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Abstract. The aim of this work is to explore the ability and magnitude of the temperate 16 

cyanobacterium Dolichospermum flosaquae in microbially-induced calcium carbonate 17 

precipitation (MICP). Environmentally, MICP controls the availability of calcium, 18 

carbon and phosphorus in freshwater lakes and simultaneously controls carbon 19 

exchange with the atmosphere. Cultures of flosaquae were grown in BG11 medium 20 

containing 0, 1, 1.5, 2 and 4 mg Ca2+ L-1, as cardinal concentrations previously 21 

reported in freshwater lakes, in addition to a control culture (BG11 containing 13 mg 22 

Ca2+ L-1). Growth (cell number, chlorophyll a, and protein content) of D. flosaquae was 23 

generally reduced by elevating calcium concentrations of the different salts used 24 

(chloride, acetate, or citrate).  D. flosaquae exhibited its ability to perform MICP as 25 

carbonate alkalinity was sharply increased up to its highest level (six times that of the 26 

control) at a citrate concentration of 4 mg Ca2+ L-1. Calcium carbonate was formed at 27 

a pre-precipitation stage as the minimum pH necessary for precipitation (8.7) has been 28 

scarcely approached under such conditions. In this work, MICP took place mostly 29 

empowered by photosynthesis and respiration. Residual calcium exhibited its lowest 30 

value at 4 mg Ca2+ citrate L-1, coinciding with the highest alkalinity level. Precipitated 31 

calcium was increased with chlorophyll a content, but not with increasing cell numbers.  32 
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 35 

1 Introduction 36 

Microbially-induced calcium carbonate precipitation (MICP) depicts an exogenous or 37 

endogenous microbial activity that takes place during heterotrophic growth of 38 

numerous fungi and bacteria or during photoautotrophic growth of cyanobacteria in 39 

their natural environments including water, soils, tufas, biofilms or geological 40 

formations. Furthermore, bacterial, and cyanobacterial mucilaginous sheath (capsular 41 

polysaccharides or exopolysaccharides) as well as fungal chitin act as nucleation sites 42 

for CaCO3 crystallization by binding Ca2+ onto their carboxylic groups. MICP requires 43 

sufficient Ca2+, an alkaline pH and suitable microorganisms. Availability of nucleation 44 

sites is very important for stable and continuous calcium carbonate bio-mineralization 45 

(Phillips et al 2013). In particular, cyanobacteria are active prokaryotes performing 46 

MICP (Payandi-Rolland 2019; Xu et al 2019). Furthermore, morphology of the calcite 47 

crystal is strain-specific (Hammes et al 2003) and depends on the type of the calcium 48 

salt present (Achal and Pan 2014). Several metabolic processes such as 49 

photosynthesis, respiration, sulfate, nitrate or sulfide reduction and ureolytic activity 50 

have been recorded as driving mechanisms for MICP (e.g. Seifan et al 2019; Castro-51 

Alonso et al 2019). Although these metabolic pathways are diverse, either of them 52 

empowers MICP by conserving CO2, as a component of calcium carbonate, and 53 

ammonia to shift the pH into alkalinity as a prerequisite environmental feature for the 54 

process.  55 

Subsequent to coprecipitation of calcium and carbon(ate), chemically and/or 56 

microbially to form calcium carbonate, the bioavailability of both calcium and carbon 57 

becomes limited. Calcium and phosphate also coprecipitate and thus get lowered at 58 

these conditions. Limited bioavailability of these elements, in turn, arises as rate-59 

limiting to growth and nutrition of aquatic microbiota, e.g. via photosynthetic activity in 60 

the case of cyanobacteria. This MICP process is widely explored and regarded as a 61 

promising phenomenon for use in various industrial applications. MICP may be 62 

responsible (at least in part) for the widespread threat of calcium decline in freshwater 63 

lakes around the globe, as calcium co-precipitates simultaneously with carbonate 64 
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(Jeziorski and Smol 2017). After studying 440,599 water samples from 43,184 inland 65 

