 1.024 ± 0.143 (N = 8) for C7 (Figure 4).
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Figure 2. (a,b) HAADF-STEM images of Ca. S. calcipolaris G9 cells grown in BG-11; (c) STEM-EDXS map of G9 cells (same area as in (b)); (d) EDX spectra extracted from Ca-carbonate (red line) and polyphosphate (green line) inclusions which are indicated by red and green dashed circles in image b, respectively; (e,f) HAADF-STEM images of G9 cells grown in MS-2; (g) STEM-EDXS map of G9 cells (same area in (f)); (h) EDX spectra extracted from Ca-carbonate (red line) and cytoplasm as a background (cell, blue line) which are indicated by red and blue dashed circles on image (f), respectively. In (c,g), each color in the elemental map corresponds to one element indicated by its own symbol with the same color. 
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Figure 3. (a) STXM image at 136 eV of Ca. G. lithophora C7 cells grown in BG-11; (b) Corresponding map of phosphorus compounds absorbing at 136 eV (same area as in (a)). The map was obtained by subtracting an image at 132 eV from an image at 136 eV. Pixel size is 50 nm; (c) STXM image at 132 eV of Ca. S. calcipolaris G9 cells grown in BG-11; (d) Corresponding map of phosphorus compounds absorbing at 138 eV (same area). The map was obtained by subtracting an image at 132 eV from an image at 138 eV. Pixel size is 70 nm; (e) XANES spectra at the P L2,3-edges of reference polyphosphates (top), P-rich inclusions of G9 cells shown in (c) (middle), P-rich inclusions of C7 cells shown in (a) (bottom). Vertical lines are located at 136.7, 137.7, 139 and 146.8 eV. Scale bar is 1 µm for all images. 
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Figure 4. Box charts of atomic ratios of Mg/Ca of individual carbonate and polyphosphate (PolyP) inclusions of Ca. G. lithophora C7 and Ca. S. calcipolaris G9 cells grown in BG-11 and MS-2. 
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3.2. Spatial Arrangement and Total Volume of Ca-Carbonate Inclusions


Polyphosphate granules were often located down to few nanometers away from the carbonate inclusions in Ca. G. lithophora C7 and Ca. S. calcipolaris G9 cells cultured in BG-11 (Figure 5). In several cases, polyphosphate granules engulfed carbonate inclusions in C7 (Figure 5b,c).
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Figure 5. Spatial relationships between carbonate and polyphosphate inclusions within Ca. S. calcipolaris G9 (a) and Ca. G. lithophora C7 (b,c). The red-line arrows indicate polyphosphate inclusions close to carbonate inclusions (a–c), and sometimes engulfing carbonate inclusions (b,c). 
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We used electron tomography to study the 3-D morphology and arrangement of carbonates in Ca. G. lithophora C7 and Ca. S. calcipolaris G9 (Figure 6 and Figure 7). In many Ca. G. lithophora C7 cells, the Ca-carbonate inclusions were scattered throughout the cell cytoplasm (Figure 6a,d and Movie S1), consistently with 2-D (S)TEM observations. However, Ca-carbonate inclusions appeared to be aligned to one or several chains in some C7 cells grown in MS-2, BG-11 or the aquarium (Figure 6b,c,e,f; Movies S2 and S3). In contrast, carbonate inclusions were arranged as distorted disks at cell poles in Ca. S. calcipolaris G9 cells (Figure 7; Movies S4 and S5). From 3-D tomography, a rough estimation of the volumes of carbonate inclusions could be computed for C7. The total volume of carbonate inclusions in four analyzed Ca. G. lithophora C7 cells (e.g., Figure 6b,e) ranged between 0.13 and 0.19 µm3, which equals to 2.44–3.51 fmol of Ca per cell based on a density of 2.18 g·cm−3 for amorphous calcium carbonate (ACC) [43]. Considering a cylinder shape for the cells, their volume was estimated to be approximately 2.89 µm3. If Ca stored in an ACC was virtually dispersed in the cells, this would represent a total concentration of Ca of ~0.8–1.2 mol·L−1. Total volumes of inclusions could not be estimated for Ca. S. calcipolaris G9 because of the difficulty of segmenting the Ca-carbonate inclusions due to their high compaction.
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Figure 6. HAADF-STEM tomography of Ca. G. lithophora C7. (a–c) HAADF-STEM images of C7 cell(s) grown in BG-11 (a) or in the aquarium (b,c) and selected for tilt series acquisition and tomographic reconstruction. (d–f) 3-D visualization of the reconstruction from carbonates showing in (a–c). See movies in supplementary data. The red-line arrows indicate polyphosphate inclusions. 
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Figure 7. HAADF-STEM (a,b) and TEM (c,d) tomography of Ca. S. calcipolaris G9. (a) HAADF-STEM image of several G9 cells selected for tilt series acquisition and tomographic reconstruction; (b) 3-D visualization of the reconstruction from carbonate inclusions showing in (a); (c) Bright-field TEM image of part of three G9 cells selected for title series acquisition tomographic reconstruction; (d) 3-D visualization of the reconstruction from carbonate inclusions showing in (c). 
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3.3. Morphology and Size Distribution of Ca-Carbonate Inclusions


