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Abstract

We investigated the precipitation of carbonate and phosphate minerals by 19

species of moderately halophilic bacteria using media with variable Mg21/Ca21

ratios. The precipitated minerals were calcite, magnesium (Mg) calcite, and

struvite (MgNH4PO4 � 6H2O) in variable proportions depending on the Mg21/

Ca21 ratio of the medium. The Mg content of the Mg-calcite decreased with

increasing Ca21 concentration in the medium. According to the saturation indices,

other minerals could also have precipitated. We observed important differences

between the morphology of carbonate and phosphate, which may help us to

recognize these minerals in natural systems. We studied the growth and pH curves

of four bacteria in media specific for carbonate and struvite precipitation. We

consider the biomineralization processes that produce carbonate and phosphate

minerals, and propose a hypothesis for the lack of struvite in natural environments

and ancient rocks.

Introduction

The influence of microorganisms in mineral precipitation

has been recognized for a wide variety of minerals (Ehrlich,

2002). Extensive literature exists on microbial involvement

in carbonate precipitation in natural environments and

laboratory experiments (Krumbein, 1979; Rivadeneyra

et al., 1985a b, 1994; Vasconcelos & McKenzie, 1997; Riva-

deneyra et al., 2004; Sánchez-Román et al., 2007). In general,

calcium carbonate biomineralization is not necessarily

linked to any particular group of organisms or specific

metabolic processes and is found widely distributed in many

different natural environments.

In contrast to the fact that carbonate minerals are very

abundant on the Earth’s surface, struvite (MgNH4PO4 �
6H2O) rarely occurs in nature. It has been found in associa-

tion with organic matter decomposition, for example in

barns and cemetery soils, and in guano deposits, manures

and sediments rich in organic remains (Robison, 1889;

Dana, 1997; Nriagu & Moore, 1984; Donovan et al., 2005).

Moreover, struvite is an important constituent of kidney

stones (Griffith, 1978; McLean et al., 1985; Grases et al.,

1996) and is frequently produced in wastewater treatment

plants (Williams, 1999). Several authors have connected the

precipitation of struvite in various natural habitats with

microbial activity and have reported struvite production by

a number of bacterial strains (Robison, 1889; Beavon &

Heatley, 1962; Rivadeneyra et al., 1983, 1992a; Da Silva et al.,

2000). However, the microbial mediation of struvite

precipitation does not appear to be as widespread, nor is

it as well investigated, as the microbial precipitation of

carbonates.

In studies of mineral precipitation by bacteria, several

physicochemical parameters are considered to optimize

mineral growth. Among these, the ionic composition and

concentration of the solution appear to be the most im-

portant parameters for precipitation. Moderately halophilic

bacteria can grow in solutions with a wide range of salinities,

and they constitute a very useful group of microorganisms

for determining how the ionic concentration and composi-

tion of the environment affect the precipitation of minerals

by bacteria. A number of investigations have shown carbo-

nate precipitation by some moderately halophilic bacteria

and have demonstrated the importance of the Mg21 con-

centration, as well as of the Mg21/Ca21 ratio, for precipita-

tion (Ferrer et al., 1988; Rivadeneyra et al., 1994, 2000,

2004). Recently, struvite and carbonate precipitation have

been observed in aerobic cultures of Chromohalobacter

marismortui (Rivadeneyra et al., 2006). However, struvite

precipitation by moderately halophilic bacteria has not been

studied as thoroughly as for carbonates. We propose that a

combined study of struvite and carbonate precipitation
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mediated by moderately halophilic bacteria could provide

information to elucidate the factors controlling the copreci-

pitation of both struvite and carbonate minerals in natural

saline environments.

In this paper, we present our study of the formation of

struvite and carbonates by 19 species of Gram-negative,

moderately halophilic bacteria. By varying the Ca21 ion

concentrations and Mg21/Ca21 ratios, we studied the influ-

ence of these variables on the precipitation of the two

minerals. All the above-mentioned studies were carried out

using artificial seawater, which, in addition to calcium and

magnesium, contains other ions, such as sulfate, that can

influence the precipitation and alter or modify the activity of

the solution. In the present study, to avoid the possible

influence of other inorganic ions, we used calcium and

magnesium acetate as ionic sources and sodium chloride to

obtain a saline concentration that would allow the growth of

moderately halophilic bacteria. Both Na1 and Cl� ions exert

a weak or no influence on the precipitation of carbonates

(Cailleau et al., 1977; Rivadeneyra et al., 1991). The extent of

precipitation and the morphology and mineralogy of the

minerals formed were also studied. In order to understand

better the role of bacteria in precipitation, we studied the

growth and pH curves of four bacteria in specific media for

carbonate and struvite precipitation, and calculated the

mineral saturation indexes in all the culture media using

the geochemical program PHREEQC (Parkhust & Appelo,

1999). Finally, we discuss the mechanism of formation of

both minerals and the involvement of moderately halophilic

bacteria in mineral precipitation in natural environments.

