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MICROBIAL KINETIC CONTROLS ON CALCITE MORPHOLOGY IN SUPERSATURATED SOLUTIONS
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Division of Geological and Planetary Sciences, California Ingtitute of Technology, Pasadena, California 91125, U.SA.
e-mail: dkn@gps.caltech.edu

ABsTRACT:  Recognizing microbial imprintsin the morphology of cal-
cium carbonate minerals that form in very supersaturated solutions
containing a high level of dissolved inorganic carbon (DIC) is chal-
lenging. To better define criteria for this purpose, we have analyzed
the influence of sulfate-reducing bacterium Desulfovibrio desulfuricans
strain G20 on the morphology of calcite in such solutions. G20 does
not induce large shifts of pH or alkalinity under these conditions, but
its uptake of millimolar sulfate and lactate decreases the number of
anhedral crystals and stimulates growth of subhedral spar crystalsrel-
ative to the abiotic controls. In addition, organic compounds associated
with the basal growth medium, purified exopolymeric substances pro-
duced by G20 and lypopolysaccharide, stimulate the growth of anhed-
ral crystals and crystals with rounded edges at low supersaturation
index (SI) of calcite. The effect of organic compounds is reduced at
higher SI, where rhombohedral habits dominate. Our results suggest
that the local production and uptake of kinetic inhibitors within mi-
crobial biofilms may be an important control on calcite morphology in
super saturated solutions.

INTRODUCTION

Finding unique microbial morphological biomarkers in the most ubig-
uitous calcium carbonate minerals (calcite and aragonite) is a challenging
but essential step toward understanding the parallel evolution of life and
the environment on Earth (Grotzinger and Knoll 1999), and beyond (Thom-
as-Keprtaet a. 1998). Microbia signaturesin these minerals are often only
putative because a variety of hiological and abiatic processes can readily
alter the solution chemistry and result in similar carbonate morphologies.

In inorganic solutions that contain only calcium and carbonate sdlts, the
amount and the morphology of calcium carbonate minerals depend on the
supersaturation index (SI) of these minerals and their precipitation rate
(Fernandez-Diaz et a. 1996; Given and Wilkinson 1985; Gonzalez et a.
1992). The supersaturation index [SI] of a minera is a measure of how
much a solution departs from the thermodynamic equilibrium with respect
to the precipitation of that mineral (Stumm and Morgan 1996). The S| of
cacite is defined as log(IAP/IK), where IAP is the ionic product of calcium
and carbonate and K is the solubility constant of calcite (K = 10-848),
The same analysis applies to other polymorphs of calcium carbonate such
as aragonite, taking into account their different solubility constants (K for
aragonite is 8.33). Most natural solutions contain ions such as magnesium,
sulfate, and phosphate that act as kinetic inhibitors of celcite precipitation
and alter its morphology (Berner and Morse 1974; Davis et a. 2000; Fer-
nandez-Diaz et a. 1996; Tracy et a. 1998).

Multiple microbial mechanisms can influence the amount and shape of
calcium carbonate minerals in solutions that are not highly supersaturated
with respect to calcium carbonate such as modern seawater and marine
sediments, caves, and soils. Microbes can change the Sl of calcium car-
bonates, take up and secrete various kinetic inhibitors, or bind calcium and
magnesium ions on their negatively charged outer surfaces (Braissant et al.
2003; Buczynski and Chafetz 1991; Contos et a. 2001; Kawaguchi and
Decho 2002; Krumbein 1978; Roberts et al. 2004; Rodriguez-Navarro et
al. 2003; Schultze-Lam et a. 1996; Van Lith et a. 2003; Visscher et al.
2000; Warthmann et a. 2000). In highly supersaturated environments that
contain a lot of dissolved inorganic carbon (DIC) such as soda lakes and
hot springs, microbial biofilms can leave morphological signatures (Arp et
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al. 1998; Arp et a. 1999; Chafetz et a. 1991; Folk et a. 1985), athough
the amount of precipitated carbonates is not predicated upon metabolic
shifts of SI (Arp et a. 2001; Bosak and Newman 2003). Some of these
signatures have been confirmed by laboratory experiments (Bosak et dl.
2004), but how various microbes interact with carbonate minerals in the
presence of high DIC deserves more experimental attention.

