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Abstract (<250 mots) 

Cyanobacteria have played a significant role in the formation of past and modern carbonate 

deposits at the surface of the Earth using a biomineralization process which has been almost 

systematically considered as induced and extracellular. Recently, a deep-branching 

cyanobacterial species, Candidatus Gloeomargarita lithophora, was reported to form 

intracellular amorphous Ca-rich carbonates, indicating the occurrence of controlled carbonate 

biomineralization. However, the significance and diversity of the cyanobacteria in which 

intracellular biomineralization occurs remain unknown. Here, we searched for intracellular Ca-

carbonate inclusions in 68 cyanobacterial strains distributed throughout the phylogenetic tree 

of cyanobacteria. We discovered that diverse unicellular cyanobacterial taxa form intracellular 

amorphous Ca-carbonates with at least two different distribution patterns suggesting the 

existence of at least two distinct mechanisms of controlled biomineralization: i) one with Ca-

carbonate inclusions scattered within the cell cytoplasm such as in Ca. G. lithophora, and ii)  

another one observed in strains belonging to the Thermosynechococcus elongatus BP-1 lineage, 

in which Ca-carbonate inclusions lie at the cell poles. This pattern seems to be linked with the 

nucleation of the inclusions at the septum of the cells, showing an intricate and original 

connection between cell division and biomineralization. These findings indicate that 

intracellular Ca-carbonate biomineralization by cyanobacteria has been overlooked by past 

studies and open new perspectives on the mechanisms and the evolutionary history of intra- and 

extra-cellular Ca-carbonate biomineralization by cyanobacteria. 

 

 

 

 



Significance statement (120 word maximum) 

Cyanobacteria are known to promote the precipitation of Ca-carbonate minerals by the 

photosynthetic uptake of inorganic carbon. This has resulted in the formation of carbonate 

deposits and a fossil record of importance for deciphering the evolution of cyanobacteria and 

their impact on the global carbon cycle. Yet the mechanisms of cyanobacterial calcification 

remain poorly understood, although this process is invariably thought as extracellular and the 

indirect byproduct of metabolic activity. Here, we show that contrary to common belief several 

cyanobacterial species control Ca-carbonate biomineralization intracellularly. We observed at 

least two phenotypes for intracellular biomineralization, one of which shows an original 

connection with cell division. These findings open new perspectives on the evolution of 

cyanobacterial calcification.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction  

 

Cyanobacteria are a phylogenetically and ecologically diverse phylum of Gram-negative 

bacteria, which have impacted the global cycle of carbon on the Earth for billions of years and 

induced the oxygenation of the atmosphere (1-3). By performing oxygenic photosynthesis, 

which is a unique capability that appeared only once in evolution, in this particular group of 

bacteria, they have contributed significantly to the primary production on the past and present 

Earth (4). Moreover, they have received great attention from geologists as major players in the 

formation of carbonate sedimentary deposits such as stromatolites (5, 6), the oldest ones formed 

by cyanobacteria being possibly as old as 2.98 Ga (7). Fossils of Ca-carbonate-encrusted 

cyanobacterial cells (calcimicrobes) have been looked for extensively. The temporal 

distribution of calcimicrobes in the geological record dating back as far as the early Proterozoic 

(~2.5-2.3 Ga, 8) has been interpreted as the result of paleoenvironmental (9) and/or evolutionary 

(10) changes. Despite the importance of carbonate biomineralization by cyanobacteria in the 

formation of calcimicrobes and sedimentary deposits, the involved mechanisms are yet poorly 

understood (e.g., 11, 12). Some authors have proposed that cyanobacterial calcification might 

be promoted by CO2-concentrating mechanisms (CCMs) that possibly developed in the late 

Proterozoic to accommodate photosynthetic carbon limitation under low CO2 fugacity (10). 