Since cells of both strains contained carbonate inclusions throughout the growth of the cultures, it was not possible to follow the progressive particle growth starting with empty cells as this was done for magnetotactic bacteria, for example [44]. However, we could measure the size distribution of intracellular Ca-carbonates in Ca. G. lithophora C7 after different incubation durations (Figure 8). The mean particle diameter of carbonates increased with time from 141 ± 71 nm for one-week cultures to 217 ± 64 nm for two-month cultures. Interestingly, the size distribution evolved as well. For one-week cultures, the diameters of carbonate inclusions in C7 showed a typically positive distribution (the skewness is 0.525), i.e., skewed towards higher values. This distribution evolved towards a nearly negative shape with a cut-off toward ~350 nm and a skewness of −0.194 after two months (Figure 8).
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Figure 8. HAADF-STEM images and STEM-EDXS maps of Ca. G. lithophora C7 cells grown in BG-11 for one week (a–c) or two months (d–f). (a,d) show low-magnification HAADF-STEM images of tens of cells; (b,e) show high-magnification HAADF-STEM images of several cells which were analyzed by EDXS mapping; (c,f) show overlaid elemental maps where each color corresponds to one element indicated by its own symbol with the same color; (g) Particle size distributions of carbonate inclusions grown for one week (left panel) and two months (right panel). 
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In addition, many of the Ca-carbonate inclusions appeared spherical. However, some inclusions showed facets (Figure 9). Zero-loss filtered selected area electron diffraction (SAED) study shows that such Ca-carbonate inclusions are also electron diffraction amorphous.



Interestingly, the time-evolution of the particle size distribution evidenced for Ca. G. lithophora C7 was also observed for the carbonate inclusions located at the septum and cell poles of Ca. S. calcipolaris G9 cells. As shown in Figure 10, carbonate inclusions at the septum had a positive diameter distribution (skewness of 0.49), while the carbonates at the cell poles had a negative distribution (skewness is −0.23). Correspondingly, the mean diameter value of carbonates was 118 ± 44 nm and 236 ± 46 nm for carbonate inclusions at the septum and at the cell poles, respectively. It should be noted that some cells have carbonate inclusions with the same size at their two poles (e.g., Cell-1 in Figure 10a), while others have inclusions with different sizes at the poles (e.g., Cell-2 in Figure 10a).
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Figure 9. (a–b) High-magnification HAADF-STEM images showing that some Ca-carbonates appear to have some facets. (c) Zero-loss filtered selected area electron diffraction (SAED) pattern of one single carbonate particle such as the one indicated by the yellow square in (b) showing that it is electron diffraction amorphous. 
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Figure 10. Spatial arrangement and morphological features of carbonates formed by Ca. S. calcipolaris G9 grown in BG-11 for one week. (a) HAADF-STEM image of seven cells showing that three cells contain Ca-carbonate inclusions at the cell poles and also at the middle of the cells (red-line arrows). The red-line arrows indicate that carbonate inclusions at mid-cells are generally smaller than those at the cell poles. Cell-1 indicates one cell which contains carbonate inclusions with similar size at the two poles, while Cell-2 seems to have differently sized polar inclusions; (b) EDXS element map of a small area indicated by the red-dashed square on the image (a) showing the spatial arrangement of carbonate (red colors) and polyphosphate (green colors) inclusions; (c) Particle size distributions of carbonates at the cell poles (histogram in black) and at mid-cells (histogram in red). 
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3.4. Conventional Ultramicrotomy of Intracellularly Calcifying Cyanobacteria