Investigating the effects of sulfate reduction on calcite precipitation in a
medium with high initial S, high DIC, and little sulfate, we noticed that
calcite crystals in the cultures of metabolically active Desulfovibrio desul-
furicans strain G20 had different shapes than the crystals in the G20 growth
medium without bacteria. Because carbonate rocks from the early Earth
apparently precipitated from much more supersaturated solutions that con-
tained little sulfate relative to the modern-day oceans (Anbar and Knoll
2002; Grotzinger and James 2000; Grotzinger and Knoll 1999; Habicht et
al. 2002), little sulfate and high DIC in our experimental solutions are
relevant not only for modern-day high-DIC environments but also for the
early Earth. Here we describe some of the mechanisms by which G20, its
cellular fractions, and its metabolites can ater calcite morphology as an
initial step in the development of a model system in which to study inter-
actions between biofilms and accreting carbonate minerals. Our objective
is to understand the relative importance of inorganic versus microbia pro-
cesses that influence the formation of calcite crystal habits in solutions
where substantial precipitation occurs regardless of microbia activity.

MATERIALS AND METHODS
Bacterial Strain, Culture Medium, and Experimental Conditions

D. desulfuricans strain G20 was generously provided by Judy Wall (Uni-
versity of Missouri). All precipitation experiments were carried out under
an anaerobic atmosphere of 0.8 atm N,, 0.15 atm CO,, and 0.05 atm H,
in bicarbonate-buffered anaerobic G20 basal medium at 25°C. The com-
position of the basal medium is described in Table 1. The Sl of our solu-
tions was changed either by changing the pH of the medium (thus changing
the amount of carbonate ion) or by modifying the activity of the calcium
ion. To that end, we either established the pH from 6.8 to 8.0 in diquots
of the basal medium by adding 1 N HCI or 10 N NaOH or added CaCl,
to diquots of the basal medium to afina concentration from 5 to 20 mM
at aconstant pH (7.5). While these pH values are lower than some estimates
of the marine pH in the Precambrian (Arp et a. 2001), they are consistent
with the estimates of Grotzinger and Kasting (1993) and the high pCO,
inferred by Ohmoto et a. (2004). 20 mM calcium concentration is high
relative to the modern seawater (10 mM), but calcium concentrations even
higher than 20 mM are consistent with calcium levels required to support
the calcification of cyanobacteria filaments at various times in the Earth’s
history (Arp et a. 2001).

The standard G20 growth (and precipitation) medium contained 1 mM
sulfate and 3 or 10 mM lactate (further specified in the text). Although
much higher concentrations of sulfate and lactate (~ 20 mM and ~ 50
mM, respectively) are commonly used to grow sulfate-reducing bacteria,
we used these low concentrations in keeping with the low sulfate concen-
trations inferred for the Precambrian oceans (Anbar and Knoll 2002; Ha
bicht et a. 2002) and our previous work that investigated the influence of
sulfate reduction on carbonate precipitation in such oceans (Bosak and
Newman 2003). Microscopic counts of cells stained by 4’,6-Diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich) confirmed that biomass doubling
could occur even with 1 mM sulfate in the medium.
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Fic. 1.—Calcite morphology in the presence of metabolicaly active G20 differs
from that in sterile and UV-inhibited controls. The arrows in al images indicate
typical rhombohedral crystals and twins. The circles in al images indicate spar
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To investigate the effect of organic additives in the basal medium on
calcite morphology, we made a solution that contained al of the inorganic
constituents (Table 1) but lacked the organic compounds (yeast extract,
vitamins, cysteine, and lactate). We conducted precipitation experimentsin
aliquots of the inorganic basal medium whose initial pH varied from 6.4
to 8.2. This experiment was repeated twice.

To obtain a dense bacterial inoculum for the precipitation experiments,
G20 was grown with 3 mM Na-sulfate (growth-limiting concentration) and
10 mM Nalactate as the electron acceptor and donor, respectively. The
UV treatment consisted of exposing bacteria to UV light for 5 minutes on
a Foto/Convertible™ transilluminator (Fotodyne Incorporated). To assay
the metabolic activity of UV-treated cells, we measured lactate and acetate
concentrations in untreated and UV-treated G20 cultures (with 3 mM initial
sulfate and 10 mM lactate) by Waters 717plus Autosampler HPLC (high-
performance liquid chromatograph) with an Aminex® HPX-87H column
by BioRad.

