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An increasing number of bacteria has been shown to form intracellular amorphous calcium 29 

carbonates (ACC), as previously observed for biomineralizing eukaryotes. Yet, the short-range 30 

order of these bacterial intracellular ACC remains largely unexplored. Because ACC in bacteria is 31 

easily lost upon sample preparation, the use of in situ techniques is required to probe ACC within 32 

intact cells at the atomic scale. Here, we show the application of X-ray absorption near-edge 33 

structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopies to study 34 

the calcium (Ca) speciation and coordination environment in intact cells of diverse ACC-forming 35 

cyanobacteria. Our results show that XANES was effective in detecting ACC in intact cells. 36 

Between 60-85% of the total Ca in ACC-forming cyanobacteria strains is contained in the ACC 37 

phase and the rest in a single phase or a mixture of amorphous phases, possibly Ca complexed by 38 

organic molecules. Moreover, the short-range order of cyanobacterial ACC was different from 39 

eukaryotic ACC. This short-range order was similar to monohydrocalcite. These findings shed light 40 

on the fate of cyanobacterial ACC and the role of ACC-forming cyanobacteria in the Ca 41 

biogeochemical cycle. 42 

 43 
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1. Introduction:  50 

Amorphous calcium carbonate (ACC) is a common precursor of carbonate eukaryotic biominerals 51 

(e.g. [1–4]). The formation of such a precursor may be instrumental in the control of the ultimate 52 

morphology, structure, and trace element chemical composition of the biomineralized structures 53 

formed by organisms ([5–7]). In its pure form, ACC is a soluble and reactive precipitate and is 54 

generally accepted as relatively unstable under physiological conditions [1]. How organisms control 55 

the formation, stability, and transformation of ACC remains a long-standing question in the field 56 

of biomineralization [8–10]. Recent studies have shown that ACC is also widespread in bacteria 57 

[9,11,12]. These bacteria are found in diverse environments including sediments, marine, freshwater, 58 

and brackish water [11,13,14]. The repertoire of ACC-forming bacteria includes at least 21 strains of 59 

cyanobacteria affiliated to diverse genera [14,15], one sulfur-oxidizing gammaproteobacterium 60 

affiliated to Achromatium, and a group of bacteria called magnetotactic bacteria (MTB) affiliated 61 

to Alphaproteobacteria and Gammaproteobacteria [8,9]. Using comparative genomics, Benzerara et 62 

al. proposed that ACC formation by cyanobacteria is a genetically controlled process, involving a 63 

new gene family [14]. The formation of ACC within bacteria can occur even when the extracellular 64 

medium is undersaturated, suggesting that ACC formation costs energy to the cells, presumably in 65 

relation to the active sequestration of Ca [16]. Balancing this cost, multiple roles have been proposed 66 

for ACC in bacteria including an intracellular pH buffer, or a storage form of calcium (Ca) and/or 67 

carbon (C) [17]. Moreover, the ACC inclusions formed by some cyanobacteria strains sequester high 68 

concentrations of alkaline earth elements such as Ba, Sr, or Ra, including the radioactive isotopes 69 

(90Sr and 226Ra), which holds two implications: 1) these cyanobacteria may be overlooked actors in 70 

the biogeochemical cycles of these trace elements[18,19]; (2) they may offer some potential for 71 

remediating pollutions by these radioactive isotopes [20,21].  72 
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While pure abiogenic ACC is highly unstable, transforming within minutes to crystalline calcium 73 

carbonate (CaCO3) polymorphs such as calcite, or aragonite, ACC found in bacteria remains stable 74 

intracellularly with no obvious spontaneous transformation to crystalline phases such as calcite [22]. 75 

This behavior is similar to stable biogenic ACC found in eukaryotes that remain stable 76 

intracellularly [23]. While eukaryotes are known to form metastable biogenic ACC (aka transient 77 

biogenic ACC), which acts as a precursor phase for the formation of calcite and aragonite minerals 78 

in skeletal architectures[1–4,24–26], this metastability has not been observed yet in prokaryotes. 79 

Various organic or inorganic additives (Mg, P), structural water, and/or confinement of ACC within 80 

small volumes, have been proposed to promote the stabilization of biogenic ACC [27–31]. 81 

Confinement may be one of the stabilizing mechanisms in cyanobacteria since Blondeau et al. 82 

showed that cyanobacterial ACC granules are contained within an envelope of undetermined 83 

biochemical composition, either a lipid monolayer and/or proteins [32].  84 

Despite the widespread occurrence of ACC-forming bacteria and their biogeochemical 85 

significance, little is known about the short-range structure of bacterial ACC. To date, our 86 

knowledge of the short-range structure of ACC is derived from experimental work on eukaryotic 87 

ACC. These studies show that biogenic and synthetic ACC have a distinct short-range order with 88 

proto-structures resembling different crystalline calcium carbonate (CaCO3) phases. For example, 89 

ACC in aragonitic freshwater snail Biomphalaria glabrata was found to have a short-range order 90 

similar to aragonite [33]. Short-range orderings close to that of aragonite and calcite were found in 91 

aragonitic larval mollusks and calcitic sea urchin structures, respectively[1,34,35]. Monohydrocalcite-92 

like ACC has also been reported in a series of other organisms [23]. This observation gave rise to the 93 

widely accepted notion that polyamorphism exists in biogenic ACC [1,36]. These differences in short-94 

range order are attributed to the organisms producing ACC and thus might be genetically controlled 95 
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(e.g. [1,4,28,37,38]). Although these studies have brought a novel perspective to our understanding of 96 

biomineralization processes and nucleation pathways, there is a lack of structural studies on ACC 97 

found in different types of bacteria.  98 

This study aims to address this knowledge gap by characterizing the local structure of ACC found 99 

in bacteria. This is not a trivial task because ACC in bacteria is easily lost upon sample preparation, 100 

and therefore its study requires the use of in situ techniques that could probe ACC within intact 101 

cells at the atomic scale [21,39].  One such tool for the study of relatively disordered mineral phases 102 

is X-ray absorption spectroscopy (XAS), comprising X-ray near-edge structure (XANES) and 103 

extended X-ray absorption fine structure (EXAFS) spectroscopies. XANES is particularly suited 104 

for chemical speciation studies of elements [40] and has been widely used to study eukaryotic ACC 105 

(e.g. [23,41,42]). EXAFS is another powerful tool to study amorphous precipitates such as ACC which 106 

lacks long-range order and provides complementary information to depict the coordination 107 

symmetry, bond distances, and the nature and number of the nearest neighboring atoms around Ca 108 

at high spatial resolution. Several studies have used EXAFS at the Ca K-edge to study the short-109 

range order of biogenic ACC extracted from eukaryotes and synthetic ACC with a focus to 110 

understand biomineralization and nucleation pathways (e.g.[35,42,43]). Accordingly, the objectives of 111 

the present study are (1) to test the ability of Ca K-edge XANES to detect ACC within intact cells 112 

of bacteria; (2) to characterize the local order of bacterial ACC using EXAFS and to compare it 113 

with the reported structure of eukaryotic ACC. The ACC-forming cyanobacteria strains were 114 

selected here as model systems for this study because (1) they are the only ACC-forming bacteria 115 

that can be cultured in the laboratory; (2) they are phylogenetically and environmentally diverse, 116 

allowing the study of the influence of different biological factors on intracellular ACC formation 117 

[14].  118 
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2. Materials and method 119 