Thin sections of cells were prepared by ultramicrotomy to study potential subcellular structures associated with intracellular carbonates by TEM. However, the standard ultramicrotomy protocol proved unsuitable for both C7 and G9 due to chemical alteration of intracellular carbonates (Figure 11). Fixation by glutaraldehyde did not significantly affect the chemical and morphological features of intracellular carbonates, but it resulted in partial dissolution of polyphosphate granules (Figure 11a,b,h). OsO4 post fixation and ethanol dehydration led to complete dissolution of carbonates, and induced the formation of new spherical particles chemically rich in both Ca and P (Figure 11c,e,f). Compared with polyphosphate inclusions in starting cells, which contained Mg, K, Na and Ca, these newly-formed particles contained Ca and Na only, and had slightly higher atomic ratio of Ca/P (e.g., 0.34 for polyphosphate, 0.40 for particles formed after ethanol dehydration without OsO4 post fixation, 0.37 for particles formed after OsO4 post fixation, and 0.45 for particles formed after both ethanol dehydration and OsO4 post fixation) (Figure 11h,i).
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Figure 11. Chemical alterations of carbonate inclusions within Ca. G. lithophora C7 during ultramicrotomy sample preparation. (a) Starting Ca. G. lithophora C7 cells; (b) Cells after glutaraldehyde fixation; (c) Cells after ethanol dehydration (from 50% to 100%) without osmium tetroxide (OsO4) post fixation; (d) Cell debris after 1,2-propylene oxide treatment without OsO4 post fixation; (e) Cells after OsO4 post fixation; (f) Cells after ethanol (from 50% to 100%) dehydration with OsO4 post fixation; (g) Cells after 1,2-propylene oxide treatment with OsO4 post fixation; (h) EDX spectra showing chemical alteration of polyphosphate (polyP) and carbonate inclusions after glutaraldehyde fixation and OsO4 post fixation; (i) EDX spectra showing chemical alterations of intracellular particles after ethanol dehydration and 1,2-propylene oxide treatment. In each panel, the left image was obtained by HAADF-STEM, and the right image corresponds to a STEM-EDXS map. The dashed circles in the HAADF-STEM images indicate the areas from which the EDX spectra were extracted in (h,i). 
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The cells not post-fixed by OsO4 were completely disrupted by the propylene oxide-1,2 treatment. In these samples, some spherical particles were observed by HAADF-STEM (Figure 11d). They were very different chemically from polyphosphate, carbonate and phosphate inclusions, with no Ca and P and only C and O and traces of Al (Figure 11d,i). In contrast, cells post-fixed by OsO4 were preserved after the 1,2-propylene oxide treatment. However, calcium phosphate inclusions formed during OsO4 post fixation and ethanol dehydration, dissolved and calcium was completely lost.



As expected, the chemical alterations occurring during sample preparation for ultramicrotomy prevented the reliable analysis of the potential subcellular structures associated with intracellular carbonates, although subcellular structures typical of cyanobacteria including thylakoid membranes and possible carboxysomes could be observed by TEM in C7 and G9 cells (Figure 12).
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Figure 12. Bright-field TEM image of ultramicrotomy thin section of strain Ca. G. lithophora C7 (a,b) and strain Ca. S. calcipolaris G9 (c,d). The red-line arrows indicate possible carboxysomes. t thylakoid membranes. 
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4. Discussion


4.1. Inaccuracy of Standard Ultramicrotomy to Study Amorphous Calcium Carbonates in Cyanobacteria


Before the recent advent of cryo-techniques, the ultrastructure of microorganisms had often been investigated by conventional ultramicrotomy sectioning to produce electron transparent samples [45]. For example, the ultrastructure of several intracellular carbonate-forming cyanobacterial strains from culture collections were studied previously by room temperature TEM and conventional ultramicrotomy. This is the case for PCC 7425 in which Porta et al. [46] observed an unusually high content of electron dense and electron transparent granular inclusions but no intracellular carbonate. The reason why intracellularly calcifying cyanobacteria have been overlooked before may be partly due to the fact that these conventional sample preparation procedures result in the loss of the carbonate inclusions as shown in the present study.