Extraction of G20 Cellular Fractions

We extracted the exopolymeric substances (EPS) produced by G20, its
outer envelopes, and the lypopolysaccharide (LPS) fraction of the outer cell
membrane to compare and contrast their in vitro effects on calcite mor-
phology.

To precipitate EPS, we grew 1 | of G20 with 20 mM Na-sulfate and 50
mM Na-lactate to a cell density of 1.5 X 108 cellsml. The early stationary
culture was then spun at 10,000 g a 4°C, the supernatants were mixed
with 3 volumes of cold isopropanol (4°C) and left to precipitate for 3 days
at 4°C (Beech et d. 1991). Precipitated EPS were diayzed for 48 hours
with nanopure water in a SpectraPor dialysis membrane with MS3500 mo-
lecular cutoff (Spectrum Laboratories, Inc.). Dialyzed EPS were lyophilized
and stored at —80°C.

To isolate the outer membranes from cultures in early stationary phase
(L5 X 108 cellgml), we centrifuged 1 | of cellsin 0.05 M HEPES (pH
7.5) at 10,000 g at 4°C for 30 minutes. Cell suspension (3 g/10 ml of 0.05
M HEPES) was then incubated on ice for 2 hours and centrifuged at 5,000
g and 4°C for 30 minutes (Feio et a. 1998). G20 was resuspended in 10
ml of 0.05 M HEPES to which we added 50 ug/ml DNAse (Roche), 1
mM MgCl,, and 10 wg/ml RNAse (Roche). The cell suspension was kept
on ice and sonicated for 5 minutes in 30 s pulses. The unbroken cells were
separated from the lysate by centrifugation at 7,000 g at 4C for 20 minutes.
The cytoplasmic extract was then separated from the cell membranes by
ultracentrifugation at 45,000 rpm (SW60 swinging bucket rotor on a Beck-
man Ultracentrifuge) at 4°C (Gerhardt et a. 1994) and the membranes were
stored at —20C. LPS was extracted from DNAse-, RNAse-, and lysozyme-
treated (Sigma) membrane fractions according to Gerhardt et a. (1994),
lyophilized, and stored a —20°C. The absence of RNA and DNA in the
membrane fractions was assayed by measuring the absorbance at 260 and
280 nm during successive rinses of the membrane fractions in nanopure
water on a Beckman DU7400 spectrophotometer.

The protein content of lyophilized EPS was assayed by the Bio-Rad
Protein Assay based on the method by Bradford (1976). The amount of
neutral carbohydrates in EPS was measured by the H,SO,—phenol method
using glucose as standard (Gerhart et a. 1994). The amount of uronic acids
was determined with m-hydroxydiphenyl in H,SO,/sodium tetraborate so-
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crystals with {04.1} faces. A) Sterile control without any cells. The twins appear to
have grown by reflection on {10.4} plane (arrow), and the rhombohedral spar crys-
tals have sharp edges (circle). B) Active G20. Many {04.1} rhombohedra (arrow)
have stepped faces, and al crystals have more rounded edges (circle). C) Twin and
spar crystals in UV-inhibited G20 cultures are similar to the crystals in sterile con-
trols shown in Part A. The dark gray aggregates in the background of Parts B and
C are bacteria. The scale bar in al imagesis 200 wm.
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Fie. 2—Scanning electron micrographs (SEMs) of representative calcite crystals precipitated in the presence of organic compounds in the order of increasing SI. A)
Cauliflower-like hemispherical precipitate at low Sl (0.5 = Sl = 1) formed by aggregates of bladed calcite with uneven edges (rectangle shows the area of the close-up
in 2B) and stepped curved planes. B) Close-up of Fig. 2A. Bladed calcite crystallites with irregular edges stabilized by organic molecules at low SI. The crystalites are
oriented in the same direction only locally but do not aggregate into a recognizable crystal face (arrows). The small, elongated, curved features are G20 cells. The scale
bar is 5 um. C) Double hemispherical precipitate at 0.5 = SI = 1. The arrows indicate curved planes (see a close-up in Part D). D) Curved, stepped planes are aso
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TasLe 1.—Bosak and Newman (2004)

Initid G20 G20 Medium
Component Growth Medium After 20 h Comment
Inorganic

pH 752 + 0,01 751 + 001

Alkdinity (meq) 80+ 1 7x1 Measured by Gran-titration using 0.8 M H,SO, (average of three separate tubes).