This model states that bicarbonates are actively imported into the cells, transformed to CO2 

within carboxysomes for fixation by RuBisCO. The resulting alkalinity is transferred outside 

the cells, which raises the external pH and thus induces CaCO3 precipitation (13). In contrast, 

other authors found that some cyanobacteria induce CaCO3 precipitation with no notable effect 

of photosynthesis and therefore stressed alternatively on the importance of cell surface 

properties for the nucleation of minerals (14). In any case, precipitation of CaCO3 by 

cyanobacteria has been invariably considered as a non-controlled and extracellular process. 



This paradigm has been questioned recently by the discovery of a new deep-branching 

cyanobacterial species, Candidatus Gloeomargarita lithophora, enriched from the hyperalkaline 

Lake Alchichica (Mexico) and forming amorphous carbonates intracellularly (15). Yet, many 

studies characterized the ultrastructure of cyanobacteria (e.g., 16, 17) and explored their impact 

on calcification (e.g., 11, 18, 19), but none of them reported the presence of intracellular 

carbonates. Here, we investigated whether intracellular carbonate biomineralization is restricted 

to one particular species and/or specific environmental conditions or whether it exists in other 

diverse cyanobacteria. This is essential to assess the evolution of intracellular carbonate 

biomineralization and its significance at geological timescales. For this purpose, we screened 

68 cyanobacterial strains scattered throughout the phylogenetic tree of Cyanobacteria (Figure 

1) to search for intracellular carbonates.  

 

Results and discussion 

 

Sixty-eight strains of cyanobacteria were imaged by scanning electron microscopy (SEM) using 

an angle selective backscattered electron (AsB) detector, which provides a chemical contrast. 

Their elemental composition was further analyzed by energy dispersive x-ray spectrometry 

(EDXS) coupled with SEM. Names of the strains, their geographic origin and the culture 

medium in which they were cultured are provided in Table S1. Most of the strains were obtained 

from culture collections (notably the Pasteur Culture Collection of Cyanobacteria) but we also 

studied a few other strains, in particular two strains that were isolated recently from 

microbialites from the alkaline Lake Alchichica (Mexico): Ca. G. lithophora (15) and a new 

species distantly related to Thermosynechococcus elongatus BP-1, which we have provisionally 

called Candidatus Synechococcus calcipolaris strain G9. Cyanobacteria have been classically 

grouped by subsections, defined on the basis of morphological and cell division features (e.g., 



20, 21). We covered all the subsections, with 26 strains belonging to subsection I, 5 to 

subsection II, 23 to subsection III, 10 to subsection IV and 4 to subsection V. 

All but 8 of the tested strains showed intracellular inclusions as detected by SEM with a size 

range from ~100 up to 800 nm in diameter (SI Appendix, Table S1 and Fig. S1). Some strains 

contained numerous inclusions (e.g., PCC 73106, PCC 6308), while others had only one (e.g., 

PCC 7376) or two (e.g., PCC 7421) inclusions per cell. In some cases, these inclusions were 

preferentially located at the poles or showed alignments (e.g., PCC 7002, PCC 7429). These 

inclusions were in most cases composed of P as the major element with some Mg and K and 

sometimes Ca (SI Appendix, Fig. S2). According to their size, chemical composition and 

distribution patterns, they were interpreted as polyphosphate (PolyP) granules. In the past, 

PolyP granules have been identified by microscopy in many bacterial species, including some 

of the cyanobacterial strains analyzed in the present study (e.g., 22, 23). Such granules have 

sometimes been named metachromatic granules, or ‘‘volutin’’ (e.g., 17) and constitute a storage 

form of P for the cells or as a source of energy under P-limited or stress conditions (24).  