ACC is notably very soluble and labile, much more reactive than crystalline Ca-carbonate phases and therefore prone to rapid dissolution [47,48]. This is also the case for polyphosphate [49]. The TEM observations of the different steps of the ultramicrotomy protocol can therefore been explained as follows: the fixation step by glutaraldehyde first permeabilizes the cell wall and partially dissolves polyphosphate granules. The osmium tetroxide and dehydrating solutions added thereafter to the samples are undersaturated with ACC. Thus, when they permeate inside the cells, they induce the dissolution of polyphosphate granules and ACC inclusions, leading to in the creation of a local Ca2+- and PO43−-rich environment within the cells. This environment is then likely oversaturated with Ca-phosphate mineral phases which are relatively insoluble. In the end, polyphosphate granules and ACC inclusions have completely disappeared and have been replaced by Ca-phosphate inclusions, and it is not clear whether the localization of the primary inclusions is preserved by this replacement.



This artefact might be of broader significance to the field of biomineralization. Indeed, ACC has been searched intensively and found in diverse organisms including ostracodes, plants, sponges or molluscs [50]. For instance, Keyser and Walter [51] interpreted Ca-phosphate granules observed by SEM and TEM in fixed and dehydrated ostracode samples, as precursors of Ca-carbonates. Such observations should be considered with extreme caution considering the potential artefacts described in the present study. Overall, it becomes apparent that the use of conventional ultramicrotomy limits the possibility to investigate reliably the ultrastructure of intracellularly calcifying cyanobacteria. The use of high pressure freeze substitution or cryo-electron microscopy of vitreous sections [52], which has proved valuable for the study of biomineralizing microorganisms [53], appear as promising tools for future studies.




4.2. Possible Biomineralization Processes Operating in Intracellularly Calcifying Cyanobacteria


The formation of ACC within bacteria is surprising since the cytoplasm should be undersaturated with this phase considering the chemical measurements (pH, [Ca2+] and [HCO3−]) performed on some cyanobacteria [33]. Only few cyanobacteria strains can form intracellular amorphous calcium carbonates [26]. Intracellular biomineralization by cyanobacteria may therefore involve specific processes that increase supersaturation with Ca-carbonates at some location within the cells and/or possibly favor heterogeneous nucleation. The difference in Mg content of the carbonate inclusions between C7 and G9 as observed in the present study may result from a different regulation of the Ca and Mg concentrations within the cell and/or inside intracellular vesicles and/or the involvement of different nucleation processes. In the following, we discuss some potential mechanisms which might operate concomitantly. In addition to demonstrating the broad phylogenetic diversity of intracellularly calcifying cyanobacteria, Benzerara et al. [26] already mentioned some potential mechanisms involved in the biomineralization of intracellular carbonates. However, this was based on only a few 2D-TEM and SEM observations which did not allow for a deep insight into these mechanisms. Here, while discussion of the biomineralization mechanisms remains tentative, it is supported by much more detailed structural and chemical observations which provide a greater insight.



4.2.1. Possible Involvement of a Membrane-Limited Compartment in the Formation of Intracellular Carbonates


The time evolution of particle size distribution from a positively to a negatively skewed shape has been observed before in magnetotactic bacteria which form magnetosomes, i.e., magnetite nano-crystals within intracellular membrane vesicles [44,54]. At an early stage of crystal nucleation and growth, the magnetite crystal is significantly smaller than the magnetosome vesicle, and thus grows within a relatively open system according to the Law of Proportionate Effect [55], resulting in the formation of magnetite crystals with a positively skewed size distribution, i.e., log-normal shape [56]. After some time, the magnetosome vesicles stop the crystal growth due to space constraints imposed by the size of the vesicle, resulting in a negatively skewed distribution for magnetite crystals [56]. The present study revealed a similar time evolution of particle size distribution for intracellular Ca-carbonates in Ca. G. lithophora C7 cells and Ca. S. calcipolaris G9 cells. This may indicate that a similar vesicle-based process is involved in the formation of Ca-carbonates within C7 and G9. The presence of such membrane- or vesicle-like structures could not be observed but standard ultramicrotomy proved to be inaccurate to investigate these cyanobacterial cells.