Materials and methods

Microorganisms

Nineteen Gram-negative bacterial strains of moderately

halophilic bacteria were used in this study: 16 species of the

genus Halomonas (H. aquamarina ATCC 14400, H. cana-

diensis ATCC 43984, H. cupida ATCC 27124, H. elongata

ATCC 33173, H. eurihalina ATCC 49509, H. halmophila

ATCC 19717, H. halodenitrificans ATCC 13511, H. halodur-

ans ATCC 29686, H. halophila CCM 3662 H. marina ATCC

25374, H. pacifica ATCC 27122, H. pantelleriense DSM 9661,

H. salina ATCC 49509, H. subglaciescola ACAM 12, H.

variabilis DSM 3051 and H. venusta ATCC 27125); Salinivi-

brio costicola NCIMB 701; Marinomonas communis DSM

5604; and Marinobacter hydrocarbonoclasticus ATCC 49840.

Culture media

The culture media used in this study are designated ME,

MEC1, MEC2, MEC3, MEC4 and MC. The composition of

the media was as follows (w/v): 1% yeast extract, 0.5%

proteose peptone, 0.1% glucose, supplemented with NaCl to

give a final concentration of 7.5% (w/v). In addition, the

media were amended with different concentrations of cal-

cium acetate and/or magnesium acetate (Table 1), and the

pH was adjusted to 7 with 0.1 M KOH. To obtain a solid

medium, 20 g L�1 Bacto-Agar was added.

Study of mineral formation

The 19 strains were surface-inoculated onto different solid

media, incubated aerobically at 32 1C, and examined peri-

odically with an optical microscope for the presence of

minerals for up to 30 days after inoculation. The experi-

ments were carried out in triplicate and were repeated three

times. Controls consisting of uninoculated culture media

and media inoculated with autoclaved bacterial cells were

included in all experiments. pH measurements were per-

formed at the end of the growth and mineral formation

experiments. pH-indicator paper (Merck Spezial-Indikator-

papier) was directly applied on the semi-solid surface.

The minerals formed by all bacterial strains in the various

media assayed were isolated, purified and identified. Struvite

crystals were extracted from the solid agar media by means

of a small spatula, washed with distilled water to free them

of impurities, and air-dried at 37 1C. Carbonate crystals

were removed from the solid media by cutting out pieces,

which were placed in boiling water to dissolve the agar. The

supernatants and the sediments were resuspended and

washed in distilled water to free them of impurities. In this

treatment CO3Ca dissolution was not significant, and the

morphology of crystals was not altered, as observed by

optical microscopy before and after their recovery. The

washed carbonate crystals were finally air-dried at 37 1C.

Mineral analysis

The purified crystals were examined by X-ray diffraction

(XRD) using an XDS 2000 Scintag INC, with a �/� ‘Goni-

ometer and Peltier Detector’. The Mg:Ca ratio of the

carbonate minerals was calculated from the d104 peak of the

diffraction spectra after Lumsden (1979). A CAMSCAN

CS44 scanning electron microscope (SEM), equipped with

a spectroscope of dispersive energy (EDX), was used for

imaging and elemental analysis of single crystals.

Table 1. Calcium and magnesium composition (g L�1) and Mg/Ca

molar ratio in various culture media

Medium

C4H6MgO4 �
4H2O

C4H6CaO4 �
H2O Mg21 Ca21

Mg Ca�1

(M)

ME 8 – 0.9 – –

MEC1 8 0.5 0.9 0.11 13.2

MEC2 8 1 0.9 0.23 7.4

MEC3 8 2 0.9 0.45 3.25

MEC4 8 4 0.9 0.9 1.63

MC – 4 – 0.9 –
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Geochemical study

The activity of dissolved species and the degree of saturation

in the solutions assayed were determined using the geo-

chemical computer program PHREEQC version 2 (Parkhust &

Appelo, 1999). The results from PHREEQC are presented in

terms of the saturation index (SI) for each predicted

mineral. SI is defined by SI = lg (IAP/Ksp), where IAP is the

ion activity product of the dissolved mineral constituents in

a solubility product (Ksp) for the mineral. Thus, SI4 0

implies oversaturation with respect to the mineral, whereas

SIo 0 means undersaturation.