Ca 201+ 08 189 + 0.2 Measured by ICP-MS (average of three separate tubes). The same decrease in total Ca
was observed in another independent experiment.

S 2.067 2.036 The SI was modeled by MINEQL +, assuming an equilibrium with 0.15 atm CO, and
titrating by LiOH to obtain the measured pH (the pH of the actual medium was
adjusted by NaOH). The measured changes in pH, Ca, and C-alkalinity correspond
well to the expected changes in an open system modeled by MINEQL +. The pH
of the model medium was calculated by imposing electroneutrality condition.

SO, 1 ND ND: Known concentrations (in mM, unless stated otherwise) were added to the basa
medium and not measured afterward.

cl 56.5 ND Only Cl that was added with basal sdts, more HCI was added to adjust the pH.

K 05 ND

Mg 8 ND

Na 98 ND Only Na that was added with basal salts, more NaOH was added to adjust the pH.

NH, 05 ND

PO, 0.05 ND

SL12-B mineral solution (ml/l) 1 ND http:/www.dsmz.de/media/med028.htm

Organic

acetate 0 ND

lactate 10 ND

yeast extract (g/l) 015 ND

cysteine-HCl 14 ND

Vitamin solution (mli/l) 1 ND 4 mg 4-aminobenzoic acid, 1 mg D(+)-biotin, 10 mg nicotinic acid, 5 mg Ca-D(+)-

pantothenate, 15 mg pyridoxamine dihydrochloride, 10 mg thiaminium dichloride,
and 5 mg cyanocobalamine per 100 ml nanopure water

lution using D-glucuronic acid as the standard (Blumenkrantz and Asboe-
hansen 1973). Nucleic acid content in EPS was assayed qualitatively by
staining the EPS extract with ethidium bromide in a 2% agarose gel.

Precipitation Experiments

To study the influence of G20 metabolism on calcite morphology, 0.5
ml of untreated or UV-treated late exponential phase bacteria (cell density
5 X 107 cellsml) were centrifuged to remove the liquid phase. Washed
bacteria (either untreated or UV-treated) were resuspended in the fresh
culture medium (1 ml origina culture per 0.8 ml fresh medium) and trans-
ferred into 8-well LabTek® (NalgeNunc International) culture dishes with
coverdlip bottom (0.4 ml/well). The same amount of sterile medium without
bacteria was added to separate wells as a control. In the experiments with-
out bacteria, we added various chemicals or cellular fractions to the sterile
medium in the same culture dishes. Finally, CaCl, was added to each well
containing the precipitation medium (with or without cells) to a 20 mM
final concentration. The growth of calcite crystals was investigated after 20
hours by transmitted-light microscopy. All precipitation experiments were
performed at |east twice under each described condition. The calcium con-
centration was measured by inductively coupled plasma mass spectrometry
(ICP-MS) in dilute filtered samples (100 wl medium/10 ml 1% HNO,) in
triplicates.

Transmitted-Light, Confocal, and Scanning Electron Microscopy

The morphology of precipitates was examined by taking transmitted-
light micrographs from at least 10 different fields of view using a Zeiss
Axiovert S100 microscope. The crystals were point-counted to obtain per-
centages of specific morphologies. The crystals with intermediate mor-

phologies were assigned to both end-member morphologica classes. All
percentages were estimated from at least two independent experiments.

Flourescence confocal microscopy of G20 hiofilms was performed on an
inverted Zeiss Pascal LSM (laser scanning microscope). The biofilm sam-
ples were prepared for imaging as follows: biofilms were grown in the
growth medium for 20 h in 8-well LabTek® (NageNunc International)
culture dishes with coverdip bottom, the medium was then replaced by 0.5
M HEPES buffer, 2 ul dye (Live Dead® BacLight™ by Molecular Probes)
per 0.5 ml buffer, and the biofilms were incubated in the dark for 15
minutes before imaging. The fluorescence of the samples was excited at
488 nm.

EPS and bacteria were stained by the method of Allison and Sutherland
(1984).

C-coated precipitates were imaged by a LEO1550 VP field emission
scanning electron microscope operating at 2 kV at a 5 mm working dis-
tance.