water sites in 57 American and European countries, Weyhenmeyer et al (2019) 66 

concluded that the global median calcium concentration was 4.0 mg L−1 with 20.7% of 67 

the water samples showing Ca2+ concentrations ≤ 1.5 mg L−1, a threshold considered 68 

critical for the survival of many Ca2+ dependent organisms, e.g. Daphnia (Jeziorski et 69 

al 2014). Anthropogenic activities, namely acid depositions, are detrimental to calcium 70 

decline. Since some time ago, governments determined to prevent acid deposition into 71 

lakes; acid deposition solubilizes calcium (Korosi et al 2012), i.e. no acid deposition 72 

means less calcium dissolution. Another explanation is that the acid deposition 73 

preceded such measures may have led to depletion of calcium in soil catchments 74 

leaving no more of the element to dissolve. 75 

The hypothesis of this work is to explore whether Dolichospermum flosaquae, a major 76 

temperate cyanobacterium, is able to perform MICP in freshwater lakes. Dependence 77 

of MICP magnitude on Ca2+ concentration and salt type of chloride, acetate or citrate 78 

as well as the empowering metabolic process are also tested in this study. 79 

Photosynthesis, respiration, total alkalinity and urease activity of D. flosaquae are 80 

measurables assessed to elucidate their role in mediating MICP and to detect the 81 

effect of the applied treatments. The results obtained are discussed on the lights of 82 

their anticipated environmental impact and implications. 83 

 84 

2 Materials and Methods 85 

2.1 Experimental Set up  86 

Cultures of the local strain of the cyanobacterium Dolichospermum flosaquae were 87 

incubated at different Ca2+ concentrations (0, 1, 1.5, 2 and 4 mg Ca2+ L-1) of different 88 

salts (chloride “Cl”, acetate “Ac”, or citrate “Cit”) supplemented into calcium free BG11 89 

medium specific for cyanobacteria (Rippka and Herdman 1993). D. flosaquae was also 90 

grown in full BG11 medium (containing 13 mg Ca2+ L-1, which is considered the control 91 

culture “Con+”) in addition to a reference calcium-deprived culture (BG11 devoid of 92 

any supplemental calcium “Con-”). Culture media were inoculated with 10 ml of 5 days 93 

old cells of D. flosaquae in conical flasks capped with aluminum foil. Cultures were 94 

shaken for 4 weeks at 22±1 °C and white light intensity of 25 µmole m-2 sec-1 (14h 95 

light:10h dark cycle). D. flosaquae exhibited a relatively long lag phase, most probably 96 
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because of relatively low temperature for cyanobacteria, which grow optimally at 97 

higher temperatures. The temperature was set up to be close as much as possible to 98 

the average of Lake Stechlinsee. 99 

2.2 Analytical Methods 100 

At the end of the experiment, i.e. after growth for 4 weeks, the following parameters of 101 

the variously treated D. flosaquae cultures were analyzed and assessed as follows: 102 

- Cell number and chlorophyll a were simultaneously assessed using a YSI-103 

multiparameter probe. 104 

- Protein contents were estimated according to the method of Bradford (1976). Cells 105 

were extracted in boiled water, centrifuged and soluble proteins were assessed in 106 

the supernatant. The binding of protein molecules with the Coomassie Brilliant Blue 107 

dye under acidic conditions results in a color change from brown to blue, measured 108 

at a wavelength of 595 nm using a BioTek Synergy 2, multidetector microplate reader 109 

(Vermont, USA).  110 

 111 

- Total alkalinity was assessed by titration of 50 mL algal culture media with 0.1M HCl 112 

following Choi et al (2017) and Xu et al (2019), and then calculated using the 113 

following equation:  114 

CaCO3 + 2HCl → CaCl2 + H2O + CO2 115 

Based on the reaction stoichiometry between CaCO3 and HCl, the molar ratio of 116 