All calculations were performed applying the following

values (g L�1): Mg21 and Ca21, see Table 1, Na1 = 29.58,

Cl�= 45.51, P = 0.15 (PO4
3�= 0.46) and NH4

1 = 1.73. The

values of Na1, Cl�, P and NH4
1 correspond to the addition

of NaCl = 75 g L�1, proteose peptone = 5 g L�1 and yeast

extract = 10 g L�1. Total nitrogen in the culture media was

determined by Kjeldhal’s method, while total phosphorus

was determined colorimetrically in the nitrogen digests,

generating the phosphomolibdic complex (Page et al., 1982).

Growth and pH curves

To evaluate growth and pH curves, we selected four bacteria

(H. aquamarina, H. pacifica, S. costicola and M. hydrocarbo-

noclasticus), which were grown in the struvite-specific

medium ME and in the carbonate-specific medium MC.

Liquid cultures were carried out in 500-mL Erlenmeyer

flasks containing 200 mL of either the ME or MC medium.

Bacterial growth was evaluated by following changes in the

OD at a wavelength of 580 nm using a Cintra 10e spectro-

photometer. In addition, we measured the pH of the

solutions using a Crison pH meter Basic 20.

Results

Struvite and/or carbonate precipitation was observed with

all bacterial species tested. Table 2 shows the time, in days,

required to observe precipitation for each one of the

bacterial strains investigated in the various culture media.

Table 3 shows the results of mineralogical analysis of the

crystals formed in the media according to the XRD study.

Struvite was not observed to form in the MC medium,

which is specific for calcium carbonate precipitation. Cal-

cium carbonate was not formed in the ME medium, which

is specific for struvite precipitation, nor in the MEC1

medium. In the MEC2, MEC3 and MEC4 media, struvite

and Mg-calcite coprecipitated in different proportions de-

pending on the culture medium assayed; that is, with

increasing Ca21 ion concentration, the amount of Mg-

calcite precipitated was greater than the amount of struvite.

The Ca21 and Mg21 contents of the Mg-calcite precipitates

in these cultures are indicated by the formulas given in Table

3, which represent an average value for the carbonate

precipitates by all bacteria investigated. No precipitation of

Table 2. Number of days to initiate struvite (S) and carbonate (C) precipitation with the bacteria investigated

Bacteria strain

Medium and type of crystals formed

ME MEC1 MEC2 MEC3 MEC4 MC

S C S C S C S C S C S C

Halomonas aquamarina ATCC 14400 7 – 8 – 12 10 15 8 20 5 – 3

Halomonas canadiensis ATCC 43984 8 – 9 – 10 10 17 6 19 5 – 3

Halomonas cupida ATCC 27124 9 – 13 – 12 15 18 8 22 5 – 4

Halomonas elongata ATCC 33173 7 – 9 – 10 15 19 6 20 4 – 4

Halomonas eurihalina ATCC 49509 8 – 10 – 10 12 17 7 20 5 – 4

Halomonas halmophila ATCC 19717 8 – 9 – 10 15 17 7 18 5 – 3

Halomonas halodenitrificans ATCC 13511 10 – 10 – 12 15 17 9 20 6 – 4

Halomonas halodurans ATCC 29686 7 – 8 – 11 15 18 8 20 5 – 4

Halomonas halophila CCM 3662 8 – 10 – 10 16 17 6 20 6 – 6

Halomonas marina ATCC 25374 8 – 10 – 10 14 17 8 20 6 – 4

Halomonas pacifica ATCC 27122 8 – 9 – 12 15 18 7 20 5 – 4

Halomonas pantelleriense DSM 3051 7 – 10 – 10 14 17 7 19 5 – 4

Halomonas salina ATCC 49509 8 – 11 – 10 15 17 7 19 6 – 4

Halomonas subglaciescola ACAM 12 7 – 10 – 9 14 17 7 20 6 – 5

Halomonas variabilis DSM 3051 7 – 9 – 10 15 17 8 20 6 – 5

Halomonas venusta ATCC 27125 7 – 12 – 13 16 18 7 18 5 – 4

Salinivibrio costicola NCIMB 701 8 – 10 – 11 15 18 8 20 6 – 5

Marinomonas communis DSM 5604 10 – 9 – 12 15 17 8 22 5 – 5

Marinobacter hydrocarbonoclasticus ATCC 49840 8 – 8 – 13 17 18 9 22 5 – 5

ATCC, American Type Culture Collection; CCM, Czech Collection of Microorganisms; DSM, Deutsche Sammlung von Mikroorganismen; ACAM,

Australian Collection of Antartic Microorganisms; NCIMB, Natural Collection of Industrial Food and Marine Bacteria.
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either struvite or carbonate was detected in the control

experiments. A significant rise in pH occurred in both liquid

and solid cultures with living bacteria, from the original pH

7.2 of the medium up to c. 9. No change in pH was detected

in the control experiments.