Mineral Analysis

The crystal structure of the precipitates was determined by X-ray dif-
fraction using a Scintag diffractometer with Cu Ka (A = 1.5405 A). The
crystals were washed with 10% bleach and rinsed in nanopure water before
analysis. The crystallinity of samples was determined by looking at the full
width of the 104 Bragg calcite peak at half maximum (FWHM) (Klug and
Alexander 1954).

Chemical Modeling

Supersaturation index (SI) and cacium and carbonate activity coeffi-
cientsin the growth medium (see above) were calculated using MINEQL +

P

stahilized by organic additives in the basal medium at low SI. The scale bar is 3 wm. E) About 10% of the crystals at low S| had stabilized {10.0} faces. F) Twin (most
likely on {01.2}) with stabilized {10.0} faces and negative faces (arrow) that forms at 1 < S| < 1.5. G) Twin (probably on {10.4}) of rhombohedral crystals, 1 < S
= 1.5. H) Truncated spar crystal with stabilized {04.1} faces, 1.2 = Sl. I) Elongated rhombohedron with stepped growth aong {10.0}, 1.5 = SI = 2.0. J) Truncated
spar crystals with stabilized and stepped {04.1} faces form almost 50% of the precipitate at 2.0 = Sl. K) Rhombohedral habits with a smaller aspect ratio than in Part |
form at 2.0 = SI. L) Truncated rhombohedral habit with stabilized {10.0} faces. The scae bar in al images except for Parts B and D is 10 wm.
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Fic. 3—Cumulative stability diagram of characteristic calcite habits observed in
the basal medium (in the presence of organic compounds, |actate, sulfate, and G20).
For any Sl the total percentages of crystals add up to 100%, and the lines delineate
the fraction of this total that belongs to any particular crystal habit. The relative
percentages of crystals habits were obtained by counting the crystals from ten in-
dependent fields of view at each S in two independent experiments. The average
percentages of the three major classes measured in two independent experiments are
plotted as symbols. anhedra crystals (solid circles), rhombohedral crystals with
prominent {10.0} faces (hollow rectangles), and truncated rhombohedral crystals
with prominent {04.1} faces (solid triangles). The error bars show the data range.
The solid lines drawn through the points mark the regions of stability of each magjor
class. As the Sl increases, the anhedra habits give way to rhombohedra and trun-
cated rhombohedra. The arrow shows the observed difference in {04.1} stepped
crystals between the sterile controls and G20 cultures at SI = 1.9 (sterile controls
have ~ 14% fewer stepped crystals), and the dashed line shows where we would
expect the same percentage in G20 cultures (corresponding to SI = 0.9).

(Environmental Research Software), assuming an open system in equilib-
rium with 0.15 atm CO,. The appropriate pH value was established by
numerical titration by LiOH (to facilitate bookkeeping) or HCI. The com-
position of the modeled medium (Table 1, but without trace metdls, vita-
mins, yeast extract, and cysteine) was adjusted according to the laboratory
experiments (sulfate or lactate concentrations, etc.). The calcite saturation
constant used by the program is K, = 10-848 and the software calculated
the ionic strength of the medium from the supplied concentrations of the
ions in the medium, adjusting the equilibrium constants accordingly.

RESULTS AND DISCUSSION
Calcite Morphology in the Presence of Bacteria

X-ray diffraction analyses of the powdered samples confirmed that cal-
cite constituted at least 95% of the calcium carbonate precipitate in G20
basal medium under all tested conditions. Comparing active G20 and sterile
controls (without any bacteria) in two independent experiments, we found
that 18 = 2% of the total crystals in G20 cultures were truncated rhom-
bohedra with stepped faces as opposed to 3 += 1% in sterile controls (Fig.
1; dso see Fig. 2J for an SEM of a representative crystal). Under the
transmitted light, the edges of the {04.1} rhombohedrain G20 cultures also
appeared more rounded relative to the corresponding crystalsin sterile con-
trols (Fig. 1A, B, circled). Sterile controls, in turn, contained a higher
percentage of anhedral crystals or complex twin aggregates of crystalswith
stahilized {10.0} faces (Fig. 1B and Fig. 2E-G).