CaCO3 to HCl is 1:2; by dividing the number of moles of HCl by 2, the product is the 117 

number of moles of CaCO3. The number of moles of CaCO3 would be multiplied by its 118 

molecular weight to get the yielded respective CaCO3 mass. 119 

- Photosynthetic activity: The light-induced O2 evolution by D. flosaquae in different 120 

cultures was followed by means of an oxygen sensor (PreSens MicroXTX3O2 121 

sensor, SoftwareTx3v6O2, Presens, Germany) at the same growth conditions (white 122 

light intensity of about 25 µmole m-2 sec-1 at room temperature, i.e. 22±1ºC). 123 

Respiration (O2 uptake) was also monitored using the same oxygen sensor, but in 124 

the dark.  125 

 126 

- Assessment of residual free [Ca2+] in the growth media: At the end of the experiment, 127 

calcium was assayed by calcium kits (ab102505, Calcium Detection Assay Kit-128 
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colorimetric, abcam) and determined at a wavelength of 575 nm using a BioTek 129 

Synergy 2, multidetector microplate reader (Vermont, USA). Consumed calcium was 130 

then calculated by subtracting residual from total calcium.  131 

 132 

- Urease enzyme (UE) activity was assayed spectrophotometrically following the 133 

procedure of Mobley et al (1988) and quantified using a calibration curve of 134 

ammonia. The assay mixture of UE contained intact cells of D. flosaquae, urea (200 135 

mM), phenol red (7 µg mL-1) and phosphate buffer (pH 6.8). After 10 min, the 136 

developed color, as a result of liberated ammonia from urea hydrolysis, was 137 

determined at a wavelength of 500 nm using the same microplate reader (as 138 

described above). 139 

 140 

- Ammonia accumulated in the different culture media at the end of the experimental 141 

period was assessed as mentioned above in urease-liberated ammonia. 142 

 143 

- The pH values of the differently treated cultures were determined via a pH meter 144 

(WTW3301, Germany). 145 

 146 

All experiments and assessments were conducted in triplicates and the mean values 147 

± SE (standard error) are presented in figures.  148 

 149 

3 Results 150 

Under culture conditions, growth indices (cell number, chlorophyll - and soluble protein 151 

contents) of Dolichospermum flosaquae were variably affected in response to calcium 152 

concentration as well as to its counter anion (chloride, acetate, or citrate). Growth of 153 

D. flosaquae decreased as calcium concentrations of all salts were lowered following 154 

a relative growth enhancement (higher than the control) at a threshold value of 1.5-155 

2.0 mg Ca2+ L-1 of the calcium salts citrate and acetate, respectively, while continually 156 

lowered by calcium chloride. Calcium-deprived cultures (Co-) exhibited markedly 157 

lower growth rates than Ca2+ supplemented ones (Co+) in terms of cell number, 158 

chlorophyll a and protein contents (Fig. 1). 159 
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The pH of 7.0 was set for all D. flosaquae cultures at the beginning of the experiment; 160 

thereafter, it was elevated to levels ranging between pH 8.0 - 8.7, depending on 161 

calcium treatment (Fig. 2). A certain calcium concentration of each salt induced a 162 

higher pH than control or calcium-deprived cultures. The highest pH elevation (up to 163 

8.7) occurred at calcium chloride and calcium citrate concentrations of 1 mg Ca2+ L-1 164 

but decreased at higher concentrations. However, Ca2+ acetate resulted in the highest 165 

pH elevation (up to 8.7) at the highest added concentration (4 mg Ca2+ L-1). 166 

Accordingly, the pH elevation depended on the calcium concentrations and type of 167 

Ca2+ salt (chloride, acetate or citrate) added.  168 

 169 

Fig. (3) presents the net photosynthetic oxygen evolution (PN) and dark respiratory 170 

oxygen uptake (RD) of D. flosaquae in dependence on the imposed calcium 171 

treatments. PN was severely inhibited in calcium deprived cultures of D. flosaquae 172 

relative to control cultures while RD was enhanced. Different calcium salts exerted 173 

different impacts, but in most calcium treatments, net photosynthetic oxygen evolution 174 

was higher than in the control cultures. In calcium chloride and acetate treated cultures 175 

of D. flosaquae, PN and RD enhanced with increased concentrations of calcium while 176 

in citrate treated D. flosaquae cultures, both PN and RD decreased. Photosynthesis: 177 

respiration (PN:RD) ratios, which represent the net productivity of cells or cultures, were 178 

severely inhibited by calcium deprivation while calcium chloride, acetate and citrate 179 

induced inhibition or stimulation of PN:RD, depending on the calcium concentration. 180 