EDX microanalyses of isolated single struvite crystals and

of bioliths from samples with different mineralogies confirm

the XRD results (Fig. 1). The stoichiometry of struvite

crystals is well defined by a nearly constant intensity ratio

of P and Mg (Fig. 1a and b). Figure 1b shows a struvite

crystal with a low content of Ca21. This crystal was

precipitated in MEC1 medium, which has a low content of

Ca21. EDX spectra of carbonate bioliths indicate that some

of them are composed of calcium carbonate. Minerals

Table 3. Mineralogy of the precipitates derived from the XRD analysis

Medium Mineral (%) d104 (Å) for carbonate �Formula for carbonate

ME Struvite (100%) – –

MEC1 Struvite (100%) – –

MEC2 Struvite (40%), Mg-calcite (60%) 2.949 Ca0.71Mg0.29CO3

MEC3 Struvite (30%), Mg-calcite (70%) 2.976 Ca0.80Mg0.20CO3

MEC4 Struvite (20%), Mg-calcite (80%) 2.996 Ca0.87Mg0.13CO3

MC Calcite (100%) 0.303 CaCO3

�The formulas for carbonate minerals were obtained from the d104 peak of the diffraction spectra according to Lumsden (1979).

Fig. 1. EDX spectra of the mineral precipitates: (a) struvite (ME medium); (b) struvite with low content of Ca (MEC1 medium); (c) high Mg-calcite biolith

with abundant organic matter (MEC2 medium); (d) Mg-calcite (MEC3 medium); (e) low Mg-calcite (MEC4 medium); and (f) calcite (MC medium).
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precipitated in the MC medium are composed of calcite

(Fig. 1f), whereas variable amounts of Mg21 and Ca21 are

present in those formed in MEC2, MEC3 and MEC4 media,

varying from high Mg-calcite (Fig. 1c and d) to low Mg-

calcite (Fig. 1e) in accordance with the XRD study (see Table

3). Small amounts of P and Cl� are usually present together

with Ca21 and Mg21 in the microanalyses of the carbonate

bioliths formed in the media, but their occurrence is

interpreted to be directly derived from the elements of the

culture medium, as a result of incomplete washing of dead

bacterial remains and pellicles together with organic matter

from the culture medium.

In all cultures, the size and quantity of crystals increased

with longer incubation times. With increasing Ca21 ion

concentration in the culture media, we observed that: (1) the

Mg21 content in calcite decreased (see Fig. 1c–e and Table

3); (2) the time required for struvite precipitation increased

(Table 2) and the amount of precipitate decreased (Table 3);

and (3) the time required for carbonate precipitation

decreased (Table 2) and the amount of precipitate increased

(Table 3). Another observation worth mentioning is that

struvite formed before carbonate in the MEC2 medium,

whereas carbonate formed before struvite in the MEC3 and

MEC4 media.

Normally, struvite precipitation began at the edge of the

bacterial mass, and within a short time more crystals

appeared until they completely covered the bacterial mass.

We observed crystals of struvite with a variety of morphol-

ogies, the most common having a tabular form (Fig. 2). In

general, carbonate precipitation began at the edge of the

bacterial mass, forming a ring that grew wider with incuba-

tion time. Spherulites were the most frequent morphology,

although we observed other morphologies, such as dumb-

bells (Fig. 3). Smooth and rough surfaces were observed for

the spherulites, as well as some with fibrous internal

structures.

Table 4 shows the mineral phases with SI values positive

or very close to 0 (above or below the equilibrium point),

suggesting the possibility for inorganic precipitation in the

media assayed. These SI data were obtained by applying the

geochemical computer program PHREEQC to the ionic com-

position of the various culture media (Table 4). According

to these data, the ME medium (without Ca21) is under-

saturated in hydromagnesite and saturated in struvite. The

MC medium (without Mg21) is saturated in calcite and

aragonite and supersaturated in hydroxyapatite. The MEC1,

MEC2, MEC3 and MEC4 media is saturated in aragonite,

calcite and dolomite and supersaturated in hydroxyapatite

and struvite. The increase of calcium concentration slightly

favours the formation of aragonite, calcite, dolomite and

hydroxyapatite.

The growth and pH curves of the four selected bacteria in

the ME and MC media are shown in Fig. 4. In all cultures,

we observed mineral precipitation in the stationary phase.