To test whether the observed changes were induced by G20's active
metabolism, we incubated UV-inhibited G20 at the same cell density as
the living G20 and compared the shapes of calcite at the end of the pre-
cipitation experiment. The UV-treated cells consumed only 0.79 = 0.03
mM lactate in 20 h. Because the reduction of 1 mole of sulfate is coupled
with the oxidation of 2 moles of lactate, it follows that the UV-treated cells
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consumed less than 0.5 mM of the available sulfate during the experiment.
Lactate and acetate concentrations in the untreated G20 cultures, on the
other hand, indicated that all available sulfate was consumed in 20 h. Thus,
the UV treatment significantly decreased the ability of G20 to carry out
dissimilatory sulfate reduction. Plate counts confirmed that the number of
viable cells in UV-treated cultures was at least 106 times lower than in the
origina stock, i.e., there were fewer than 108 viable cells per culture well
in UV-treated cultures. Given that G20 cell density increases about 10 times
in 20 h (the duration of the precipitation experiment), and that morpholog-
ical influence of G20 is discernible only at cell densities higher than 107
cellgml, even if growth occurs in the UV-treated cultures, the effects of
less than 10* cells/ml during the experiment would not be noticeable. In-
deed, we found that the precipitate formed in the presence of UV-inacti-
vated bacteria was similar to that in the sterile controls (Fig. 1C).

To understand how active G20 induced these changes in calcite mor-
phology, we wanted to establish whether we could induce comparable
changes by varying some basic chemical parameters in the growth medium
(SI and the presence of organic molecules and major metabolites).

Effects of Supersaturation, Sulfate, and Lactate on Calcite Morphology
in the Absence of Bacteria

Sl asa Control on Calcite Morphology.—Calcite morphology in G20
growth medium is strongly affected by SI. Figure 2 captures the most
representative crystal shapes precipitated in the G20 basal medium, al-
though we observed a small number of crystals with intermediate mor-
phologies as well. Overall, as Sl increased, the total number of crystals
increased and their grain size decreased because of an increase in the num-
ber of crystal nuclei. Distinctly anhedral large crystals formed at the lowest
pH vaues (0.5 = Sl = 1) (Fig. 2A-D). They were roughly hemispherical
(because of growth on a flat glass surface), created by stepped aggregates
of bladed crystals with irregular edges (Fig. 2A, B) and curved stepped
surfaces (Fig. 2C, D). At low to intermediate Sl (1 = Sl = 1.5), less than
10% of the crystals were distinctly anhedral. Instead, we found stabilized
{10.0} faces (Fig. 2E-G), negative faces (Fig. 2F), and twinned aggregates
(Fig. 2F, G). About 20% of the total crystals in this SI range were rhom-
bohedra, either truncated, with stabilized {04.1} faces (Fig. 2H), or elon-
gated, with recognizable {10.0} faces (Fig. 21). Truncated rhombohedral
grains with prominently stepped {04.1} faces (Fig. 2J) or with { 10.0} faces
(Fig. 2K, L) dominated at even higher initial SI (S| = 2.0). At highest S|
(SI = 2.5), most precipitate consisted of intergrown aggregates of {10.0}
and {04.1} rhombohedra grains. We observed this morphologica trend
both when we varied the total calcium concentration at a constant pH of
7.5, and when we varied the pH a a constant calcium concentration of 20
mM. Figure 3 shows the stahility diagram for the three major morpholog-
ical classes (in the presence of G20).

Metabolic Uptake of Sulfate and Lactate as a Control on Calcite
Morphology.—The most commonly described mechanisms by which mi-
crobes stimulate calcium carbonate precipitation are the change of local pH
(i.e., by photosynthetic uptake of carbon dioxide or by degradation of ami-
no acids) and an increase in the amount of dissolved carbonate ions. How-
ever, in the well-buffered cultures of actively metabolizing G20, pH did
not increase and DIC increased by only 2 = 1 meq (measured in the
absence of calcium) in the background of carbonate alkalinity of ~ 80
meg, as could be predicted for G20 cultures limited by 1 mM available
sulfate. Consequently, G20 could not increase the Sl by more than 0.1 S|
units (modeled by MINEQL + using the parameters in Table 1 and chang-
ing the total DIC by 2 mM, total sulfate by 1 mM, and total lactate by 2
mM). A much larger increase in S| (about 1 unit) is required to increase
the percentage of {04.1} crystals by 14% (Fig. 3), implying that the met-
abalically induced increase of the alkalinity and the pH could not account
for the observed differences in the shape of calcite crystals between G20
cultures and sterile controls. We therefore decided to test whether calcite
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Fic. 4—SEMs of calcite crystals precipitated in the presence and absence of organics in the basal medium. A) Inorganically precipitated calcite crystal at low Sl in the
absence of organic molecules. The scale bar is 10 um. B) Rhombohedral calcite twin precipitated in the absence of organic additives in the basal medium at intermediate
Sl. The scale bar is 20 m. C) Framboidal calcite aggregate precipitated at high SI. The scale bar is 20 wm. D) Rhombohedral calcite crystals within the aggregate from