The most striking result of this systematic survey was the discovery of seven cyanobacterial 

strains forming spherical and poorly crystalline intracellular carbonates (Fig. 2, 3, 4 and Table 

S2) in addition to Ca. G. lithophora, which was recently described (15). These strains were 

further analyzed by scanning transmission electron microscopy (STEM) in the high angular 

annular dark field (HAADF) mode which provides a chemical contrast with a higher spatial 

resolution compared to SEM. All these strains formed Mg- and K-containing PolyP granules as 

described above, but they also contained P-free, Ca-rich inclusions measuring between 60 and 

870 nm in diameter and appearing as amorphous by electron diffraction, that we interpreted as 

Ca-carbonates (Fig. S2). The presence of Ca-carbonate inclusions was not dependent on the 

medium in which the strains were grown: first, several strains without Ca-carbonate inclusions 

were grown in BG11 similarly to the strains forming intracellular Ca-carbonates. Moreover, 



Ca. G. lithophora D10 and Ca. S. calcipolaris G9 showed intracellular Ca-carbonate inclusions 

when grown in the different culture media (e.g., BG11o or ASNIII) used for the other PCC 

strains screened in the present study (Fig. S3 and S4).  

Two types of spatial distributions of the Ca-carbonate inclusions were observed: 

Ca. G. lithophora D10, Cyanothece sp. PCC 7425 and Chroococcidiopsis thermalis PCC 7203 

formed calcium carbonate inclusions scattered throughout the cell cytoplasm (Fig. 2). In 

Cyanothece sp. PCC 7425, most of the cells contained between 2 and up to 20 Ca-carbonate 

inclusions measuring between 130 and 700 nm. Few PolyP granules with no specific shape 

were observed, sometimes in very close spatial association with the Ca-carbonate inclusions 

(Fig. 2D). Ca. G. lithophora D10 cells contained between 3 and 19 Ca-carbonate inclusions 

measuring between 60 and 380 nm in diameter. They also contained PolyP granules larger and 

in higher number than Cyanothece sp. PCC 7425 cells (Fig. 2G). As a comparison, Ca. G. 

lithophora cells observed by Couradeau et al. (15) in laboratory aquaria which contained highly 

alkaline, Mg-rich and Ca, Sr and Ba-containing solutions contained no PolyP granule and a 

relatively higher number of carbonate inclusions enriched in Mg, Sr and Ba. The absence or 

presence of PolyP granules in Ca. G. lithophora cells can be explained by the very low vs. high 

orthophosphate contents of the laboratory aquaria vs. the BG11 medium, respectively, as shown 

previously for other strains (e.g., 24). In contrast, Ca. G. lithophora formed Ca-carbonate 

inclusions in laboratory aquaria as well as BG11 medium with some variations in their chemical 

composition (Mg, Sr and Ba content), likely depending on the concentration of these elements 

in the solutions. In Chroococcidiopsis thermalis PCC 7203 only few cells (baeocytes and 

vegetative cells) showed between 8 and 20 Ca-carbonate inclusions per cell, measuring between 

350 and 870 nm in diameter (Fig. 2A).  

In contrast, Synechococcus sp. strains PCC6716, PCC6717, PCC6312, Ca. S. calcipolaris G9 

and Thermosynechococcus elongatus BP-1 all showed Ca-carbonate inclusions clustered at the 



cell poles and sometimes also in the middle of the cells (Fig. 3 and 4). The five strains showed 

very similar characteristics in terms of size, number and distribution patterns of the Ca-

carbonate inclusion within the cells (Fig. 3 and 4). Cells contained between 5 and 40 inclusions 

at each pole, measuring between 90 and 300 nm in diameter. Inclusions in the middle of the 

cells were usually smaller, measuring between 50 and 150 nm in diameter. Overall, the 

numerous images that were acquired suggested that the formation of the Ca-carbonate 

inclusions is concomitant with the formation of the cell division septum (Fig. 4). After cell 

division, Ca-carbonate inclusions are therefore located preferentially at the poles of the cells. 