A vesicle-based formation of calcite has been suggested for Achromatium sp., a giant sulfur-oxidizing bacterium belonging to Gammaproteobacteria and remarkable for its ability to accumulate micrometer-large intracellular crystals of calcite [57]. Based on TEM analyses, Head et al. [58] proposed that some calcite inclusions within A. oxaliferum cells were surrounded by membranes, although preparation of thin sections of cells often resulted in the loss of intracellular calcite as seen in the present study. Some internal structures were detected within calcite crystals, including electron-dense structures at the center of the crystal interpreted as crystal nucleation sites [58]. It was suggested that the membrane could enable a directed transport of CO32−/H+/OH− and control the precipitation or dissolution of calcite as a consequence of pH changes [59]. In the case of cyanobacteria, the formation of ACC within intracellular vesicles would solve one paradox mentioned by Cam et al. [33]: on one hand, a relatively high supersaturation with Ca-carbonates of the solution is needed at ACC nucleation sites; on the other hand, the pH and Ca concentration homeostasis often observed in cyanobacteria tends to regulate these parameters at values not compatible with ACC precipitation. Alternatively, high local chemical heterogeneities not associated with vesicles but allowed by the high viscosity of the cytoplasm could be imagined. As mentioned above, analyses using cryo-TEM of the ultrastructure of cyanobacteria forming intracellular carbonates will be needed in order to test this hypothesis.




4.2.2. Carboxysomes as Possible Nucleation Sites for Ca-Carbonate Inclusions in Ca. Gloeomargarita lithophora


Cyanobacteria possess CO2-concentrating mechanisms (CCMs) which increase CO2 concentration at the CO2 fixation sites located within carboxysomes. Carboxysomes are intracellular microcompartments in cyanobacteria and some proteobacteria, delimited by a proteinaceous shell. They encapsulate several enzymes needed for CO2 fixation such as ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and carbonic anhydrase [60]. Inorganic carbon in the cytoplasm is mostly under the form of bicarbonates (HCO3−). It diffuses across the carboxysome shell and is transformed in CO2 under the catalysis of carbonic anhydrase, generating OH−. This local OH− production and the high concentration of inorganic carbon may increase supersaturation with Ca-carbonates and favor their nucleation. One hypothesis, alternative to the vesicle hypothesis, is that carboxysomes act as nucleation points for at least some intracellular calcium carbonates in Ca G. lithophora. Here, we consider several structural features and discuss how they might be consistent with or favor this hypothesis. G9 also contains carboxysomes. However, the onset of Ca-carbonate inclusions at the septum and their preferential location at the cell poles of this strain seem less compatible with the hypothesis of nucleation on carboxysomes.



In general, the number of carboxysomes per cell is highly variable in cyanobacteria. In most studied species, one to 20 carboxysomes have been observed per cell with an average range between four and 10 carboxysomes per cell [61]. For example, the number of carboxysomes per cell varies between two and 15 in Synechocystis sp. PCC6803 [62], while the average is 3.7 ± 1.2 carboxysomes per cell in PCC7942 [63]. In comparison, the number of carbonate inclusions in Ca. Gloeomargarita lithophora cells amounts to up to 15 which is consistent overall with typical numbers of carboxysomes in cells.



There are two types of carboxysomes that differ by their protein composition and the form of RuBisCO they contain [60]. Non-marine unicellular cyanobacteria such as G9 and C7 synthesize beta-carboxysomes [64]. Beta-carboxysomes are typically bigger than alpha-carboxysomes: their observed diameters vary from 200 to 400 nm [65]. This size is compatible with the average size of Ca-carbonate inclusions in C7 but not with the smallest ones. However, partial carboxysome structures in the process of assembly or degradation have been observed in some cyanobacteria [66], making the size criterion poorly constraining.