2.1. Abiotic Ca-bearing reference phases  120 

Six powdered reference Ca-bearing mineral phases were studied: calcite (CaCO3), calcium 121 

pyrophosphate (Ca2P2O7), hydroxyapatite (Ca10(PO4)6(OH)2), (all purchased from Sigma Aldrich 122 

™) and naturally occurring aragonite (CaCO3) (sample from the mineral collection at Sorbonne 123 

University, Paris, France). These references were selected to represent the type of phases expected 124 

to be found in environments of interest and/or associated with cyanobacteria. 125 

             Moreover, since some cyanobacterial ACC contain magnesium (Mg)[e.g. 39], a series of 126 

amorphous calcium-magnesium carbonates (referred to as ACC) samples were synthesized to 127 

examine variations in the Ca K-edge XANES spectra of ACC as a function of their Mg content[44–128 

46]. They are labeled as ACC1 to ACC8 and syn ACC and their synthesis conditions are listed in 129 

Table S1. Samples were precipitated by mixing two solutions at concentrations listed in Table S1: 130 

(i) an aqueous carbonate solution containing K2CO3 (for syn ACC) or Na2CO3 (for ACC1–8) (pH 131 

= 11.4); and (ii) an aqueous calcium and magnesium solution containing CaCl2.2H2O (Sigma-132 

Aldrich) and MgCl2.6H2O (adjusted to pH = 8.6). Ultra-pure water (MilliQ®) was used for all the 133 

preparations. All chemicals used were analytical grade. All solutions were prepared and kept in a 134 

fridge at 4°C for several hours prior to the synthesis. The calcium- and magnesium-containing 135 

solution was poured directly into the carbonate solution, under constant stirring. The resulting 136 

precipitate was isolated by centrifugation, washed twice with anhydrous ethanol, and dried either 137 

in a dry desiccator (for ACC1–8) or at 37°C for 7 days (syn ACC). The amorphous character of 138 

ACC1–8 and syn ACC was confirmed by quick X-ray diffraction (XRD) (data shown only for syn 139 

ACC), that showed only broad peaks (Figure S1). The Ca:Mg ratio of the ACC1–8 samples was 140 

determined using a Varian 720 ES ICP optical emission spectrometer (Geochemistry-Mineralogy 141 
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platform, ISTerre, Grenoble). A few milligrams of each sample were dissolved in 2% HNO3 prior 142 

to the ICP measurements. For syn ACC, previous reports using the same synthesis protocols 143 

resulted in a Ca:Mg molar ratio of 2.5 [47]. Attenuated total reflectance Fourier transform infrared 144 

spectroscopy (ATR-FTIR) was performed on a selected synthetic ACC sample: syn ACC. For FTIR 145 

analysis: ATR-FTIR spectra were acquired over the mid-IR region (600-4000 cm-1) using a 146 

NICOLET 6700 FT-IR spectrometer equipped with a diamond internal reflection element (IRE), a 147 

KBr beam splitter and a mercury cadmium telluride (MCT) detector. The dry synthetic ACC sample 148 

was mounted on the diamond IRE. Spectra were accumulated by collecting 64-100 scans at a 149 

resolution of 1 cm-1. The FTIR spectrum of synthesized ACC showed the presence of a shoulder at 150 

1474 cm-1 and the absence of a peak at 712 cm-1 (Figure S2), both of which are characteristic of 151 

ACC [48]. Synthesized ACC was stored at room temperature in a desiccator and remained 152 

amorphous for at least 1 year, as confirmed by XRD and FTIR spectroscopy (data not shown). 153 

2.2. Cyanobacteria cultures 154 

Here, we refer to strains forming intracellular ACC as ACC (+) strains and strains not forming 155 

intracellular ACC as ACC (-) strains. We studied three ACC (-) strains and five ACC (+) strains. 156 

These strains were Synechocystis sp. PCC 6803 (ACC-), Microcystis sp. PMC 568 (ACC-), 157 

Microcystis sp. PMC 810 (ACC-), Cyanothece sp. PCC 7425 (ACC+), Synechococcus sp. PCC 158 

6312 (ACC+), Microcystis sp. PMC 827 (ACC+), Microcystis sp. PMC 831 (ACC+) and 159 

Gloeomargarita ahousahtiae (ACC+). All strains were cultured in a standard BG-11 medium[49]. 160 

Except the Microcystis strains (PMC 569, PMC 810, PMC 827, PMC 831), and G. ahousahtiae, 161 

the rest of the strains were cultured under continuous agitation and continuous light (5-10 µmol m-162 

2 s-1). G. ahousahtiae was grown without agitation at 37 °C, under continuous light (5-10 µmol m-163 

2 s-1)[50].  All Microcystis strains were grown without agitation, at 23 °C, with a 12:12 photoperiod 164 
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and a light intensity of ~ 5 µmol m-2 s-1.  The cell suspensions of all strains were harvested by 165 

centrifugation, rinsed, and dried at 40 oC for 48 hours. The presence/absence of ACC in these strains 166 

was assessed in a previous study by FTIR spectroscopy and electron microscopy [15,48]. Furthermore, 167 

X-ray diffraction patterns of all ACC (+) strains showed the absence of calcite and any other 168 

crystalline carbonates, consistently with previous studies documenting the amorphous nature of the 169 

intracellular carbonates by TEM and FTIR [e.g. 15,39,48,50] (Figure S3). 170 

2.3 Ca K-edge XANES/EXAFS spectroscopy of biomass and abiotic Ca-bearing references 171 

Dried biomass samples were diluted in cellulose and pressed into a 10 mm diameter pellet and 172 

mounted on Ca-free holders. XAS at the Ca K-edge was performed on the LUCIA beamline at the 173 

SOLEIL synchrotron (Saint-Aubin, France)[51,52]. The fixed exit double-crystal monochromator 174 

was equipped with Si (111) crystals. Spectra were recorded in the fluorescence mode for biomass 175 

samples using a 60 mm2 mono-element silicon drift diode detector (Bruker), and in the transmission 176 

mode for Ca-bearing crystalline references and syn ACC using a silicon diode. The optimal amount 177 

of reference sample needed to prepare pellets for analysis in transmission mode was calculated 178 

using the X-ray absorption calculator XAFSmass 179 

(www.cells.es/Beamlines/CLAESS/software/xafsmass.html), to yield a theoretical edge jump of 180 

~1. In the pre-edge region (3940-4030 eV), the spectra were collected with a step-size and a 181 

counting time of 2 eV and 1 s. The edge region (4030-4070 eV) was scanned with a step size and a 182 

counting time of 0.25 eV and 1 s. The EXAFS region (6270-6710 eV) was scanned with a step size 183 

increasing from 0.5 to 3 eV and a counting time from 1 to 3 s. Typically, 2-3 scans were acquired 184 

per sample in the fluorescence or transmission mode, which were then averaged. In some case, 5-7 185 

scans were acquired to obtain a high signal-to-noise ratio in the EXAFS region. Each scan lasted 186 

for ~50 min. In both modes, the sample holder was positioned at 5o with respect to the fluorescence 187 

http://www.cells.es/Beamlines/CLAESS/software/xafsmass.html
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detector to minimize self-absorption effects and maintained at a temperature of 77 K using a liquid 188 

He-cryostat to minimize potential beam damages and localized heating. The energy was calibrated 189 

using the calcite reference for which the first inflection point was set to 4045 eV. 190 