Controlled internal organizations of inclusions in cyanobacterial cells have been evidenced by 

several studies before. For example, PolyP granules are aligned in Synechococcus OS-B’ (24), 

similarly to what was observed for many PCC strains here. Similarly, carboxysomes were 

shown to arrange along a similar linear organization in Synechococcus elongatus PCC 7942 

(25) and to partition evenly between daughter cells. This non-random segregation and spatial 

organization is controlled and involves specific cytoskeletal proteins (25). Such a linear 

organization controlled by cytoskeletal proteins has also been observed in bacteria 

biomineralizing magnetites intracellularly (e.g., 26). Here, Ca-carbonate inclusions within the 

T. elongatus BP-1 group have a specific distribution within the cells as well, suggesting the 

existence of an original nucleation mechanism involving the cell cytoskeleton. Overall, this 

suggests that intracellular Ca-carbonate formation is a biologically controlled mineralization 

process (27). 

It is interesting to note that PolyP granules were also observed in cells forming intracellular Ca-

carbonate inclusions, sometimes in very close association with the Ca-carbonate inclusions (Fig 

2). Formation of PolyP granules by PolyP kinases requires the sequestration of relatively high 

amounts of orthophosphate residues (e.g., 28) which have a strong inhibiting role on Ca-

carbonate formation (e.g., 29). Moreover, there is a marked partitioning of Mg and K in the 



PolyP granules vs. Ca in the carbonate inclusions. These observations show that strong 

chemical disequilibria or gradients are recorded within the cells by these mineral assemblages 

suggesting high confinement in the cytoplasm of the cells at the few nanometer-scale. Whether 

this involves membrane vesicles or not remains to be determined. 

Moreover, intracellular Ca-carbonate biomineralization has been overlooked in the past, even 

for strains that have been kept in culture collections for decades. This may be due to the 

association of PolyP granules with Ca-carbonate inclusions in cells cultured in orthophosphate-

rich culture media such as BG11 and the difficulty to distinguish between these different types 

of inclusions unless analytical tools such as EDXS mapping are used. Several past studies have 

analyzed thoroughly the ultrastructure of some of the intracellularly calcifying strains studied 

here. For example, Porta et al. (16) used a combination of confocal laser scanning microscopy 

and TEM to describe the ultrastructure of Cyanothece sp. PCC 7425. Interestingly, they 

mentioned the unusually high content of light refractile inclusions when viewed by phase-

contrast microscopy but did not conclude on their chemical composition. Similarly, T. 

elongatus BP-1 has been used as a model for crystallographic studies of protein complexes such 

as photosystems, but intracellular Ca-carbonates had never been mentioned before for this 

strain. Therefore, there is a need for a systematic re-assessment of the presence/absence of Ca-

carbonate inclusions in all cyanobacterial strains following a procedure similar to that shown 

here. In our study, cyanobacterial strains that do not form intracellular Ca-carbonates represent 

the majority. However, we show that intracellular Ca-carbonate biomineralization is not a rare 

capability. It is performed by strains isolated from diverse environments in various geographical 

sites, including a German soil, a rice field in Senegal, an alkaline lake in Mexico and hot springs 

in Japan and the USA (Oregon and Yellowstone) (Table S2).  

Since the genome sequences of some of the strains analyzed here, in particular some 

intracellular Ca-carbonate-forming strains (PCC 6716, 6717, D10 and G9) are not available yet, 



we used 16S rDNA sequences to study the phylogeny of these strains (Fig. 1) It is known that 

phylogenomic approaches provide a higher phylogenetic resolution than 16S rDNA-based 

methods but Shih et al. (20) noted the relatively good congruency between the two methods in 

the case of Cyanobacteria. Based on Figure 1 and Shih et al. (20) multi-gene phylogeny, it can 

be noted that intracellular Ca-carbonate biomineralization is phylogenetically fairly widespread 

in some (but not all) early-diverging phyla. For example, all 5 members of the T. elongatus BP-

1 clade, which appears as an early branch of the cyanobacterial phylum (30), form intracellular 

Ca-carbonate inclusions suggesting that their ancestor had this capability as well. 