 181 

Total alkalinity (T alkalinity), ammonia as well as corrected carbonate alkalinity values 182 

(C alkalinity), calculated by subtracting ammonia concentration from total alkalinity of 183 

the differently treated D. flosaquae cultures, are shown in Fig. (4). Total alkalinity 184 

exhibited its absolutely lowest value in the control culture of D. flosaquae, despite it 185 

contained the highest Ca2+ concentration (13 mg Ca2+ L-1) while calcium deprivation 186 

remarkably enhanced alkalinity up to three times that of the control cultures (5 to 15 187 

mmol carbonate µg Chl-1). Furthermore, alkalinity level in any of the calcium treated 188 

cultures was markedly higher than that of the control or calcium-deprived cultures, with 189 

a maximum alkalinity level at calcium citrate concentration of 4 mg Ca2+ L-1. All calcium 190 

acetate concentrations induced more or less similar alkalinity levels whereas calcium 191 

https://doi.org/10.5194/bg-2021-146
Preprint. Discussion started: 8 July 2021
c© Author(s) 2021. CC BY 4.0 License.



7 
 

chloride induced its highest stimulation at 2 mg Ca2+ L-1. As ammonia may interfere 192 

with carbonate alkalinity, ammonia has been assessed and detected in trace amounts 193 

not affecting total alkalinity (Fig. 4).  194 

Residual calcium was assessed while total and consumed fractions were calculated 195 

(per mL culture and per unit chlorophyll) and presented in Figs. (5a&b); consumed 196 

calcium means its incorporation into or precipitation as calcium carbonate. It is 197 

important to mention that in calcium-deprived cultures, i.e. without any external 198 

supplementation, calcium concentration was still 2.26 mg Ca2+ L-1, nevertheless. This 199 

amount might have been released from cellular apoplastic regions as well as from 200 

intracellular stores. Therefore, a virtual concentration of total calcium is given to 201 

account for the externally supplemented concentration of calcium (0, 1, 1.5, 2 or 4 mg 202 

Ca2+ L-1) and the amount of calcium found at calcium-deprivation (i.e. 2.26 mg Ca2+ L-203 

1), which was assumed to be equally released by each culture. Control cultures 204 

displayed the highest levels of all calcium fractions as they started at the highest total 205 

virtual concentration of 15.26 mg Ca2+ L-1 (i.e. 13 mg Ca2+ L-1 in BG11 plus 2.26 mg 206 

Ca2+ L-1 released). On the contrary, calcium-deprived cultures exhibited the lowest 207 

levels of all calcium fractions since no calcium had been added and thus the released 208 

calcium was the only calcium resource.   209 

Residual calcium (in the culture media) and consumed calcium (per unit chlorophyll 210 

and per unit volume) increased with elevated calcium additions (Fig 5a). The lowest 211 

amounts of residual calcium were recorded in citrate treated cultures (almost equal to 212 

the consumed fraction and about 50% of total calcium). The concentration of 4 mg 213 

citrate L-1 enhanced the calcium consumption nearly up to that of the control despite 214 

the big difference in the externally supplemented calcium concentration (4 vs. 13 mg 215 

Ca2+ L-1, respectively). In chloride and acetate, residual calcium was considerably 216 

higher indicating less incorporation into calcium carbonate. Consumed calcium per 217 

unit chlorophyll (Ca.Chl-1) was increasing with increasing supplemented calcium 218 

concentration; the highest enhancement was recorded at citrate (Fig 5b). 219 

 220 

Urease enzyme (UE) activity is presented in Fig (6); specific activity “SA” represents 221 

the rate of enzyme activity as µmole ammonia released µg-1 protein min-1 while total 222 

activity “TA” represents the rate of enzyme activity as µmole ammonia released mL-1 223 
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algal suspension min 1. Total activity is the product of specific activity per µg protein 224 