The close spatial association between carbonate and polyphosphate inclusions as observed in C7 is remarkable. Interestingly, Iancu et al. [66] observed similar clear spatial associations between polyphosphate granules and carboxysomes with electron dense strings connecting both types of particles. Similarly, Liberton et al. [67] showed the clustering of carboxysomes with polyphosphate granules in Cyanothece sp. ATCC 51142. The origin of such connections remains unknown and the specificity of such associations will have to be further documented before concluding that carboxysomes may template carbonate inclusions.



Carbonate inclusions were observed to be aligned in some cells. Similarly, Savage et al. [63] evidenced the alignment of carboxysomes in cyanobacterial cells in relation with cytoskeletal proteins forming filament-like structures which segregate carboxysomes evenly between daughter cells during cell division. The reason why some cells contain aligned inclusions and how this may be linked with the cytoskeleton remains uncertain and will require further studies.



Lastly, the morphology of carbonate inclusions is another interesting feature. Expectedly, most carbonate inclusions are spherical which is consistent with the fact that they are amorphous as shown by selected area electron diffraction [26,33]. However, some inclusions showed facets but did not diffract electrons. Their habit was not reminiscent of that of usual crystalline calcium carbonate polymorphs such as calcite or aragonite. In contrast, it may look similar to the facetted shape of some carboxysomes [68]. This suggests that at least these carbonate inclusions may result from nucleation of Ca-carbonates at the surface of carboxysomes.




4.2.3. Division Proteins as Nucleation Sites for Ca-Carbonate Inclusions in Ca. Synechococcus calcipolaris


The distribution of carbonate inclusions is very different in G9 compared to C7 with an exclusive location at the poles and the septum of the cells. This type of distribution has been observed in several cyanobacteria with a strong link with phylogeny since it is shared by all analyzed members of the clade containing Thermosynechococcus elongatus [26]. This pattern seems to be linked with cell division. TEM images and, in particular, the evolution of size distributions suggest that carbonates inclusions are initially formed at the septum at mid-cell. The distribution of the inclusions at the poles as distorted discs is reminiscent of the circular distribution of some division proteins. For example, one of the most important proteins during cell division is the tubulin-like protein FtsZ [69]. This protein, which is ubiquitous in bacteria, archaea, plastids and some mitochondria [70], polymerizes into a more or less continuous ring structure (the Z ring) at the middle of the cell, where the septum is formed. It has been shown that this structure is not static but constantly remodeling. There are additional proteins recruited by Z-ring that contribute to the formation of the division complex [71,72].



In addition to spatial distribution, another property of FtsZ suggests a possible link with Ca-carbonate formation. Yu and Margolin [73] showed that the polymerization of E. coli FtsZ protofilaments requires millimolar levels of Ca2+. Based on this observation, they suggested that local high influxes of Ca may occur close to the septum upon cell division. This would reconcile the apparently contradicting ideas that bacteria tend to regulate their cytoplasmic Ca concentration at the sub-µM level, while much higher Ca-concentration are needed at a physiological pH for ACC precipitation to occur [33]. Up to now, only cyanobacteria from the Thermosynechococcus elongatus BP-1 clade, which includes strain G9, have been shown to form Ca-carbonate at their septum [26]. The reason for this specificity will have to be investigated in the future, in particular by considering their ability to concentrate inorganic carbon intracellularly and their pH and Ca homeostasis. It has been mentioned that not all bacteria synthesize FtsZ proteins that require high Ca concentrations to polymerize [74,75]. Therefore, it would be interesting to test whether there is some correlation between the ability of some cyanobacteria to form intracellular carbonates and the Ca concentration required for polymerization of their FtsZ. Finally, an asymmetry was observed between the poles of some cells regarding the size of their carbonate inclusions. Similar asymmetries between cell poles in biomineralizing bacteria have been observed in the past [76]. Since cell divide by binary fission in these strains, there is a pole that is older than the other in all cells. The continuation of some growth of the carbonates at the poles may therefore explain this asymmetry. Alternatively, the size of the carbonates formed at the septum of the cells may decrease with culture duration. In any case, it will be interesting to investigate whether accumulation of bigger inclusions at some poles might be advantageous, neutral or detrimental to the fitness of cells as evidenced for some protein aggregates in E. coli [77]. If detrimental, older cells with older poles might be preferentially lost from cell populations and asymmetry may therefore become a rare pattern.