C). The scale bar is 5 um.

morphology in the culture medium would change depending on the pres-
ence or absence of sulfate and lactate, substrates that are removed in active
cultures of G20, but whose concentrations remain constant in sterile con-
trols.

The presence of 2 mM sulfate in the medium without bacteria at SI =
1.2 increased the percentage of anhedral aggregates of bladed calcite (Fig.
2A-D) by about 50% relative to the medium without sulfate (two inde-
pendent experiments). The addition of 3 mM lactate to the basal medium
(SI = 1.5) without bacteria reduced the number of truncated rhombohedral
aggregates with stepped {04.1} faces and spars (Fig. 2H, J) by about 10%
each, and increased the number of aggregates twinned on {01.2} and
{10.4} (Fig. 2F, G) by about 20% (two independent experiments). The
presence of 2 mM sulfate and 5 mM lactate in the medium reduced the

crystallinity of calcite by 0.03 = 0.01 °26. Lower crystalinity of the crys-
tals grown with sulfate and lactate indicates either the presence of smaller
crystallites or the presence of more crystal defects in the XRD sample.
Even higher amounts of sulfate and lactate that are used in standard media
for sulfate reducers (20 mM and 10 mM, respectively) reduced the total
number of calcite crystals by as much as 50% (two independent experi-
ments) and stimulated the growth of only hemispherical precipitates (Fig.
2A, D). The growth of cacite in the presence of sulfate and lactate a a
given pH therefore resembled the growth of calcite in the absence of these
ions, but at a lower initial pH.

Negatively charged ions like sulfate and lactate can affect calcite mor-
phology by lowering the Sl as they complex calcium ions and lower the
pool of free calcium ions available for calcite precipitation (Stumm and
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Fic. 5—G20 forms thin biofilms and secretes exopolymeric substances (EPS) in calcite-precipitating cultures. A) Confocal micrograph showing the attachment of
fluorescently stained G20 to calcite crystals (dark dumbbell shapes marked by white arrows). G20 prefers the calcite crystals to the surrounding glass surface. The scale
bar is 20 um. B) EPS (carbohydrates) were detected only in the centers of denser microcolonies. EPS is the dark gray substance (black arrow). C) Duplicate controls slide
with G20 biofilms grown and stained with a general bacteria stain asin Part B. EPS on this slide were not precipitated before staining. The scale bar in Parts B and C is
10 wm.

Morgan 1996). Alternatively, they can be incorporated into the crystal lat-
tice of growing calcite crystas, kineticaly inhibit crystal nucleation, the
growth of specific faces (Teng et al. 1998), or increase the number of
defects in the crystal lattice. To distinguish between complexation and ki-
netic inhibition, we modeled the concentration of free calcium ions after
complexation by sulfate and lactate in our medium by MINEQL + (assum-
ing the medium composition as described in Table 1 and varying the
amount of Na-sulfate and Na-lactate). According to the model, the addition
of 3mM Nalactate or 2 mM Na-sulfate would reduce the available calcium
in the basal medium by less than 0.3 mM. Because we had to decrease the
initial concentration of calcium in our actual solution by much more (4
mM) to reproduce the same morphological changes, we conclude that com-
plexation of the calcium ion by 3 mM lactate or by 2 mM sulfate cannot
fully account for the observed changes in the calcite crystal habit. More
likely, sulfate and lactate in G20 growth medium inhibit calcite growth
kinetically. The observed changes of calcite morphology in active G20
cultures are thus consistent with the removal of sulfate and |actate askinetic
inhibitors.