multiplied by the amount of protein per unit volume (mL) of algal cultures. Calcium 225 

deprivation inhibited UE activity; the magnitude of inhibition on a volume basis “TA” 226 

was more pronounced than the enzyme specific activity “SA” because enzyme 227 

(protein) contents were also lower. Calcium chloride induced the highest rates of UE, 228 

total and specific activity, at 1.5 mg Ca2+ L-1; otherwise, it was inhibitory at lower or 229 

higher concentrations. Calcium acetate induced the highest rates of “TA” and “SA” at 230 

moderate concentrations of 1.5 and 2 mg Ca2+ L-1, both lowest and highest 231 

concentrations of 1 and 4 mg Ca2+ L-1 severely inhibited the enzyme activity. Calcium 232 

citrate induced a continuous increase in urease activity (SA) up to its “absolutely” 233 

highest rate at 4 mg Ca2+ L-1 among other concentrations and salts; such highest rate 234 

of urease activity was in accordance with the highest level of calcium consumption, 235 

i.e. calcium may be inductive to urease activity in D. flosaquae. The order of UE 236 

enhancement was as follows citrate ˃ acetate ˃ chloride. 237 

 238 

4 Discussion 239 

Our results indicate, for the first time, that Dolichospermum flosaquae is able to 240 

perform microbially-induced calcium carbonate precipitation (MICP). Therefore, the 241 

intensive blooms of this organism have the potential to contribute to controlling the 242 

overall biogeochemical dynamics in freshwater bodies, depending on the availability 243 

of calcium, carbon, and phosphorus, in addition to controlling carbon emissions into 244 

the atmosphere. Calcium precipitates carbon in the form of calcium carbonate either 245 

chemically or microbially and precipitates phosphorus in the form of calcium 246 

phosphate. Furthermore, any calcium carbonate precipitate is a good binder of 247 

phosphate (Yanamadala 2005). In this work, the capability of the cyanobacterium D. 248 

flosaquae in freshwater MICP was studied at different concentrations of three calcium 249 

salts (chloride, acetate, and citrate). It is proved that different salt types and calcium 250 

concentrations exerted different impacts on D. flosaquae growth and metabolism. The 251 

studied concentrations (0, 1, 1.5, 2 and 4 mg Ca2+ L-1) were chosen from previous 252 

records in the literature (Weyhenmeyer et al 2019). These authors reported that the 253 

global median calcium concentration was 4.0 mg L−1 with 20.7% of the water samples 254 

showing Ca2+ concentrations of ≤ 1.5 mg L−1, a threshold considered critical for the 255 

survival of many organisms. Growth of D. flosaquae in terms of cell number, protein – 256 
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and chlorophyll a content, was inhibited by calcium deprivation as well as by higher 257 

concentrations of calcium. However, concentrations of only 1.5 mg Ca2+ L-1 in the form 258 

of acetate and citrate were stimulatory for D. flosaquae growth. 259 

D. flosaquae seems able to perform MICP, as inferred from alkalinity levels in the 260 

growth media, elevated pH values, and residual vs. consumed calcium levels. 261 

However, MICP occurred but at a pre-precipitation stage since no precipitation has 262 

been seen by naked eyes, due to the inability of the organism to surpass the minimum 263 

pH threshold under our experimental conditions of inactive urease due to absence of 264 

urea (discussed later). Therefore, ammonia concentrations were found to be marginal 265 

in the culture media; its interference with carbonate alkalinity can be thus ruled out 266 

indicating that the assessed alkalinity levels are substantially carbonate alkalinity. 267 

Carbonate alkalinity exhibited the lowest levels at control cultures but increased upon 268 

calcium deprivation. However, it was induced up to its maximum level (six times that 269 

of the control) by the highest calcium concentration of the citrate salt (4 mg Ca2+ L-1). 270 