5. Conclusions


We provide here a detailed view of the chemical composition, the morphology and the 2D and 3D distribution of intracellular carbonate and polyphosphate inclusions in two cyanobacterial strains: Ca G. lithophora C7 and Ca. S. calcipolaris G9. In both cases, the size distribution of carbonates evolves from a positively to a negatively skewed distribution. In Ca. S. calcipolaris G9, carbonate formation seems to be related to cell division. In Ca G. lithophora C7, carbonate inclusions show preferential alignment in some cells and can be engulfed by polyphosphate inclusions. Both strains contain carbonates with different Mg/Ca ratios. We also show that conventional ultramicrotomy fails in preserving carbonate inclusions and is therefore not appropriate for the study of associated ultrastructures. This may explain at least partly why intracellular carbonatogenesis has been overlooked in the past. Altogether, these observations open up discussion of the different non-exclusive nucleation and growth processes occurring in these cyanobacteria. At least some inclusions may nucleate and grow within intracellular vesicles. Carboxysomes and proteins involved in cell division may be additional actors in the nucleation of carbonate inclusions. Genomic and genetic approaches will likely be crucial in the future in order to get more definitive answers about the biochemical processes involved in the formation of intracellular carbonates by cyanobacteria.
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Table A1. Atomic ratios of Mg-P-K-Ca within polyphosphate and carbonate inclusions formed by Ca. G. lithophora C7 grown in BG-11 medium for two weeks.
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Inclusions

	
Mg K

	
P K

	
K K

	
Ca K






	
Polyphosphate-1

	
13.29

	
62.84

	
8.71

	
15.13




	
Polyphosphate-2

	
12.79

	
60.85

	
10.42

	
15.94




	
Polyphosphate-3

	
17.84

	
59.40

	
7.63

	
15.14




	
Polyphosphate-4

	
17.61

	
60.51

	
6.89

	
14.99




	
Polyphosphate-5

	
16.48

	
60.14

	
7.77

	
15.62




	
Polyphosphate-6

	
15.05

	
61.51

	
7.91

	
15.54




	
Polyphosphate-7

	
16.04

	
61.87

	
8.29

	
13.80




	
Polyphosphate-8

	
15.17

	
62.23

	
7.01

	
15.6




	
Ca-carbonate-1

	
16.23

	
0.57

	
2.78

	
80.42




	
Ca-carbonate-2

	
19.52

	
1.47

	
2.78

	
76.23




	
Ca-carbonate-3

	
19.37

	
0.79

	
1.67

	
78.17




	
Ca-carbonate-4

	
15.39

	
0.55

	
3.34

	
80.71




	
Ca-carbonate-5

	
14.29

	
0.59

	
1.53

	
83.59




	
Ca-carbonate-6

	
18.45

	
-

	
1.68

	
79.82




	
Ca-carbonate-7

	
16.86

	
-

	
1.27

	
81.87




	
Ca-carbonate-8

	
13.94

	
1.77

	
1.32

	
82.96
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Table A2. Atomic ratios of Mg-Ca within carbonate inclusions formed by Ca. G. lithophora C7 grown in MS-2 medium for two months.
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Inclusions