Reconstructing the timing of cyanobacteria evolution remains a challenge, in particular because 

of the existence of lateral gene transfers (e.g., 31) and the lack of reliable fossil evidence to date 

increasingly old nodes within the group (e.g., 1) but some tentative ages can be found in the 

literature. For example, the ancestor of the T. elongatus BP-1 clade was dated between ~2 and 

2.5 Ga by Blank and Sanchez-Baracaldo (32). Although this is yet speculative, intracellular Ca-

carbonate biomineralization may therefore have been an important biomineralization route in 

ancient cyanobacteria. The presence of Ca-carbonate inclusions in the very deep-branching 

species Ca. G. lithophora can be considered as an additional support for this idea.  

Interestingly, whereas the pattern of Ca-carbonate inclusions limited to the cell poles is 

restricted to the Thermosynechococcus BP-1 clade, the three species containing inclusions 

scattered within the cell cytoplasm (Ca. G. lithophora, Cyanothece sp. PCC 7425, and C. 

thermalis PCC 7203) occupy very distant branches of the cyanobacterial tree (Fig. 1). There 

are two possibilities to explain this phylogenetic distribution: either this type of 

biomineralization was extremely ancient in Cyanobacteria and was lost in many lineages or it 

evolved several times independently in these three lineages. Moreover, phylogenomic analyses 

(20) supported that the T. elongatus BP-1 clade is sister to Cyanothece sp. PCC 7425 (their 

separation in our tree is most likely due to the limited phylogenetic signal of the 16S rDNA). If 



this is confirmed, a single group would exhibit the two patterns of intracellular Ca-carbonate 

distribution.  Since the cellular mechanism responsible for this controlled synthesis of Ca-

carbonates remains unknown, it is difficult to distinguish between the hypotheses implying a 

single or several independent origins for this biomineralization capacity.  

The relationship between intracellular and extracellular Ca-carbonate biomineralization will 

have to be investigated in the future. The formation of amorphous Ca-carbonate inclusions 

requires relatively high supersaturation conditions (e.g., 33) suggesting that relatively high 

concentrations of Ca2+ and/or CO3
2- must prevail in the cytoplasm of intracellularly Ca-

carbonate biomineralizing cyanobacteria. In general, some local increase in the concentration 

of CO3
2- may be expected close to carboxysomes from which OH- are released to the cytoplasm 

by the conversion of HCO3
- to CO2 by carboxysomal carbonic anhydrases (e.g., 34). 

Intracellular calcification may occur in Cyanobacteria regulating less efficiently their 

intracellular pH. Alternatively, regarding Ca2+, it has been shown that free Ca2+ is highly 

regulated in the cytoplasm of living bacterial cells at a low concentration, including in some 

cyanobacteria (e.g., 35). Some variations can however occur, for example in response to stresses 

(e.g., 35), and it has been noted that they may have a physiological role and that cell division in 

particular appears very sensitive to the level of intracellular Ca2+ in E. coli (36). Interestingly, 

the present observations suggest that an increase of Ca2+ and/or CO3
2- concentrations may occur 

specifically during cell division and locally near the septum in the strains of the T. elongatus 

BP-1 lineage as shown by the presence of Ca-carbonate inclusions. Whether some local Ca2+ 

influx related to cell division occurs in these strains will have to be tested. Finally, the possible 

existence of (specific or not) nucleation sites, and/or molecules stabilizing the amorphous Ca-

carbonates and/or molecules inhibiting further Ca-carbonate growth after nucleation can be 

postulated to explain i) the discrete locations of Ca-carbonate inclusions, ii) the persistence of 

these unstable amorphous phases and iii) the fact that the cytoplasm does not get eventually 



fully mineralized in these cells. In any case, such an intracellular biomineralization may lower 

at least partly the export outside the cell of the alkalinity generated by the photosynthetic 

activity and hence be detrimental to extracellular Ca-carbonate biomineralization. By 

sequestering at least transiently cytosolic inorganic carbon in solids, intracellular 

biomineralization may also interfere with the physiology of the cells. Recent studies of Ca-

carbonate precipitation in cyanobacteria have been restricted to relatively few model strains, 

namely Synechocystis sp. PCC 6803 (e.g., 12, 37), Synechococcus elongatus PCC 7942 (e.g., 

38), Synechococcus sp. PCC 8806 and Synechococcus sp. PCC 8807 (e.g., 18, 19). As shown 

here, Synechocystis sp. PCC 6803 does not form intracellular Ca-carbonate inclusions in BG11. 