This notion suggests that the capacity of D. flosaquae for carbonate formation 271 

depends on both salt type as well as Ca2+ concentration. In this respect, calcium 272 

chloride has been recorded to be the best salt for the production of calcite by Bacillus 273 

sp. among several other calcium sources used (Achal and Pan 2014). In this work, 274 

however, calcium citrate seems fitting to the studied organism more than chloride or 275 

acetate.  276 

Alkaline pH is a prerequisite for calcium carbonate formation and stability. Most calcite 277 

precipitation occurs under alkaline conditions of pH values from 8.7 to 9.5 (Ferris et al 278 

2003; Dupraz et al 2009). When pH levels decrease, carbonates tend to dissolve 279 

rather than precipitate (Loewenthal and Marais 1982). D. flosaquae exhibited a 280 

continuous ability of elevating the pH of the culture medium to high pH values, which 281 

in turn, may have caused a slow and long lag phase of growth, but favorable conditions 282 

for MICP. However, as long as the pH of the cultures did not surpass 8.7, i.e. the 283 

minimum pH for precipitation, carbonate has been formed but did not precipitate 284 

(Loewenthal and Marais 1982; Ferris et al 2003; Dupraz et al 2009; Gebauer et al 285 

2010). In addition, it has been stated that calcium carbonate can be formed at very 286 

low solubility levels in pure water before precipitation; its solubility in pure water is as 287 

low as 13 mg L-1 at 25°C (Aylward et al 2008); it increases relatively with decreasing 288 

temperature and increases in rainwater saturated with carbon dioxide, due to the 289 
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formation of more soluble calcium bicarbonate. For the great majority of calcium 290 

carbonate precipitations, qualitative and descriptive assessments are dominant 291 

because most studies are carried out on calcium carbonate structures formed decades 292 

or hundreds of years ago while quantitative assessments are scarce. In this respect, 293 

MICP quantities of precipitated calcium after six treatments to Bacillus sp. were 0.15 294 

and 0.60g of Ca per cm2 of treated sand surface for bulk or surface MICP, respectively 295 

(Chu et al 2012). Also, a putative calcium carbonate mineral mass of 2.5 mg/OD 660 296 

has been reported in Bacillus sp. JH7 (Kim et al 2017). In this concert, Declet et al 297 

(2016) reported that synthesis of the particles involves some environmental variables 298 

including pH, temperature, concentration of solutions, concentration and type of 299 

additives (organic or inorganic) and the substrate surface roughness, which play a 300 

decisive role in the formation of calcium carbonate particles. 301 

 302 

While multiple microbial metabolic activities have been described in the literature to 303 

empower MICP by providing a potentially major source of ammonia (shifting the pH 304 

around the cell to the alkaline side) and CO2, which precipitates with calcium as 305 

carbonate precipitates (e.g. Anbu et al 2016), MICP of D. flosaquae mostly relied on 306 

or empowered by photosynthesis and respiration under conditions of this work. Urease 307 

activity, the most universal metabolic process supporting MICP, is not participating in 308 

this case, as the growth media was not supplemented with urea; despite the organism 309 

under test D. flosaquae exhibited potential urease specific activity in in vitro assays 310 

(four times that of the control at 4 mg Ca2+ citrate L-1). However, the high ability of D. 311 

flosaquae to shift the pH to alkalinity, without urea and urease being included in the 312 

culture medium, indicates sources of alkalinity other than the urease-dependent 313 

ammonia production, i.e. photosynthesis and respiration in the present case. In this 314 

context, aerobic bacteria release CO2 via cell respiration, which is paralleled by an 315 

increase in pH due to ammonia production (Ng et al 2012). Hamilton et al (2009) stated 316 

that lakes in carbonate-rich watersheds commonly precipitate calcium carbonate as 317 

calcite; this is accelerated by photosynthetic uptake of carbon dioxide, elevating the 318 

pH to 9–10 and reducing concentrations of calcium and alkalinity by up to 60%. 319 

However, urea hydrolytic strains showed higher calcite precipitation (~20–80%) in 320 

comparison with other metabolic pathways (Achal et al 2009); despite the amount of 321 