Calcium K-edge XANES spectra of the ACC1–8 were collected on the “XAFS” beamline at 191 

synchrotron Elettra (Trieste, Italy)[53]. Spectra were collected at the Ca K-edge (4038 eV) using a 192 

Si (111) monochromator, in the transmission mode at a temperature of 100 K. Samples were 193 

prepared in the form of pellets, diluted with graphite powder. Spectra were collected using the 194 

current in two ionization chambers placed before and after the sample. Samples of calcite, a 195 

nanocalcite, a Mg-calcite, dolomite and aragonite were measured at synchrotron Elettra as standards 196 

(data not shown).  197 

2.4 XANES/EXAFS data analysis  198 

All XANES data were processed with the Athena software [54] using the Autbk algorithm (Rbkb = 199 

1, k-weight = 3). Since the Ca K-edge XANES dataset of series of ACC1–8 and syn ACC were 200 

acquired on different beamlines, they were aligned in energy using syn ACC as the reference prior 201 

to normalizing the spectra. Normalized Ca-K edge spectra were obtained by fitting the pre-edge 202 

region with a linear function and the post-edge region with a quadratic polynomial function. The 203 

angle to the detector and the Ca concentration in the samples were low enough to prevent self- 204 

absorption effect, thus they were not corrected. The Ca K-edge XANES spectra of the reference 205 

samples reported in this study were collected in the transmission mode. The XANES derivative 206 

spectra of ACC+ cyanobacteria strains were analyzed by linear combination fitting (LCF), available 207 

in the Athena software, in the 4028-4068 eV range; all components’ weights were forced to be 208 

positive. The LCF of Ca K-edge XANES derivative spectra of ACC (+) cyanobacteria strains was 209 

performed using two endmembers: 1) a synthetic ACC representing Ca speciation in ACC; different 210 
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synthetic ACC with varying Ca: Mg ratio were used as a reference for synthetic ACC. (2) An ACC 211 

(-) cyanobacteria strain, corresponding to Ca in the non-ACC “matrix” present in cyanobacteria. 212 

The Ca speciation in ACC (-) cyanobacteria possibly corresponds to species such as Ca complexed 213 

by organics and/or Ca hosted by polyphosphate inclusions [55]. Synechocystis PCC 6803 (ACC-) 214 

was used as a reference fit component for strains Cyanothece 7425 (ACC+), G. ahousahtiae 215 

(ACC+), and Synechococcus 6312 (ACC+). Microcystis PMC 810 (ACC-) was used as a reference 216 

fit component for strains Microcystis PMC 831 (ACC+) and Microcystis PMC 827 (ACC+). We 217 

note that the fit of all Microcystis (ACC+) strains remained unaffected when Microcystis PMC 568 218 

(ACC-) was used as a reference fit component instead of Microcystis PMC 810 (ACC-) (Table S2).   219 

                The Fourier transform of the k3-weighted EXAFS spectra was calculated over the range 220 

of 2.8-10 Å−1 using a Hanning apodization window (dk = 1). The EXAFS data were fitted in the 221 

1.3–4.0 Å distance range with the ARTEMIS interface to IFEFFIT (Ravel and Newville, 2005) 222 

using least-squares refinements. Paths used for fitting were calculated from the aragonite 223 

structure[56] using the FEFF6 algorithm included in the ARTEMIS interface. The fit parameters 224 

were derived by fitting the EXAFS spectrum of the calcite reference. The corresponding fit is shown 225 

in Figure S4. 226 

 227 

3. Results and Discussion 228 

3.1. XANES spectra of synthetic ACC and cyanobacterial strains 229 

         The Ca K-edge XANES spectra were acquired for a series of synthetic ACCs that were 230 

synthesized with varying Ca: Mg molar ratios ranging between 0.8 to 8.6 (Table S1). No differences 231 

were observed in the Ca K-edge XANES spectra of the synthetic ACCs (Figure S5). Thus, for 232 

simplicity, hereafter, we refer to one representative synthetic ACC only (syn ACC) that contained 233 
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a Ca: Mg molar ratio of 2.5 [47]. The Ca K-edge normalized absorption and derivative spectra of a 234 

syn ACC and abiotic Ca-bearing reference phases (calcite, aragonite, hydroxyapatite, and calcium 235 

pyrophosphates) are shown in Figure 1A-B. Several features are observed in the XANES spectrum 236 

of syn ACC that distinguish it from other Ca-bearing reference compounds. First, the XANES 237 

spectrum of syn ACC has a pronounced pre-edge feature A1 at 4040.46 eV (1s3d type transition), 238 

which is absent in calcite and more discrete in aragonite (Figure 1A). This may indicate a deviation 239 

of ACC structure from centrosymmetric structures like those of calcite and aragonite [57] [58]. 240 

Second, the B1 feature in the derivative XANES spectrum of syn ACC at 4043.41 eV (1s 4p type 241 

transition[59]), was weak, whereas it was pronounced in calcite, aragonite, hydroxyapatite, and 242 

calcium pyrophosphate (Figure 1B). Moreover, the position of B1 at 4043.41 eV, as seen in the 243 

derivative XANES spectrum of syn ACC, was shifted compared with other phases such as calcite 244 

(∆E= -0.16 eV), aragonite (∆E= -0.48 eV), hydroxyapatite (∆E= 0.89 eV), calcium pyrophosphate 245 

(∆E= 1.14 eV) (Figure S6), suggesting that the position of the B1 feature at 4043.41 eV was a 246 

characteristic feature of ACC. This may result from a difference in the symmetry of the environment 247 

around the Ca atom in syn ACC as compared with the references used here [60]. Third, the derivative 248 

XANES spectrum of syn ACC has a feature C1 at 4045.41 eV (1s 4p transition[61]), which is 249 

absent in hydroxyapatite and calcium pyrophosphate, and sharper and pronounced in calcite and 250 

aragonite (Figure 1B). Moreover, the position of C1 at 4045.41 eV, as seen in the derivative of the 251 

XANES spectrum of syn ACC, was shifted compared with that of calcite (∆E= -0.85 eV) and 252 

aragonite (∆E= -0.32) eV. Lastly, the syn ACC shows a single broad peak D1 at the absorption edge 253 

at ~4048 eV without the splitting seen in calcite and hydroxyapatite or any pronounced features 254 

seen at energies greater than 4050 eV for aragonite, calcite, and hydroxyapatite (Figure 1A). The 255 

differences in spectral features (i.e. A1, B1, C1, D1 in Figure 1A-B) between syn ACC and other Ca-256 
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bearing phases are consistent with previous studies showing that XANES at Ca K-edge is efficient 257 

in discriminating between ACC and crystalline Ca-carbonate phases and other Ca-containing 258 

phases (e.g. [58,60–63]). Below we discuss how these spectral characteristics appear when comparing 259 

Ca K-edge XANES spectra of intact cells of ACC-forming cyanobacteria strains (referred to 260 

hereafter as ACC (+) strains), and intact cells of cyanobacteria strains not forming ACC (referred 261 

to as ACC (-) strains). 262 

          Figure 1C shows normalized Ca K-edge XANES spectra for ACC (+) (#1 to #5) and ACC (-263 

) (#6 to #8) cyanobacteria strains along with reference syn ACC. All the strains irrespective of ACC 264 

forming capability had a pre-edge feature A2 at 4040 eV and an absorption edge D2 at 4048.45 eV. 265 