In both media and for all four bacteria investigated we

observed a decrease in pH at the beginning of the culture

experiments owing to the bacterial degradation of acetate

and glucose, which produces elevated concentrations of

CO2. Subsequently, alkalinization of the media occurred as

a consequence of the ammonium released by the bacterial

degradation of peptones and yeast extracts with increasing

pH. The precipitation of both struvite and calcite occurred

when the media became alkaline.

Discussion

Bacterial precipitation of carbonate and
phosphate: Influence of Ca21 and Mg21 ions

Stumm & Morgan (1996) linked the C and P cycles,

describing the transformation of calcite into apatite as a

function of pH and phosphate concentration in the med-

ium. In the present study, we also link the C and P cycles, as

we observe Mg-calcite and struvite coprecipitation in the

same bacteria cultures. In addition, we discuss how phos-

phate mineral precipitation favours carbonate precipitation

and vice versa.

Biologically induced biomineralization is defined as a

process of mineral formation by organisms in an open

medium without the participation of macromolecules or

specific cells (Lowenstam & Weiner, 1989). In accordance

with this definition, the processes described in this study can

be considered as biologically induced biomineralization

because the chemical modifications of the medium create

suitable conditions for mineral precipitation as a result of

the metabolic activity of these microorganisms and ions

concentration in the external envelopes of the bacteria.

Biologically induced precipitation has been previously de-

scribed for carbonate and calcium phosphate minerals

(Benzerara et al., 2004; Rivadeneyra et al., 2004).

Rivadeneyra et al. (1983) observed in experiments with

nonhalophilic bacteria that all the bacteria that mediated

struvite precipitation were also capable of precipitating

carbonate, but not the reverse. This indicates that the

bacteria are more suited for carbonate precipitation than

for struvite precipitation. In contrast, all the moderately

halophilic bacteria investigated in the present study are

capable of promoting the precipitation of both struvite and

carbonate minerals. This result suggests that moderately

halophilic bacteria are probably more adapted for the

precipitation of struvite than are nonhalophilic bacteria.

However, our results are also consistent with those of

Rivadeneyra et al. (1983), because in the MEC2, MEC3 and

MEC4 media we observed the precipitation of Mg-calcite,

even though the media have high Mg21 concentrations,

which has been shown to have an inhibitory effect on the
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nucleation and growth of calcite (Morse, 1983; Rivadeneyra

et al., 1985a b; Ferrer et al., 1988; Rivadeneyra et al., 1991).

Carbonate minerals did not form either in the medium ME

(without Ca21) or in the medium MEC1, which had a very

low Ca21 ion concentration (0.11 g L�1) and a high Mg21/

Ca21 ratio (13.2). In addition, comparing the precipitation

of struvite with carbonate precipitation in their specific

media (ME and MC, respectively), all bacteria produced

large amounts of carbonate relative to struvite, and the

precipitation of carbonate minerals was initiated before the

precipitation of struvite (Table 2).

On the other hand, it has previously been reported that

the presence of Ca21 and CO3
2� ions in media in which

struvite precipitates can lengthen the induction time

Fig. 2. Morphology of struvite crystals as observed by scanning electron microscopy (SEM): (a) overview showing struvite and carbonate crystals; and

(b–f) isolated struvite crystals with different morphologies.
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preceding the first occurrence of crystals and affect the

growth rate negatively (Bouropoulos & Koutsoukos, 2000;

Kofina & Koutsoukos, 2005). Moreover, in the biological

precipitation of struvite, Ca21 ions make struvite precipita-

tion difficult and even inhibit it (Beavon & Heatley, 1962;

Rivadeneyra et al., 1983). In part, our results confirm this

observation. When the Ca21 ion concentration is increased,

the precipitation of struvite is slower, bacteria generally take

longer to induce precipitation, and the amount of precipi-

tate is smaller than without Ca21 ions in the medium.

Fig. 3. Morphology of carbonate crystals as observed by scanning electron microscopy (SEM): (a) overview showing a mixture of morphologies; (b)

dumbbell-shaped crystal; (c) smooth-faced spherical crystal; (d) rough-faced spherical crystal; (e) spherical crystal with fibrous internal structures; and (f)

broken spherical crystal showing fibrous and cracked interior.
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Besides, in the MEC4 and MEC3 media with higher con-

centrations of Ca21 ions, the precipitation of struvite always

occurs after the precipitation of carbonate. Some authors

have shown that the inhibitory effect of Mg21 ions on calcite

precipitation is significantly lower with moderately halophi-

lic bacteria than with nonhalophilic ones (Ferrer et al., 1988;

Rivadeneyra et al., 1994). Similarly, our results indicate that

the effect of Ca21 ions on struvite precipitation may be less

inhibitory with moderately halophilic bacteria than with

nonhalophilic ones, which is indicated by the fact that all

bacteria investigated are capable of forming struvite with

variable Ca21 concentration in the medium. Although the

increase of Ca21 ion concentration negatively affects the

precipitation of struvite, in all cultures assayed, a consider-

able amount of struvite was produced.