	
Mg K

	
Ca K






	
Ca-carbonate-1

	
16.81

	
83.19




	
Ca-carbonate-2

	
15.75

	
84.25




	
Ca-carbonate-3

	
13.51

	
86.49




	
Ca-carbonate-4

	
18.59

	
81.41




	
Ca-carbonate-5

	
18.09

	
81.91




	
Ca-carbonate-6

	
15.39

	
84.61




	
Ca-carbonate-7

	
16.04

	
83.96




	
Ca-carbonate-8

	
14.84

	
85.16




	
Ca-carbonate-9

	
17.78

	
82.22




	
Ca-carbonate-10

	
16.95

	
83.05




	
Ca-carbonate-11

	
19.37

	
80.63




	
Ca-carbonate-12

	
16.64

	
83.36




	
Ca-carbonate-13

	
12.92

	
87.08




	
Ca-carbonate-14

	
18.66

	
81.34




	
Ca-carbonate-15

	
13.27

	
86.73




	
Ca-carbonate-16

	
16.87

	
83.13




	
Ca-carbonate-17

	
11.01

	
88.99




	
Ca-carbonate-18

	
13.48

	
86.52




	
Ca-carbonate-19

	
14.99

	
85.01




	
Ca-carbonate-20

	
11.86

	
88.14




	
Ca-carbonate-21

	
13.36

	
86.64
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Table A3. Atomic ratios of Mg-P-K-Ca within polyphosphate and carbonate inclusions formed by Ca. S. calcipolaris G9 grown in BG-11 medium for two weeks.
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Inclusions

	
Mg K

	
P K

	
K K

	
Ca K






	
Polyphosphate-1

	
5.66

	
56.16

	
12.72

	
25.45




	
Polyphosphate-2

	
4.92

	
57.62

	
13.86

	
23.58




	
Polyphosphate-3

	
6.75

	
57.99

	
13.88

	
21.37




	
Polyphosphate-4

	
5.82

	
53.74

	
11.51

	
28.93




	
Polyphosphate-5

	
2.99

	
57.71

	
13.95

	
25.35




	
Polyphosphate-6

	
2.15

	
60.61

	
12.70

	
24.54




	
Polyphosphate-7

	
4.32

	
55.84

	
14.06

	
25.79




	
Polyphosphate-8

	
6.09

	
56.68

	
13.45

	
23.78




	
Polyphosphate-9

	
4.89

	
56.89

	
12.58

	
25.64




	
Ca-carbonate-1

	
3.88

	
4.34

	
1.71

	
90.07




	
Ca-carbonate-2

	
6.43

	
-

	
3.19

	
90.38




	
Ca-carbonate-3

	
-

	
-

	
2.76

	
97.22




	
Ca-carbonate-4

	
3.69

	
2.71

	
1.38

	
92.23




	
Ca-carbonate-5

	
2.46

	
1.62

	
1.34

	
94.85




	
Ca-carbonate-6

	
-

	
-

	
2.21

	
97.79




	
Ca-carbonate-7

	
-

	
-

	
0.58

	
99.42




	
Ca-carbonate-8

	
3.49

	
1.51

	
0.98

	
94.02




	
Ca-carbonate-9

	
3.47

	
-

	
-

	
96.43




	
Ca-carbonate-10

	
0.96

	
-

	
0.27

	
98.77
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Table A4. Atomic ratios of Mg-Ca within carbonates formed by Ca. S. calcipolaris G9 grown in MS-2 medium for one month.
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Inclusions

	
Mg K

	
Ca K






	
Ca-carbonate-1

	
6.18

	
93.82




	
Ca-carbonate-2

	
4.6

	
95.4




	
Ca-carbonate-3

	
1.46

	
98.54




	
Ca-carbonate-4

	
4.53

	
95.47




	
Ca-carbonate-5

	
7.46

	
92.54




	
Ca-carbonate-6

	
2.98

	
97.02




	
Ca-carbonate-7

	
5.99

	
94.01




	
Ca-carbonate-8

	
3.74

	
96.26




	
Ca-carbonate-9

	
7.15

	
92.85




	
Ca-carbonate-10

	
5.59

	
94.41




	
Ca-carbonate-11

	
3.26

	
96.74




	
Ca-carbonate-12

	
5.9

	
94.1




	
Ca-carbonate-13

	
1.19

	
98.81




	
Ca-carbonate-14

	
2.37

	
97.63




	
Ca-carbonate-15

	
6.59

	
93.41




	
Ca-carbonate-16

	
4.64

	
95.36




	
Ca-carbonate-17

	
0.85

	
99.15




	
Ca-carbonate-18

	
1.62

	
98.38




	
Ca-carbonate-19

	
6.23

	
93.77
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