These XANES features matched that of syn ACC perfectly well (A1 at 4040 eV and D1 at 4048.45 266 

eV). Moreover, the presence of a pre-edge feature (A2) and a broad absorption edge (D2) in the 267 

XANES spectra of all the strains confirms the absence of calcite (Figure 1A and Figure 1C). No 268 

additional XANES features were observed in the spectra of all cyanobacteria strains, also 269 

suggesting the absence of any additional crystalline Ca-bearing phase. In contrast, notable 270 

differences were observed upon comparing the derivative XANES spectra ACC (+) and ACC (-) 271 

cyanobacteria strains. While all cyanobacteria strains (ACC (+) and ACC (-)) had a feature in their 272 

derivative XANES spectra at 4045.02 eV (labeled as C2) that coincides with the C1 feature observed 273 

in syn ACC, only ACC (+) cyanobacteria strains (#1-5) had a clear feature at 4043.41 eV, labeled 274 

as B2 in the derivative XANES spectra, that coincides with the characteristic position of the B1 275 

feature in the derivative XANES spectrum of syn ACC (Figure 1D).  The energy positions of the 276 

B1 and C1 features in the derivative of the XANES spectrum of syn ACC were effective for 277 

discriminating syn ACC from calcite. However, in biogenic ACC, the C1 feature was also present 278 

in the ACC (-) cyanobacteria strains, and therefore the C1 feature was not effective in discriminating 279 
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Ca environments present in both ACC (+) and ACC (-) strains. Thus, the only spectral feature 280 

discriminating between the Ca environments in ACC (+) and ACC (-) strains was the B1 feature. 281 

As B1 is characteristic of ACC (see previous discussion), its presence in ACC (+) cyanobacteria 282 

and absence in ACC (-) cyanobacteria strains makes it a marker of ACC in cells. Overall, the present 283 

experimental approach and methodology were able to detect ACC in intact cells of different 284 

cyanobacterial strains. Furthermore, except for the position of the B1 feature, other characteristic 285 

spectral features of ACC (i.e. A1, C1, D1) were not effective in discriminating between the Ca 286 

environment found in ACC (+) and ACC (-) cyanobacteria strains.  287 

                 Interestingly, the B1 feature was also reported in the ACC of body spicules but not in the 288 

ACC from the lobster carapace and plant cystoliths [23]. However, we note that we used derivative 289 

XANES spectra to clearly detect the B1 feature in ACC (+) cyanobacteria, whereas no derivative 290 

spectra of the different eukaryotic ACC were examined by the previous studies to the best of our 291 

knowledge. Overall, this may have led to missed detection of the weak B1 feature of ACC in lobster 292 

carapace and plant cystolith. Alternatively, the inconsistency between the XANES spectral features 293 

observed in eukaryotic ACC and cyanobacteria ACC could be simply due to the fact that they are 294 

different from one another. For example, they have different chemical compositions: ACC in plant 295 

cystolith has 26 atoms % magnesium (Mg) and no phosphorus (P); ACC in spicules of Pyura 296 

pachydermatina has 0-16 atom % Mg and up to 55 atom % P; ACC in lobster carapace has 12-20 297 

atom % Mg, and 33-49 atom % P, whereas ACC in cyanobacteria contains less than 3 atom % Mg 298 

and up to 1.7 atom % P [18,23] (Table S3). However, several observations suggest that the variation 299 

in the Mg and P content of ACC was not correlated with the presence or absence of the B1 feature. 300 

First, despite comparable P contents of ACC in spicules of Pyura pachydermatina and ACC in the 301 

lobster carapace, the B1 feature was only detected in the ACC in spicules. Furthermore, syn ACC 302 
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had 25 atoms % of Mg and still showed the presence of the B1 feature in its XANES spectrum. Last, 303 

the XANES Ca K-edge spectra collected on the series of synthetic ACC with varying Ca: Mg 304 

content all showed the B1 feature (Figure S5). Biogenic ACC is also known to contain organic 305 

additives as stabilizing agents [64,65]. Whether variations in organic content of biogenic ACC could 306 

possibly be linked with the presence or absence of B1 feature remains unknown. Indeed, in the 307 

derivative Ca K-edge XANES spectra of Ca complexed with different organic ligands such as 308 

oxalate, humus, and acetate, the B1 feature was not found [66]. However, due to the paucity of reliable 309 

quantitative data about the organic content of different biogenic ACC (eukaryotic and bacterial), 310 

further exploration of the role of organic additives on appearance of B1 feature remains limited for 311 

the moment, but an interesting topic for future studies. Nevertheless, the perfect match of the 312 

spectral features of syn ACC and ACC (+) cyanobacteria strains, the absence of crystalline 313 

carbonates signatures in XANES spectrum of ACC (+) cyanobacteria strains, the presence of the 314 

B1 feature in ACC (+) cyanobacteria strains at an energy position that coincides with the 315 

characteristic B1 feature of syn ACC and its absence in ACC (-) cyanobacteria strains, altogether 316 

confirm that 1) XANES was effective in detecting ACC in intact cells of cyanobacteria, and the 317 

sample preparation method did not induce any ACC crystallization that could be detected by 318 

XANES (or by XRD), and 2) the energy position of feature B1 in derivative XANES spectrum of 319 

syn ACC is a promising diagnostic indicator of ACC presence in the cyanobacteria strains. The 320 

feature is weak and can be readily overlooked from a cursory examination of XANES spectra or 321 

potentially in ACC associated with higher proportions of organics. The generalization of the B1 322 

feature as a universal indicator of eukaryotic and prokaryotic ACC remains to be seen in future 323 

studies, but based on our results, this feature appears as a reliable diagnostic of ACC in 324 

cyanobacteria.  325 
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Figure 1: (A) Normalized XANES spectra of syn ACC and other abiotic Ca-bearing reference compounds. (B) 
derivate XANES spectra of syn ACC and other abiotic Ca-bearing reference compounds. (C) Normalized Ca-K 
edge and (D) derivate XANES spectra of ACC (+) and ACC (-) cyanobacteria strains as denoted by #1-8: (1) G. 
ahousahtiae (ACC+), (2) Microcystis PMC 831 (ACC+), (3) Microcystis PMC 827 (ACC+), (4) Synechococcus 
PCC 6312 (ACC+), (5) Cyanothece PCC 7425 (ACC+), (6) Microcystis PMC 568 (ACC-), (7) Microcystis PMC 
810 (ACC-), (8) Synechocystis PCC 6803 (ACC-). Synthetic ACC spectra (syn ACC) shown for reference. The 
dashed lines indicate the position of spectral features A1, B1, C1 and D1 in XANES and derivates XANES spectrum 
of syn ACC. The solid grey lines indicate the position of A2, B2, C2, D2 in XANES and derivates XANES spectra 
of ACC (+) cyanobacteria strains (See text for details). 
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We used linear combination fitting (LCF) to quantify the proportion of different Ca reservoirs in 329 

ACC (+) cyanobacteria strains. These spectra were fitted under the assumption that there are two 330 

different environments for Ca in ACC (+) cyanobacteria strains: 1) intracellular ACC and 2) a non-331 