CaCO3 precipitates depends more on Ca2+ concentrations (Okwadha and Li 2010). 322 
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The in vitro assay of UE (EC 3.5.1.5), per se, was also affected by calcium 323 

concentration and salt type i.e. it was inhibited by calcium deprivation while it exhibited 324 

maxima at 1.5, 2 and 4 mg Ca2+ L-1 for chloride, acetate, and citrate, respectively. 325 

Calcium induces UE activity; Hammes et al (2003) found that UE activity increased by 326 

tenfold in the presence of 30 mM Ca2+ relative to its absence. UE activity is related to 327 

cell (Ng et al 2012), urea and calcium concentrations (De Muynck et al 2010), and high 328 

pH (Jones et al 1982). In addition, UE is only active at high pH values specific for urea 329 

hydrolysis. It has been reported that the optimum pH for UE is 8.0, above which the 330 

enzyme activity decreases (Stocks-Fischer et al 1999; Gorospe et al 2013). In this 331 

work, the results indicate that UE activity of Dolichospermum flosaquae was enhanced 332 

due to an increase in specific activity of the enzyme rather than to higher cell numbers 333 

or biomass. Urease and carbonic anhydrase expression and activities are genetically 334 

and synergistically co-regulated for MICP (Dhami et al 2014; Castro-Alonso et al 335 

2019). 336 

Residual calcium was the least in the citrate-treated cultures, compared with other 337 

salts (chloride or acetate). At 4 mg Ca2+ L-1 of citrate, in particular, the lowest residual 338 

Ca2+ level coincided with the highest alkalinity level, indicating its transformation to 339 

calcium carbonate. Consumed calcium per unit chlorophyll a was increased to its 340 

highest level also at 4 mg Ca2+ L-1 of citrate treated cultures. In this respect, Kim et al 341 

(2017) reported that Bacillus sp. JH7 decreased the remaining ionized calcium to zero, 342 

which suggested that Ca2+ was either precipitated as CaCO3 or simply absorbed onto 343 

the exopolysaccaride (EPS) mucilaginous sheath of strain JH7. In conclusion, not all 344 

the disappearing calcium from the outer media is precipitated as MICP but it can be 345 

hidden onto the EPS sheaths of the cyanobacterium. In accordance with this, Silver et 346 

al (1975) reported that it is unlikely that Ca2+ is utilized by metabolic processes but 347 

accumulates outside the cells where it is readily available for CaCO3 precipitation. In 348 

this work, however, the unique and superior stimulating effect of 4 mg Ca2+ L-1 calcium 349 

citrate compared with other salts (chloride or acetate) implies intracellular intervention 350 

of calcium ions as well as the accompanying anion in the intracellular metabolism.  In 351 

this respect, citrate may serve at the same time as a carbon source and internal buffer. 352 

 353 

Overall, calcium carbonate precipitation has been studied in natural (modern and 354 

ancient) geological structures as well as at controlled laboratory experiments. Natural 355 
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deposits represent a collective mixture of interfered multiple factors, not at least 356 

because of space, time, and interconnected microbes (products and processes). In 357 

contrast, experimental modelling in MICP biogenesis uses pure microbial cultures, 358 

defines the role a specific microorganism plays at a specific environmental condition. 359 

Although calcium carbonate precipitation occurs chemically, a microorganism is 360 

essential for durable and stable calcium carbonate structures. In line with this notion, 361 

Stocks-Fischer et al (1999) reported that at pH 9.0, only 35 and 54 % of the initial Ca2+ 362 

concentrations precipitated chemically in water and medium, respectively while 98 % 363 

were precipitated microbially. Berry et al (2002) reported that though the oceans are 364 

supersaturated with Ca2+ and CO3
2-, spontaneous precipitation of CaCO3 in the 365 

absence of calcifying (micro)- organisms is rare owing to various kinetic barriers. Thus, 366 

the process in nature is inefficient and the presence of a microorganism or part of it 367 