Synechococcus elongatus PCC 7942 and Synechococcus sp. PCC 8806, previously observed 

using appropriate techniques (19, 38), do not form intracellular Ca-carbonate inclusions as well 

and can thus be considered as good models to study extracellular biomineralization of Ca-

carbonate. Here, alternatively, new models for the study of intracellular biomineralization of 

Ca-carbonate are provided, offering a key to better understand the mechanisms governing the 

interactions between cyanobacteria and calcification by elucidating the molecular differences 

between these different patterns of biomineralization. 

 

Materials and Methods 

Strains and culture conditions. Sixty-four axenic strains were available from the Pasteur 

culture collection of Cyanobacteria (PCC strains, 20). They were axenic and have been 

described and studied by Rippka et al. (21) and Shih et al. (20). Culture media used for the 

different strains are reported in Table S1. Strains isolated from freshwater, soil or thermal 

environments were cultured in medium BG-11 and its variants, while marine strains were 

cultured in the more saline medium ASN-III and its variants (Table S1; 21). Recipes of the 

culture media are available on http://cyanobacteria.web.pasteur.fr/.  All PCC cultures were 



grown at 22°C except PCC 6716, 6717, 9339, 9431 and 9605 which were grown at 37°C. An 

axenic Thermosynechococcus elongatus strain BP-1, isolated from a hot spring in Beppu 

(Japan), was provided by Alain Boussac (CEA Saclay, France) and was cultured at 37°C in 

BG11. 1 non-axenic strain was an enrichment from Yellowstone. 2 non-axenic strains were 

enriched from Lake Alchichica.  Ca. G. lithophora D10 was previously enriched and described 

in Couradeau et al. (15). A second strain was enriched following the same protocol. Because 

this strain was phylogenetically relatively distant from Synechococcus sp. PCC 6312, PCC 6716 

and PCC 6717, and because it was enriched from a mesophilic environment on the contrary to 

Thermosynechococcus elongatus BP-1, we propose the following status for this new strain 

enriched from Lake Alchichica: order Chroococcales, Ca. S. calcipolaris sp. nov. Both cultures 

of Ca. G. lithophora D10 and Ca. S. calcipolaris G9 were grown in BG11 at 22°C. 

 

Microscopy sample preparation. 0.5 mL of cultures were centrifuged at 8000 g for 10 min. 

Pellets were rinsed three times in mQ water. After the final centrifugation, pellets were 

resuspended in 200 L. A drop of 5 L was deposited on a carbon-coated 200-mesh copper 

grid and let dry at ambient temperature. 

Electron microscopy analyses. SEM observations were performed on a Zeiss Supra 55 SEM 

microscope at a 10 kV working voltage with a working distance of 7.5 mm, an aperture of 60 

m and at high current. SEM images were collected with the Angle selective Backscattered 

(AsB) detector. Elemental maps of Ca, P and C were retrieved from hyperspectral images 

(Hypermap) consisting in an energy dispersive x-ray spectrometry (EDXS) analysis for each 

pixel of the image. Some strains, especially those forming intracellular Ca-carbonates, were 

further analyzed by TEM using a JEOL-2100F microscope operating at 200 kV, equipped with 

a field emission gun, a JEOL detector with an ultrathin window allowing detection of light 

elements, and a scanning TEM (STEM) device, which allows Z-contrast imaging in the high 



angle annular dark field (HAADF) mode. Compositional mapping was acquired by performing 

EDXS analysis in the STEM HAADF mode. 