ACC matrix that represents all Ca contained inside/at the surface of the cells in a form different 332 

from ACC (e.g., Ca complexed by organics; Ca associated with polyphosphates). Based on this fit, 333 

it is then possible to assess the proportion of Ca contained within ACC over the total Ca cell 334 

reservoir. Detailed LCF fit analyses are provided in section 2. The fit results are shown in Figure 2 335 

and Table S2. Depending on the strain, the proportion of Ca in ACC to total Ca in ACC (+) 336 

cyanobacteria ranged from 60-84%, with an error on the weight of each component assessed to ∼ 337 

10% (Figure 2B). The variation in the proportion of Ca in ACC to total Ca in ACC (+) cyanobacteria 338 

strains is consistent with the previous studies estimating ACC content in ACC (+) cyanobacteria 339 

strains and suggesting a variable ACC content between strains [48]. The exact reasons underlying 340 

the differences in the proportion of Ca in ACC across strains remain unknown. Some hypothesis 341 

includes differences in the use and function of Ca in ACC among strains, and variations in cellular 342 

Ca demand among strains. Nevertheless, our results confirm that ACC is the largest reservoir of Ca 343 

in ACC-forming cyanobacteria. These findings are relevant when considering the role of ACC-344 

forming bacteria in the Ca biogeochemical cycle. To date, the documented occurrence of ACC-345 

forming bacteria in the environment is often mixed with other Ca-containing phases such as 346 

crystalline calcium carbonates or Ca-P-containing phases, especially when the extracellular fluid is 347 

oversaturated with respect to these phases [67]. Such co-occurrence makes it challenging to quantify 348 

the relative importance of ACC-forming bacteria compared to other Ca-bearing phases. Our 349 

proposed methodology could be an effective tool to address this challenge as this approach 350 
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quantifies Ca phases at a bulk scale and unambiguously discriminates between amorphous vs 351 

crystalline Ca-containing carbonates and Ca-P bearing phases. 352 

 353 
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 354 

         355 

Figure 2: (A) Ca-K edge spectra of ACC (+) strains. Solid 
lines are experimental data and dotted lines are the LCF 
results. (B): Proportion of ACC and ACC (-) strain to Ca 
speciation in ACC (+) strains determined by LCF of the 
XANES data shown in Fig. 1. The error on the weight of 
each component if ~10%. 
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3.2. Local order of cyanobacterial ACC  356 

 357 
Figure 3: Ca K-edge EXAFS spectra (k3[χ(k)]; A, D, G, J, M), imaginary part (B, E, H, K, N) and Fourier 358 
transformed magnitudes (C, F, I, L, O)  of Ca in Cyanothece  PCC 7425 (ACC+), Synechococcus PCC 359 
6312 (ACC+), Microcystis PMC 827 (ACC+), Microcystis  PMC 831 (ACC+), and G. ahousahtiae 360 
(ACC+). The data is in solid blue lines and model fits are shown as red dotted lines. The EXAFS data were 361 
fitted in the 1.3–4.0 Å distance range. The fitted values of coordination number, radial distance, and 362 
associated Debye-Weller factors for each shell are summarized in Table 1. The amplitude reduction factors 363 
S02 and ∆Eo were respectively set to 0.88 and 0.41 eV. 364 
 365 
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Table 1: Coordination number, radial distance and associated Debye-Weller factors obtained by fits for each shell for all ACC (+) strains. The 366 
amplitude reduction factor S02 and ∆Eo were respectively set to 0.88 and 0.41 eV; N is the coordination number of the scatterer in the shell, and R is 367 
the bond distance between the scatterers (Ca, C, O) and Ca. The Debye-Weller factors for each shell were fixed. 368 

  Ca-O Ca-O Ca-C Ca-Ca R-factor 
  N R (Ao) σ2 N R (Ao) σ2 N R (Ao) σ2 N R (Ao) σ2   
Cyanothece PCC 7425 
(ACC+) 

4.3 
 ±  
0.2 

2.35 
± 

0.01 

0.002  3.8 
± 

0.2 

2.52 
± 

0.01 

0.002  3.3 
± 

0.7 

3.41 
± 

0.02 

0.002  0.6 
± 

0.2 

3.89 
± 

0.02 

0.002  
0.0113 

Synechococcus PCC 
6312 (ACC+) 

3.8 
±  

0.2 

2.35 
± 

0.01 

0.002  3.8 
± 

0.2 

2.49  
±  

0.01 

0.002  3.0 
± 

0.7 

3.56 
± 

0.02 

0.002  0.7 
± 

0.2 

3.86 
± 

0.02 

0.002  
0.0083 

Microcystis PMC 827 
(ACC+) 

4.1 
 ±  
0.2 

2.34 
± 

0.01 

0.002  4.1 
± 

0.2 

2.50 
 ± 

0.01 

0.002  2.6 
± 

0.7 

3.57 
± 

0.02 

0.002  0.5 
± 

0.2 

3.86 
± 

0.02 

0.002  
0.0167 

Microcystis PMC 831 
(ACC+) 

3.7  
±  

0.2 

2.33 
± 

0.01 

0.002  4.0 
± 

0.2 

2.48  
±  

0.01 

0.002  2.5 
± 

0.7 

3.57 
± 

0.02 

0.002  0.6 
± 

0.2 

3.87 
± 

0.02 

0.002  
0.0059 

G. ahousahtiae (ACC+)  3.8 
 ±  
0.2 

2.34 
± 

0.01 

0.002  4.1 
± 

0.2 

2.49  
±  

0.01 

0.002  4.4 
± 

0.7 

3.57 
± 

0.02 

0.002  0.7 
± 

0.2 

3.90 
± 

0.02 

0.002  
0.0108 

 369 

           370 
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Table 2: EXAFS fitting of the Ca K-edge spectra of (i) the cyanobacterial ACC (this study) and (ii) representative eukaryotic ACC and 371 
crystalline CaCO3 samples (all parameters extracted from the literature, see references indicated for each line). CN is the coordination 372 
number, and R is the bond distance between the scatterer and Ca. 373 

                    
  Ca-O Ca-C Ca-Ca 

  CN R σ2 (Å2) CN R σ2 (Å2) CN R 
σ2 

(Å2) 

ACC in cyanobacteria (this study)*** 3.7-4.3 
3.8-4.1 

2.33-2.35 
2.48-2.52 

0.002 
0.002 2.5-4.4  3.41-3.57  0.002  0.5-0.7  3.86-3.90  0.002  

ACC in plant cystoliths Ficus microcarpa [23]*** 2.3 2.22 0.005 2* 3.5 0.040 4* 3.79 0.013 
3.3 2.42 0.0002       

ACC in carapaces of Homarus American [23]*** 
1.9 2.23 0.005 4* 3.47 0.013 2* 3.79 0.013 
3.9 2.41 0.003       

ACC in spicules of Pyura Pachyderma tina [23]*** 7.4 2.374 0.009 1.5 3.03 0.006    
   3 3.36 0.000    

ACC in sternal deposits of Porcellio scaber [42]** 
3.8 2.38 0.014 1.4 3 0.007 6 3.89 0.109 

   0.4 3.72 0.001    

ACC in larval shells of Biomhalaria gabrata [33]** 9 2.44 0.0309    6 3.92 0.047 
Calcite [42] 6 2.33 0.009 6 3.27 0.035 6 4.05 0.009 

Aragonite [42,60]  3 2.21 0.005 3 2.98 0.003 6 3.94 0.028 
6 2.43 0.009  3  3.26  0.010        

Monohydrocalcite [43] 8.2 2.42 0.014 4 3.04 0.022 2 3.83 0.005 
Vaterite [60] 6 2.37 0.013    6 4.21 0.023 