Mechanisms of precipitation of carbonate and
phosphate minerals

Bacteria can serve as a nucleus for mineral precipitation by

adsorbing cations around the cellular surface membrane,

cell wall or extracellular polymeric substance (EPS) layers

(Morita, 1980; Ferris et al., 1991; Braissant et al., 2003).

According to Rosen (1987), however, the bacterial Ca21

pump is located towards the exterior of the cell, and the

Mg21 pump towards the interior. In addition, the Ca21 ion

is adsorbed more frequently than the Mg21 ion on the

negatively charged cellular envelope of the bacteria because

it has a greater power for ionic selectivity (Wolt, 1994; Maier

et al., 2000). All these observations could explain the major

tendency for the precipitation of carbonate minerals before

struvite. Nevertheless, in the same culture, different bacteria

mediate the precipitation of different proportions of stru-

vite, calcite and Mg-calcite. Furthermore, the Mg-calcite

contains variable Mg concentrations, depending on the

bacteria used and the medium assayed (Table 3; Fig. 1c–e).

These observations lead us to conclude that there exist

differences among bacteria concerning the capacity of their

cellular envelope to adsorb variable concentrations of Ca21

and Mg21 ions, which is in agreement with Rivadeneyra

et al. (2004), who proposed that different bacteria can create

microenvironments with different proportions of Ca21 and

Mg21 ions leading to the precipitation of different minerals.

Rivadeneyra et al. (1992b) proposed a mechanism for

struvite precipitation in which the adsorption of Mg21 and

PO4
3� ions, together with the release of the NH4

1 ion, may be

responsible for its formation. Another similar suggested

mechanism for the precipitation of carbonates both in

natural environments (Ehrlich, 2002) and in laboratory

culture experiments (Rivadeneyra et al., 1996, 2004;

Sánchez-Román et al., 2007) proposes that bacteria induce

precipitation owing to the adsorption of Ca21 and/or Mg21

ions together with the production of CO3
2� and NH4

1 ions

with increasing pH. A similar mechanism may occur in our

cultures because the media used in the present study contain

Ca21 and/or Mg21 ions, as well as acetate, glucose, peptone

and yeast extract as organic matter. The metabolization of

this organic matter produces CO3
2�, NH4

1 and PO4
3� ions,

which are required for the precipitation of struvite and

carbonate minerals.

With both mechanisms, the metabolic activity of the

bacteria is extremely important because it supplies the ions

necessary for the formation of the minerals, namely NH4
1

and PO4
3� for struvite or CO3

2� for carbonates. Moreover, the

appropriate microenvironment is created for precipitation,

i.e. increased pH and/or ionic concentration. The impor-

tance of the metabolic activity in the process of biominer-

alization is supported by the fact that no precipitation was

observed in the control experiments without bacteria or

with autoclaved bacterial cells. This demonstrates that

bacteria are not simply heterogeneous nuclei for precipita-

tion but are active mediators in the process.

Based on the above results, the compounds degrading

first in these cultures are acetate and glucose, with the

consequent saturation of the media in CO2 and a decrease

of pH (Fig. 4a). Subsequently, the degradation of peptones

and yeast extract takes place, supplying NH4
1 and PO4

3� ions

and leading to an increase of pH, as observed in both solid

and liquid culture experiments. The changes occurring in

the media, together with the concentration of ions in the

cellular envelopes, will drive local oversaturation of such

ions, leading to carbonate and struvite precipitation.

Table 4. Saturation index values (SI) for minerals in all media assayed. Results are from the geochemical computer program PHREEQC

Mineral phase

Culture medium

ME MEC1 MEC2 MEC3 MEC4 MC

Halite, NaCl �1.75 �1.75 �1.75 �1.75 �1.75 �1.75

Hydromagnesite, Mg5(CO3)4(OH)2 � 4H2O �9.01 �8.92 �8.85 �8.72 �8.49 –

Struvite, MgNH4PO4 � 6H2O 11.23 11.22 11.21 11.20 11.17 –

Aragonite, CaCO3 – �0.12 0.22 0.54 0.90 0.64

Calcite, CaCO3 – 0.02 0.36 0.68 1.04 0.78

Dolomite, CaMg(CO3)2 – 1.46 1.81 2.17 2.59 –

Hydroxyapatite, Ca5(PO4)3OH – 4.96 6.53 7.95 9.36 9.88
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The results from XRD studies of the minerals precipitated