Phylogenetic analysis. Genomic DNA was extracted from an enriched culture of Ca. S. 

calcipolaris with the PowerBiofilm® DNA Isolation Kit (MoBio) and used for 16S rRNA gene 

PCR amplification with the specific cyanobacterial primers CYA106F 

(CGGACGGGTGAGTAACGCGTGA) and 23S30R (CTTCGCCTCTGTGTGCCTAGGT). 

PCR reactions were carried out with 30 cycles (each one including denaturation at 94 °C for 15 

s, annealing at 55 °C for 30 s, and extension at 72 °C for 2 min), preceded by 2 min denaturation 

at 94 °C, and followed by 7 min extension at 72 °C. PCR products were directly sequenced by 

Beckman Coulter Genomics (Takeley, United Kingdom) using the Cya106F forward primer 

and the 1492R (GGTTACCTTGTTACGACTT) as reverse universal primer for bacteria. The 

other cyanobacterial 16S rRNA gene sequences were retrieved directly from GenBank 

(http://ncbi.nlm.nih.gov/). Sequences were aligned using MAFFT (39) and the conserved sites 

were identified using Gblocks (40). Bayesian phylogenetic analysis was done using MrBayes 

3.2.2 (41) with the general time reversible (GTR) model of sequence evolution, and taking 

among-site rate variation into account by using an eight-category discrete approximation of a 

Γ distribution and a proportion of invariant sites. Two parallel MCMC runs with four chains 

each (3 hot and 1 cold) were performed for 10 million generations and sampled every 10,000 

generations, discarding a burnin of 25% before constructing a consensus tree. The 16S rRNA 

gene sequence of Ca. S. calcipolaris has been submitted to GenBank under accession number 

xxxx. 
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Figure Legends 

Figure 1: Bayesian phylogenetic tree of 16S rRNA gene sequences of the cyanobacterial strains 

observed by electron microscopy. Strains forming intracellular Ca-carbonates are shown in 

color (green for those with Ca-carbonate inclusions at the cell poles and red for those with 

inclusions scattered in the cytoplasm). The tree is based on 1,292 conserved sites; numbers at 

branches are posterior probabilities (only those >0.75 are shown).  

 



Figure 2: Electron microscopy images of cyanobacteria forming intracellular carbonates 

scattered throughout the cells. (A) and (B) SEM images in AsB detection mode of 

Chroococcidiopsis thermalis PCC 7203. (B) shows a baeocyte filled with Ca-carbonate 

inclusions. (C) STEM-EDX map of a vegetative cell of PCC 7203. (D) and (E) STEM-HAADF 

images of Cyanothece sp. PCC 7425. Ca-carbonate inclusions appear as bright round-shaped 

objects. PolyP granules are darker, sometimes shapeless forms (see arrows). (F) STEM-EDX 

map of PCC 7425. (G) and (H) STEM-HAADF images of Ca. G. lithophora strain D10. Ca-

carbonates appear as brighter round-shaped inclusions, while PolyP granules are darker, 

sometimes bigger globules. PolyP granules sometimes seem to partly surround Ca-carbonate 

inclusions (see arrows). (I) STEM-EDX map of D10. The color code is the same for all STEM-

EDX maps (C, F and I): Calcium is in green, phosphorus in red and carbon in blue. As a result, 

Ca-carbonates appear in green and PolyP granules in red. 

 

Figure 3: Electron microscopy images of Synechococcus sp., Ca. S. calcipolaris and 

Thermosynechococcus elongatus strains forming intracellular carbonates. All of them form 

intracellular Ca-carbonates (brightest spots in STEM-HAADF images) located at the septum 

and the poles of the cells. (A) STEM-HAADF image (left) and EDX map (right) of S. sp. PCC 

6716. Four aligned PolyP granules measuring ~500nm in diameter can be observed in the top 

cell (arrows). Clusters of 20 to 30 Ca-carbonate inclusions can be observed at both poles of the 

cell. (B) STEM-HAADF image and STEM-EDX map of strain PCC 6717 cell. (C) STEM-

HAADF image and STEM-EDX map of Ca. S. calcipolaris G9 (Lake Alchichica). (D) STEM-

HAADF image and STEM-EDX map of Thermosynechococcus elongatus BP1. The color code 

is the same for all STEM-EDX maps: Calcium is in green, phosphorus in red and carbon in 

blue. 