                    
* fixed parameter during the fitting 
** Transient biogenic ACC 
*** Stable biogenic ACC                   
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The Ca K-edge EXAFS spectra, imaginary part, and magnitude of Fourier transformed EXAFS of 374 

all ACC (+) strains along with the model fits and the best-fit parameters are shown in Figure 3 and 375 

Table 1. As a comparison, EXAFS spectra of ACC (-) strains are shown in Figure S7. The EXAFS 376 

spectra of ACC (+) strains were fitted using three shells of scatterers. Depending on the strain, the 377 

first coordination shell was fitted with a split shell of 7.6-8.2 oxygen (O) atoms in total, including 378 

3.7-4.3 O atoms at 2.33-2.35 Å, and 3.8-4.1 O atoms at 2.48-2.52 Å. Strains Synechococcus PCC 379 

6312, G. ahousahtiae, and Microcystis PMC 831 had a slightly lower number of O atoms in the 380 

first coordination shell relative to Cyanothece PCC 7425 and Microcystis PMC 827 (7.6-7.9 versus 381 

8.1-8.2) (Table 1). The splitting of the Ca-O bond distance in cyanobacterial ACC was consistent 382 

with the results from previous studies on biogenic stable ACC as well as synthetic ACC [58]. The 383 

second coordination shell was fitted with 2.5-3.3 carbon (C) atoms at 3.41-3.57 Å for all strains 384 

but G. ahousahtiae, for which the second coordination was best fitted with 4.4 C atoms at 3.57 Å. 385 

The Ca-C bond distance in cyanobacterial ACC is similar to the monodentate linkages present in 386 

crystalline carbonates, suggesting that Ca and C associations in cyanobacterial ACC are 387 

predominantly monodentate [58]. Lastly, the third coordination shell was fitted with 0.5-0.7 Ca 388 

atoms at 3.86-3.90 Å. The addition of more shells did not improve the fit quality. While the Debye-389 

Weller factor of 0.002 for the Ca-Ca shell is relatively small compared with that reported for 390 

biogenic ACC (0.047-0.109), re-fitting the Ca-Ca shell with a high Debye-Waller factor resulted 391 

in an increased R-factor of the EXAFS fit (Table S4). Therefore, we chose a lower Debye-Weller 392 

factor for a higher-order shell, which was kept fixed for all shells during the fit. Overall, the Ca 393 

coordination environment showed similarities across ACC (+) strains, with slight differences (e.g. 394 

Ca-C coordination shell) that could be reflective of polyamorphism within cyanobacterial ACC.  395 
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Upon comparing the Ca coordination environment between cyanobacterial ACC and non-396 

cyanobacterial biogenic ACC, certain similarities and differences can be identified (Table 2). 397 

Broadly, the Ca-O and Ca-C coordination number (CN) and bond distances of cyanobacteria ACC 398 

are consistent with the ranges reported for other biogenic stable ACC phases (Table 2). 399 

Cyanobacterial ACC has the lowest number of Ca neighbors (0.5-0.7 Ca atoms) compared to other 400 

biogenic ACC (2-6 Ca atoms). Dilution of Ca-Ca coordination environment in cyanobacterial ACC 401 

by non-ACC components could result in low Ca CN. In this case, the number of Ca neighbors in 402 

ACC (+) cyanobacteria (0.5-0.7 Ca atoms) would reflect a weighted average between the Ca 403 

coordination numbers in ACC and non-ACC components. The dilution effect on Ca-Ca 404 

coordination environment can be corrected by assuming zero Ca neighbors in non-ACC 405 

components and deriving the proportion of Ca hosted in ACC versus non-ACC components from 406 

XANES data (60-84 % for ACC versus 40-16% for non-ACC). This results in an increase in the 407 

Ca-Ca bonds from 0.5-0.7 to 0.7-0.9. Considering the errors associated with the fits, the dilution-408 

corrected Ca atoms in Ca-Ca is still among the lowest of the Ca coordination number measured 409 

among biogenic ACC. Such a dilution was likely minimized in other occurrences of biogenic ACC 410 

that had higher Ca CN, possibly because in these cases the ACC was separated from the organism 411 

(Table 2). In the case of bacterial ACC, isolation of ACC from the cells was not possible because 412 

it tends to dissolve and/or transform [21,39]. Alternatively, higher Debye-Weller sigma square (σ2) 413 

values for the EXAFS fit of previously reported biogenic ACC (0.047-0.109) relative to 414 

cyanobacterial ACC (0.002) could also increase the Ca CN [23,33,68]. Last, a low Ca-Ca coordination 415 

number should be interpreted cautiously due to the large uncertainty associated with coordination 416 

number (20%). 417 
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          Furthermore, the number of O atoms surrounding Ca in cyanobacterial ACC (7.6-8.2) is 418 

closer to that in monohydrocalcite (MHC) (8.2 O atoms) than aragonite (9 O atoms), within an 419 

uncertainty of 20% (Table 1). The number of Ca atoms in the fourth co-ordination shell in 420 

cyanobacterial ACC (0.5-0.7 Ca atom) is also closer to MHC (2 Ca atom) than any other CaCO3 421 

crystalline polymorph, within an uncertainty of 20% (Table 1). The distance of the Ca–Ca shell is 422 

significantly shorter at 3.86-3.90 Å in cyanobacterial ACC compared with calcite (4.06 Å), vaterite 423 

(4.21 Å), and aragonite (3.99 Å), and closer to MHC (3.89 Å) (uncertainty 1%). These observations 424 

suggest that the local order of cyanobacterial ACC encodes an MHC-like structure. Other 425 

occurrences of biogenic stable ACC such as the body spicules of the ascidian Pyura 426 

pachydermatina, ACC located in the carapace of the lobster Homarus americanus, and cystoliths 427 

from the leaves of the plant Ficus microcarpa are also described as possessing short-range 428 

structures resembling MHC [23]. Such a resemblance may indicate a stoichiometry of ACC similar 429 

to that of MHC (CaCO3.H2O) [7,43,48]. No direct measurements of the water content of 430 

cyanobacterial ACC were done. However, we note that cyanobacterial ACC is stable and that so 431 

far all biogenic stable ACC occurrences are hydrated[10]. Indeed, the incorporation of water in ACC 432 

has been linked to hampering the rearrangement of ions, thereby stabilizing ACC against 433 

crystallization [69].  Second, water bands have been identified in cyanobacterial ACC FTIR 434 

spectrum[48]. Overall, we conclude that the cyanobacterial ACC phase is most likely hydrated and 435 

a stable ACC phase, and MHC is a suitable structural model for biogenic stable ACC not only in 436 

eukaryotes but also in ACC-forming cyanobacteria. 437 

              The incipient structure encoded in biogenic ACC may be linked to the structure of the 438 

final crystallization product of ACC, which is relevant when considering the fate of cyanobacterial 439 

ACC in the extracellular environment, although this has not been studied yet. Under some 440 



25 
 

conditions, there seems to be a direct transformation of ACC to a crystalline carbonate that 441 

involves dehydration of ACC and subsequent structural rearrangement of ACC to a crystalline 442 

carbonate (e.g.[29,70,71]). Schmidt et al. showed that in synthetic ACC, dehydration proceeds without 443 

significant changes in the immediate environment around the Ca ions, suggesting that the incipient 444 

structure might remain preserved during ACC transformation [72,73]. Consistently, syntheses of 445 