and from geochemical studies of the culture media (Tables 3

and 4) show the following. (1) In the MC medium (without

Mg21), the geochemical conditions should be ideal for the

formation of aragonite, calcite and particularly hydroxyapa-

tite. In spite of this, only calcite precipitated in the MC

medium. (2) In the MEC1, MEC2, MEC3 and MEC4 media

(with various concentrations of Ca21 and Mg21 ions),

aragonite, calcite, dolomite, hydromagnesite and mainly

hydroxyapatite and struvite should precipitate. However, in

the MEC1 medium, only struvite precipitated, and in the

MEC2, MEC3 and MEC4 media, Mg-calcites and struvite

precipitated. These results clearly show that bacteria exert

some control in the process of precipitation. Thus, in media

with high enough concentrations of Ca21 ions, the bacteria

investigated promote the precipitation of Mg-calcite or

calcite instead of hydroxyapatite. Furthermore, these results

suggest that, in media with high enough concentrations of

Mg21 and Ca21 ions (as well as of CO3
2�, NH4

1 and PO4
3�

ions), the bacteria induce further calcium–magnesium car-

bonate precipitation instead of struvite.

We propose that the sequence of organic matter degrada-

tion detailed above could also be responsible for the results

obtained. First of all, a high CO2 concentration is produced,

which will lead to carbonate precipitation before a phos-

phate concentration for hydroxyapatite and/or struvite pre-

cipitation is obtained. We also have to take into account that

in the first bacterial culture stages a large proportion of the

phosphate released from the organic matter is used for

bacterial growth, and such ions will be available for mineral

precipitation only after the bacteria die. In accordance with

this, in the bacteria growth curves (Fig. 4), we observe that

struvite precipitation occurs at an advanced stage of the

stationary phase and that all the bacteria strains investigated

Fig. 4. Growth (a) and pH (b) curves of four selected bacteria in ME and MC media. Arrows indicate the starting of precipitation in each culture.
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induce calcite precipitation before struvite precipitation.

Moreover, we must consider that, in media with high Mg21

and NH41 ion concentrations, struvite precipitation will

inhibit apatite precipitation and/or the transformation of

calcite into apatite, as the amount of available phosphate

will decrease.

The geochemical study supports this hypothesis because,

if the final concentrations of NH4
1 (1.73 g L�1) and PO4

3�

(0.46 g L�1) obtained after the metabolization of organic

matter were available in all the media, struvite and/or

hydroxyapatite should precipitate. However, other habitats

with available phosphate and different sources of organic

matter can modify the sequence of precipitation and/or the

proportion of the precipitates. For example, in renal calculi

or in urinary agregates, struvite is frequently found together

with small amounts of apatite and calcite (Griffith et al.,

1976; Cox et al., 1989). This is also the case for certain

marine sediments (Stumm & Morgan, 1996).

All the points detailed above could explain the differences

often found between mineral precipitation induced by

different microorganisms in different habitats and in pure

inorganic media. Due to the fact that the bacteria, according

to their metabolism and ability to concentrate ions inside

their cells and/or in their cellular surface, modify the

chemical composition of the media, creating microenviron-

ments that favour the precipitation of different minerals,

which are not expected to precipitate in inorganic media.

The mineral precipitation in a given habitat is influenced by

the mineral composition of the habitat and by the amount

and kind of existing organic matter.

Our results also confirm that solid media hinder the

precipitation of aragonite, as previously noted (Rivadeneyra

et al., 1985a). In spite of the fact that most media were saturated

with respect to aragonite, aragonite crystals never formed.

All the above-mentioned observations and the fact that in

all cultures the size and quantity of crystals increased with

increasing incubation time lead us to propose that, in MEC3

and MEC4, the precipitation of calcium and magnesium

carbonates removes sufficient numbers of CO3
2� and Ca21

ions (increasing the Mg21/Ca21 ratio) to facilitate struvite

precipitation. At the same time, the precipitation of struvite

removes Mg21 and PO4
3� ions from the medium, leading to

a major precipitation of carbonates. It should be noted that

Ca21 and/or CO3
2� ions hinder the precipitation of struvite

(Bouropoulos & Koutsoukos, 2000; Kofina & Koutsoukos,

2005), while Mg21 and PO4
3� ions hinder the precipitation

of calcite (Morse, 1983; Rivadeneyra et al., 1985a, b,1991). In

the MEC2 medium with a low Ca21 ion concentration

(0.23 g L�1) and high Mg21/Ca21 ratio (7.4), the sequence

of precipitation is inverted, indicating, possibly, that the

removal of Mg21 ions via struvite precipitation and the

consequent decrease of the Mg21/Ca21 ratio promote

carbonate precipitation. In the MEC1 medium, with very

low Ca21 ion concentration (0.11 g L�1) and high Mg21/

Ca21 ratio (13.2), only struvite precipitated, suggesting that,

possibly, the incubation time (30 days) was not long enough

to modify the medium and induce carbonate precipitation.