(cell walls, spores, chitin or mucilage) is indispensable for efficient calcification. It has 368 

also been reported that the largest share of global calcification takes place via biotic 369 

processes in the oceans (Olajire 2013). Microbially mediated calcification can be 370 

traced back for at least 2.6 billion years (Altermann et al 2006). The authors proposed 371 

that the interplay of cyanobacteria and heterotrophic bacteria has been the major 372 

contributor to the carbonate factory for roughly the last 3 billion years of Earth history. 373 

It is very hard to compare the MICP activity of a uni-cyanobacterial culture 374 

(Dolichospermum flosaquae), grown at laboratory conditions for a limited period of 375 

time, with a process occurring 1) in nature 2) by numerous consortia of 376 

microorganisms, 3) for a long-lasting time (billions of years), 4) under variable 377 

conditions over time, e.g. temperature, competition, synchronization and/or 378 

allelopathy. Under natural conditions, the precipitation of carbonates takes place very 379 

slowly over long geological times but in order to produce large amounts of carbonates 380 

shortly there is a need to focus on microorganisms that have the ability to create 381 

conditions for carbonate precipitation at much shorter time scales (Dhami et al 2013). 382 

 383 

 384 

5 Conclusions 385 

• Dolichospermum flosaquae, a major representative of temperate freshwater 386 

cyanobacteria, contributes to the microbially-induced calcium carbonate 387 
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precipitation (MICP) with pronounced consequences in Ca2+ availability in 388 

freshwater lakes as well as carbon emissions to the atmosphere.  389 

• Carbonate was formed in the range of 10-30 (mmol µg-1 Chl) throughout the life 390 

span of the cyanobacterium. However, it did not precipitate, as the organism could 391 

not elevate the pH value of the cultures beyond 8.7, which is the minimum pH for 392 

calcite precipitation. Although it is not a precipitate, the formed calcium carbonate 393 

proves CO2 and calcium sequestration. 394 

• The mechanism(s) empowering MICP seem to be photosynthesis and respiration 395 

without the participation of urease activity (as urea was not supplemented). 396 

However, UE activity elucidated a strong activity at our in vitro assays, which might 397 

maximally operate for MICP in cases of urea supplementation.  398 

• Calcium citrate, particularly at 4 mg Ca2+ L-1 was the most inductive for MICP. For 399 

the emerging MICP-dependent technologies, it is therefore, recommended to apply 400 

calcium citrate because it shows outstanding enhancement of the process. 401 

• The results can be used in modelling the environmental implications of MICP for 402 

biogeochemical cycles of calcium, carbon and phosphorus in freshwater lakes.  403 
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 545 

Figure legends 546 

Figure (1): Growth as cell number (x103 cells mL-1), chlorophyll (x103 µg mL-1) and 547 

protein contents (µg mL-1) of the cyanobacterium Dolichospermum flosaquae as 548 

influenced by various calcium treatments: Control (B), 0, 1, 1.5, 2 and 4 mM of calcium 549 

chloride (Cl), calcium acetate (A) and calcium citrate (Ct). Control cultures were grown 550 

in BG11 medium containing 13 mg Ca2+ L-1 (chloride), 0 is calcium deprived, i.e. not 551 

supplemented with any external calcium. 552 

 553 

Figure (2): Changes in the pH of the cyanobacterium Dolichospermum flosaquae 554 

cultures as influenced by calcium treatments (as in figure 1). 555 

 556 

Figure (3): Photosynthesis and respiration rates of the cyanobacterium 557 

Dolichospermum flosaquae as influenced by calcium treatments (as in figure 1). 558 

 559 

Figure (4): Total alkalinity (carbonate and ammonia as mmol. µg Chl-1) of the 560 

cyanobacterium Dolichospermum flosaquae as influenced by calcium treatments (as 561 

in figure 1). 562 

 563 

Figure (5): Residual (mg L-1), total (mg L-1) and consumed calcium (mg L-1 or mg. µg 564 

Chl-1) of the cyanobacterium Dolichospermum flosaquae as influenced by calcium 565 

treatments (as in figure 1). 566 

 567 

Figure (6): Urease activity, T (total) and SA (Specific Activity) of the cyanobacterium 568 

Dolichospermum flosaquae as influenced by calcium treatments (as in figure 1). 569 
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