ACC in presence of aspartic acid showed short-range structures resembling vaterite, and upon 446 

crystallization produced a mixture of vaterite and calcite and ultimately calcite[60]. Hasse et al. 447 

suggested that ACC in the embryo of freshwater snail encoded an aragonite-like structure, which 448 

later transformed into an aragonitic shell of the adult snail [33]. Based on the encoding of MHC-449 

like structure in cyanobacterial ACC, one possible hypothesis regarding the fate of cyanobacterial 450 

ACC upon cell death could be that upon cell death cyanobacterial ACC may transforms to MHC 451 

outside the cell, where MHC may dissolve or transform into other polymorphs of CaCO3 or remain 452 

stable[67]. Either of these outcomes will undoubtedly rely on the extracellular fluid chemistry of 453 

environments hosting ACC-forming cyanobacteria. 454 

              While encoding of MHC in the local order of cyanobacterial ACC provides clues 455 

regarding its extracellular stability and fate of cyanobacterial ACC in the environment, the 456 

relationship between the intracellular stability of cyanobacterial ACC and local order is unclear. 457 

One of the prevailing hypotheses for the stabilization of biogenic stable ACC suggests that the 458 

creation of a unique microenvironment around ACC inhibits the formation of crystal nuclei, 459 

thereby stabilizing ACC [1]. The creation of this environment is biologically controlled and 460 

mediated through the action of biological macromolecules, and additives such as magnesium (Mg) 461 

and phosphorus (P) [64]. The effect of these additives is not easily discernible in the local order of 462 

biogenic stable ACC as evidenced by previous unsuccessful attempts to fit a Ca-Mg or Ca-P path 463 
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to the local structure of biogenic stable ACC and in this study as well (data not shown) [41]. These 464 

observations suggest that the concentrations of these additives are too low to be visible in EXAFS, 465 

indicating that if there is Mg or P contribution to the local order, it is not substantial. Similar 466 

conclusions were reached by Addadi et al[41]. Nevertheless, the presence of a distinct short-range 467 

order in cyanobacterial ACC is an indication of biological control on stabilizing ACC.   468 

3. Conclusions  469 

        To summarize, this study presents a methodology using XANES and EXAFS at the Ca K-edge 470 

to study intracellular stable ACC in intact cells of cyanobacteria. Furthermore, our results provide 471 

valuable insights into the speciation of Ca in ACC-forming cyanobacteria strains using XANES 472 

LCF analysis. The results suggest that between 60-85% of the total calcium in ACC-forming 473 

cyanobacteria strains is contained in the ACC phase. Lastly, the Ca coordination environment of 474 

cyanobacterial ACC was different than other biogenic stable ACC, suggesting that cyanobacterial 475 

ACC is yet another type of ACC polymorph. The local order of cyanobacterial ACC was found to 476 

encode a structure similar to that of monohydrocalcite (MHC), similar to other biogenic stable 477 

ACC. How the cells impose this structure remains an interesting question for future work.  478 
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Figure S1: Representative X-ray diffraction pattern of synthetic ACC’s. XRD pattern was recorded 644 
between 2theta=3-70 degrees, with 0.001 degree steps and 2 milliseconds/step.  645 

 646 

 647 
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 656 
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Figure S2: ATR-FTIR spectra of synthetic ACC in the mid-IR spectral range. The arrows 665 
correspond to characteristic mid-IR active frequencies of ACC.  666 

 667 

 668 
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Figure S3: X-ray diffraction pattern of dried biomass pellets of ACC+ cyanobacteria strains mixed with 679 
cellulose (see main text, section 2.3). XRD pattern was recorded between 2theta=3-70°, with 0.001° steps 680 
and 2 milliseconds/step. The XRD pattern was recorded after acquiring Ca K-edge XANES spectra on the 681 
same sample. The peaks in XRD patterns of ACC+ cyanobacteria are due to presence of cellulose in the 682 
pellet (see reference diffractogram). 683 
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Figure S4: Ca K-edge EXAFS (blue) and back Fourier transform (purple) (Right), and magnitude and 696 
imaginary part (blue) of Fourier transformed spectrum (left) of calcite. The fit range is reported in green. 697 
The fit result is reported in red and light green for the back Fourier transform. The amplitude reduction 698 
factor S02 and ∆Eo were set to 0.88 and 0.41 eV, respectively.   699 
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 727 

Figure S5: (A) Normalized Ca K-edge XANES spectra of and (B) derivative of the Ca K-edge XANES 728 
spectra of synthetic ACC with varying Ca: Mg molar ratio as listed in table S1. The dashed lines indicate 729 
the position of spectral features A1, B1, C1 and D1 in XANES and derivates XANES spectrum of synthetic 730 
ACCs’. 731 
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Figure S6: Derivative of the Ca K-edge XANES spectra of the references. The position of B3 at 748 
4043.41 eV, as seen in the derivative XANES spectrum of syn ACC, and marked by dashed line, 749 
was shifted compared with other phases: calcite (∆E= -0.16 eV), aragonite (∆E= -0.48 eV), 750 
hydroxyapatite (∆E= 0.89 eV), calcium pyrophosphate (∆E= 1.14 eV).  751 
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 763 

 764 

Figure S7: Ca K-edge EXAFS spectra (k3[χ(k)]) of ACC- cyanobacteria strains: Synechocystis 765 
6803 (ACC-) (#2), Microcystis PMC 810 (ACC-) (#3), Microcystis PMC 568 (ACC-) (#4). For 766 
comparison, the Ca K-edge EXAFS spectrum of Cyanothece PCC 7425 (ACC+) (#1) is also 767 
shown.  768 
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Table S1: Concentrations in solutions used for the synthesis of ACC series with varying a Ca: 782 
Mg molar ratio. 783 

 
  

Na2CO3 (or 
K2CO3) 

CaCl2 MgCl2 Ca Mg Ca:Mg 

  M M M mol% mol%   
ACC1* 0.10 0.10 0.9 43.4 56.6 0.8 
ACC2* 0.10 0.15 0.85 56.0 44.0 1.3 
ACC3* 0.10 0.20 0.8 62.7 37.3 1.7 
ACC4* 0.06 0.25 0.75 66.2 33.8 2.0 
syn ACC** 0.05 0.045 0.053 71.4 28.6 2.5 
ACC5* 0.06 0.30 0.7 78.7 21.3 3.7 
ACC6* 0.06 0.40 0.6 86.4 13.6 6.4 
ACC7* 0.06 0.50 0.5 88.9 11.1 8.0 
ACC8* 0.06 0.45 0.55 89.6 10.4 8.6 
*synthesized by mixing Na2CO3 with calcium-magnesium solution 

**synthesized by mixing K2CO3 with calcium-magnesium solution; Ca: Mg ratio as reported in [4] 
 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

Table S2: Linear combination fitting of derivative XANES spectra of cyanobacteria (ACC+) 793 
strains using synthetic ACC and cyanobacteria (ACC-) as fit components. The error on the 794 
weight of each component is ~10%. 795 
 796 