Morphology of the precipitates

Struvite and carbonate crystals have distinctly different

morphologies, as is shown in Figs 2 and 3. In general,

struvite crystals have polyhedral, pseudo-polyhedral or

branching shapes, whereas carbonate crystals have spherical

or dumbbell shapes. Other authors have observed similar

morphologies for struvite (Rivadeneyra et al., 1983,1992a;

Ben Omar et al., 1996) and carbonates (Ferrer et al., 1988;

Buczynski & Chafetz, 1991; Rivadeneyra et al., 1994; Vas-

concelos & McKenzie, 1997; Castanier et al., 1999; Rivade-

neyra et al., 2004; Sánchez-Román et al., 2007). It is notable

that phosphate and carbonate minerals formed in different

cultures. Although the morphology alone is not a valid

criterion for the identification of minerals, it can be used to

select the best method to recover and purify the crystals.

Whereas washing in boiling water is the best method to

remove the solid agar media from the carbonate crystals,

this method would lead to dehydration of the struvite and to

problems with its identification.

Buczynski & Chafetz (1991) suggested that dumbbell

morphologies are unique to bacterially induced precipitates

and that carbonate spherulites are the final stage of dumb-

bell growth. The investigated biocarbonate precipitates show

both spheroidal and dumbbell morphologies, although the

bioliths most frequently have a spherical shape and a fibrous

radiated interior. The morphologies observed appear to be

unique in that they are not specific to any particular

bacterial genus or environment. They are also common to

other biogenic carbonates, such as dolomite and aragonite

(Vasconcelos & McKenzie, 1997; Rivadeneyra et al., 2000;

Sánchez-Román et al., 2007). Thus, the morphology of the

bacterial precipitates may have important implications for

the recognition and interpretation of microbial-mediated

carbonate sediments and associated marine or continental

microcrystalline carbonate cements, and contributes sub-

stantially to our understanding of recent carbonate forma-

tion and, possibly, to the identification of bacterial activity

in the rock record.

Coprecipitation of carbonate and struvite:
implications for natural environments

In this study we have observed that the carbon and

phosphorus cycles are interrelated during biomineraliza-

tion. In some media (e.g. MEC4 and MEC3), the precipita-

tion of struvite is possible after the precipitation of

carbonates. In other media, such as MEC2, conditions for

the precipitation of carbonates are created after the
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precipitation of struvite. Although the main focus of the

present study was not mineral precipitation in natural

environments, we propose that our experimental observa-

tions provide information that could be used to interpret the

role of microorganisms in diagenetic processes resulting in

carbonate and phosphate precipitation in nature.

The fact that microorganisms play an important role in

mineral precipitation in natural habits is widely accepted by

many scientists, particularly the observation of bacterial

carbonate precipitation by different mechanisms and in

different environments (Ehrlich, 2002). However, studies of

struvite precipitation and its ecological implications are

rare, which may be a result of the scarcity of this mineral in

natural environments and ancient rocks. We propose that

the coprecipitation of carbonate and struvite may occur in

nature, as in our laboratory culture experiments, when the

natural conditions are suitable for the precipitation.

In nature, the carbonate minerals persist, and struvite,

being less stable, is dissolved and/or transformed to another

more stable mineral. It is probably for this reason that we

rarely find struvite occurring in nature. In fact, struvite only

persists in environments with a continuous and/or high

supply of organic matter (barns and cemetery soils, lakes

rich in organic matter, etc.), which results in a high and

continuous precipitation of the mineral, or in the case of the

kidney stones due to their ultrastructure, size and habitat.

Nevertheless, in most natural environments with low and/or

intermittent supplies of organic matter, struvite will form

but will not persist. If this hypothesis is correct, the

precipitation and subsequent dissolution of struvite might

have an important role in the retention and/or maintenance

of the bioavailability of PO4
3�, NH4

1 and Mg21 ions in soils

and sediments. In fact, the excellent properties of struvite as

a fertilizer have been confirmed (Priestley et al., 1997), and

at present there are numerous research projects focusing on

the controlled precipitation of struvite and its later utiliza-

tion as a fertilizer (Booker et al., 1999). Finally, the pre-

cipitation of struvite, even if transitory, would contribute to

carbonate precipitation in natural environments rich in Mg

and organic matter, as observed in our culture experiments.
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