 



Figure 4:  STEM-HAADF images of Synechococcus sp. PCC 6312. Ca-carbonate inclusions 

were always observed at the poles of the cells and sometimes at the same location where 

septation occurs (arrows). Inclusions at the septum are usually smaller than at the poles. 

Division as observed in (B) and (D) seems to partition the Ca-carbonate inclusions between the 

daughter cells resulting in the polar distribution observed in all the cells. STEM-EDX map is 

shown in (C). Calcium is in green, phosphorus in red and carbon in blue. 
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Figure  2.  Electron microscopy  images  of  cyanobacteria  forming  intracellular  carbonates  scattered 

throughout the cells. (A) and (B) SEM  images  in BSE mode of Chroococcidiopsis thermalis PCC 7203. 

(B) shows a baeocyte  filled with Ca‐carbonate  inclusions.  (C) STEM‐EDX map of a vegetative cell of 

PCC  7203.  (D)  and  (E)  STEM‐HAADF  images  of  Cyanothece  sp.  PCC  7425.  Ca‐carbonate  inclusions 

appear as bright round‐shaped objects. PolyP granules are darker, sometimes shapeless forms  (see 

arrows).  (F)  STEM‐EDX  map  of  PCC  7425.  (G)  and  (H)  STEM‐HAADF  images  of  Candidatus 

Gloeomargarita  lithophora  strain D10.  Ca‐carbonates  appear  as  brighter  round‐shaped  inclusions, 

while  PolyP  granules  are  darker,  sometimes  bigger  globules.  PolyP  granules  sometimes  seem  to 

partly surround Ca‐carbonate inclusions (see arrows). (I) STEM‐EDX map of D10. The color code is the 

same for all STEM‐EDX maps (C, F and I): Calcium is in green, phosphorus in red and carbon in blue. 

As a result, Ca‐carbonates appear in green and PolyP granules in red. 
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Figure 3: Electron microscopy images of Synechococcus sp., Candidatus Synechococcus calcipolaris and 

Thermosynechococcus elongatus strains forming intracellular carbonates. All of them form intracellular 

Ca‐carbonates (brightest spots  in STEM‐HAADF  images)  located at the septum and the poles of the 

cells.  (A)  STEM‐HAADF  image  and  (B)  EDX map  of  S.  sp.  PCC  6716.  Four  aligned  PolyP  granules 

measuring ~500nm  in diameter  can be observed  in  the  top  cell  (arrows). Clusters of 20  to 30 Ca‐

carbonate inclusions can be observed at both poles of the cell. (C) STEM‐HAADF image and (D) STEM‐
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EDX map  of  strain  PCC  6717  cell.  (E)  STEM‐HAADF  image  and  (F)  STEM‐EDX map  of  Candidatus 

Synechococcus calcipolaris G9  (Lake Alchichica).  (G) STEM‐HAADF  image and  (H) STEM‐EDX map of 

Thermosynechococcus elongatus BP1. The color code is the same for all STEM‐EDX maps: Calcium is in 

green, phosphorus in red and carbon in blue.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4:  STEM‐HAADF images of Synechococcus sp. PCC 6312. Ca‐carbonate inclusions were always 

observed at the poles of the cells and sometimes at the same location where septation occurs 

(arrows). Inclusions at the septum are usually smaller than at the poles. Division as observed in (B) 

and (D) seems to partition the Ca‐carbonate inclusions between the daughter cells resulting in the 

polar distribution observed in all the cells. STEM‐EDX map is shown in (C). Calcium is in green, 

phosphorus in red and carbon in blue. 
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