 797 

 798 

 799 

 800 

 801 

Synechocystis  
PCC 6803  

ACC* Microcystis  
PMC 810  

Microcystis  
PMC 568  

red. chi  
square 

R-factor 

Cyanothece PCC 7425 (ACC+) 16 84 5.81E-05 4.28E-03 
Synechococcus PCC 6312 (ACC+) 19 81 4.71E-05 3.42E-03 
Ca. T.ahousahtiae (ACC+) 23 77 7.23E-05 5.50E-03 
Microcystis PMC 827 (ACC+) 70 30 4.51E-05 3.46E-03 
Microcystis PMC 831 (ACC+) 59 41 4.48E-05 3.46E-03 
Microcystis PMC 827 (ACC+) 67 33 4.62E-05 3.54E-03 
Microcystis PMC 831 (ACC+) 55 45 4.69E-05 3.62E-03 
*The best fit was obtained with ACC6  (see table S1) with Ca: Mg ratio of 6.4 

Fit components for XANES LCF analyses 
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Table S3: Atomic ratios of Mg-P-Ca within carbonate inclusions formed by Cyanothece PCC 802 
7425 grown in BG-11 medium. The semi-quantitative atomic ratios were calculated using 803 
STEM-EDX microanalyses according to [13] 804 

ACC 
inclusion Mg P Ca Mg/(Mg+Ca) P/(P+Ca) 

# atom % atom % atom % atom % atom % 
1 0.2 0 12.98 1.5% 0.0% 
2 0.28 0.15 9.82 2.8% 1.5% 
3 0.23 0.23 9.44 2.4% 2.4% 
4 0.24 0.02 10.29 2.3% 0.2% 
5 0.35 0.25 10.32 3.3% 2.4% 
6 0.22 0.5 6.13 3.5% 7.5% 
7 0.19 0.19 7.94 2.3% 2.3% 
8 0.09 0.16 8.8 1.0% 1.8% 
9 0.21 0.23 8.51 2.4% 2.6% 

10 0.19 0.18 8.99 2.1% 2.0% 
11 0.37 0.28 8.25 4.3% 3.3% 
12 0.32 0.07 9.14 3.4% 0.8% 
13 0.3 0.15 9.18 3.2% 1.6% 
14 0.4 0.18 12.48 3.1% 1.4% 
15 0.5 0.22 9.32 5.1% 2.3% 
16 0.68 0.14 12.61 5.1% 1.1% 
17 0.47 0.13 10.15 4.4% 1.3% 
18 0.54 0.37 12.07 4.3% 3.0% 
19 0.51 0.15 11.8 4.1% 1.3% 
20 0.68 0.33 12.34 5.2% 2.6% 
21 0.28 0.28 10.25 2.7% 2.7% 
22 0.41 0.06 12.29 3.2% 0.5% 
23 0.13 0.12 13.32 1.0% 0.9% 
24 0.33 0.03 12.83 2.5% 0.2% 
25 0.32 0.06 10.4 3.0% 0.6% 
26 0.27 0 8.91 2.9% 0.0% 
27 0.24 0.12 10.29 2.3% 1.2% 
28 0 0 7.75 0.0% 0.0% 
29 0 0 10.12 0.0% 0.0% 
30 0.01 0.06 9.77 0.1% 0.6% 
31 0.14 0 7.7 1.8% 0.0% 
32 0 0.09 9.19 0.0% 1.0% 
33 0.11 0 8.73 1.2% 0.0% 
34 0 0 8.31 0.0% 0.0% 
35 0 0 7.47 0.0% 0.0% 
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 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

 820 

 821 

 822 

 823 

 824 

 825 

 826 

 827 

 828 

 829 

 830 

 831 

 832 

36 0 0 9.4 0.0% 0.0% 
37 0.24 0.02 12.72 1.9% 0.2% 
38 0.3 0.1 10.06 2.9% 1.0% 
39 0 0 7.51 0.0% 0.0% 
40 0.35 0 9.15 3.7% 0.0% 
41 0.48 0.28 8.4 5.4% 3.2% 
42 0.69 0.2 9.1 7.0% 2.2% 
43 0.16 0.16 5.96 2.6% 2.6% 
44 0.26 0.21 7.35 3.4% 2.8% 
45 0.18 0.17 9.46 1.9% 1.8% 
46 0.48 0.59 11.81 3.9% 4.8% 
47 0.34 0.11 8.45 3.9% 1.3% 
48 0.28 0.22 8.48 3.2% 2.5% 
49 0.26 0 6.52 3.8% 0.0% 
50 0.55 0.07 7.09 7.2% 1.0% 
51 0.41 0.08 9.16 4.3% 0.9% 
52 1.23 1.4 9.05 12.0% 13.4% 
53 0.55 0 9.02 5.7% 0.0% 
54 0.66 0.25 9.38 6.6% 2.6% 
55 0.31 0 6.54 4.5% 0.0% 
56 0.42 0.19 7.55 5.3% 2.5% 
57 0.37 0.18 12.08 3.0% 1.5% 
58 0.28 0.17 9.66 2.8% 1.7% 
59 0.58 0.18 9.07 6.0% 1.9% 
60 0.47 0.13 9.42 4.8% 1.4% 
61 0.28 0.02 10.4 2.6% 0.2% 
62 0.23 0.01 7.51 3.0% 0.1% 
63 0.19 0.16 7.98 2.3% 2.0% 
64 0.32 0.1 8.92 3.5% 1.1% 
65 0.43 0.59 8.89 4.6% 6.2% 
66 0.26 0.07 10.63 2.4% 0.7% 
67 0.29 0.14 8.16 3.4% 1.7% 
68 0.19 0.35 6.59 2.8% 5.0% 

Average 0.31 0.16 9.40 3.2% 1.7% 
Std 

deviation 0.21 0.20 1.77 2.0% 2.1% 
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Table S4: The R-factor of the EXAFS fit of Cyanothece PCC 7425 upon increasing the Debye-Waller factor 833 
of Ca-Ca shell from 0.002 to 0.006. The amplitude reduction factor S02 and ∆Eo were respectively set to 0.88 834 
and 0.41 eV. Text in red shows the parameters changed upon changing the Debye-Waller factor of Ca-Ca 835 
shell. 836 

 837 

Ca-O shell Ca-C shell Ca-Ca shell  
N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) R-

factor 
3.7 
± 0.2 

2.33 
± 0.01 

0.002 
± 0.0004 

2.8 
± 0.7 

3.56 
± 0.02 

0.002 
± 0.001 

0.5 
± 0.2 

3.86 
± 0.02 

0.002 
± 0.001 

0.0317 

4.1 
± 0.2 

2.49 
± 0.01 

0.002 
± 0.0004 

       

 838 

Ca-O shell Ca-C shell Ca-Ca shell  
N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) R-

factor 
3.7 
± 0.2 

2.33 
± 0.01 

0.002 
± 0.0004 

3.0 
± 0.7 

3.56 
± 0.02 

0.002 
± 0.001 

0.7 
± 0.2 

3.86 
± 0.02 

0.004 
± 0.002 

0.0319 

4.2 
± 0.2 

2.49 
± 0.01 

0.002 
± 0.0004 

       

 839 

 840 

Ca-O shell Ca-C shell Ca-Ca shell  
N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) R-

factor 
3.7 
± 0.2 

2.33 
± 0.01 

0.002 
± 0.0004 

2.9 
± 0.7 

3.55 
± 0.02 

0.002 
± 0.001 

0.8 
± 0.2 

3.86 
± 0.02 

0.006 
± 0.003 

0.0321 

4.2 
± 0.2 

2.49 
± 0.01 

0.002 
± 0.0004 

       

 841 

 842 

 843 

 844 

 845 

 846 

 847 

 848 

 849 
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