Hemispherical Crystal Habits Stabilized by Organic Compounds at
Low SI.—The prevalence of anhedral, hemispherical crysta habits at the
lowest SI (Fig. 2A-D) contrasts many reports of calcite precipitation in
inorganic solutions that find or predict spars a low S, and curved faces
and spherical habits at high SI (Fernandez-Diaz et al. 1996; Gonzalez et
a. 1992; Tiller 1991). We hypothesized that the hemispherical habits at
low Sl developed under the influence of organic additives (0.05% by

weight) in the basal medium. Indeed, when al the organic compounds were
omitted from the basal medium (see Methods section), we did not observe
hemispherical aggregates of bladed calcite (Fig. 4A-D). While inorgani-
cally precipitated calcite at high Sl formed rounded aggregates (at 50-100
um scale), the crystalites that formed them were recognizably rhombo-
hedra (Fig. 4C, D). Relatively low amounts (0.05 wt%) of organic com-
pounds in solution can thus produce crystal habits that would not be ex-
pected in the absence of organics.

Other studies have reported the formation of hemispherical and spherical
calcite crystals in the presence of organic molecules and microbes (Brais-
sant et a. 2003; Buczynski and Chafetz 1991; Meldrum and Hyde 2001).
Most of these studies found that calcite rhombohedra precipitated in their
abiotic control solutions containing only inorganic calcium and carbonate
sdts (eg., CaCl, and Na,COy,). Our inorganic control medium is a more
realistic simulation of natura conditions because it contains magnesium,
phosphate, sulfate, and trace metals that coexist in many natural waters and
are necessary for microbial growth. Although many of these inorganic ions
are known to influence the growth and morphology of cacite (Astilleros
et a. 2002; Berner and Morse 1974; Fernandez-Diaz et a. 1996; Takasaki
et a. 1994; Tracy et a. 1998), we did not monitor their concentrations in
G20 basal medium after the precipitation experiment (Table 1). Therefore,
we cannot discount the possibility that the uptake of trace amounts of
inorganic inhibitors (e.g., phosphate) (Berner and Morse 1974) may addi-
tionally contribute to the observed differences in calcite morphology be-
tween active cultures and controls (Fig. 1).
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Fic. 6—EPS and LPS of G20 can change calcite morphology. A) A typical field of view from the control medium without lypopolysaccharide (LPS) in a precipitation
experiment concurrent with Part B. B) A typical field of view in the presence of G20 LPS. The crystals are more rounded, less visibly striated, more numerous and smaller
relative to Part A. C) A typical field of view from the control medium without exopolymeric substances (EPS) in a precipitate experiment concurrent with Part D. D) A
representative field of view in the presence of G20 EPS (0.125 mg dry EPS/ml medium). As in Part B, EPS stimulated the growth of rounded crystals that were less
elongated along the ¢ axis, more numerous and smaller relative to Part C. The scale bar in al images is 200 um.

Our study supports the results of Braissant et a. (2003) that the presence
of less than 0.1% organic compounds in solution leads to the formation of
spherical calcite habits. At a higher initial SI in G20 basal medium with
the same organic content, the organic influence diminishes and these habits
(Fig. 2A-D) are replaced by rhombohedral calcite habits that are less sug-
gestively biogenic (Fig. 2E-L, Fig. 4A-D). Abundant calcite spheres and
dumbbells in natural environments may therefore indicate conditions of
relatively low Sl in the presence of organic compounds (e.g., EPS or lac-
tate).

However, calcite spherules and other anhedral precipitates may aso form
under ahiotic conditions. Fernandez-Diaz et a. (1996) described an abiotic
crystallization series of calcium carbonate in a gel and found Mg-calcite
spheroids, dumbbells, and other anhedral precipitates at extremely high S|
(~ 10 times higher than the highest Sl in our medium). Tracy et al. (1998)
reported the formation of spherulites in solutions that contained high con-
centrations of both magnesium and sulfate. The distinction between bio-
genic and abiotic spherulites may be possible if the abiotic ones form only
in the presence of high sulfate and magnesium, and incorporate more mag-

nesium or sulfate than the spherulites within biofilms. A comparative study
of the bulk content and the zoning of trace sulfate, magnesium, and organic
compounds in inorganically and biologically formed spherulites could help
determine whether similar natural precipitates are biogenic or not. Biolog-
ically influenced end members could be distinguishable from the abictic
precipitates if they contain very low amounts of Mg and SO,

Effects of G20 Cellular Fractions and Biofilms on Calcite Morphology

Cdlcite crystals grown in the presence of G20 had more rounded edges
than their counterparts in the sterile controls or UV-inhibited cultures (Fig.
1A—C). Because none of the previously examined parameters (Sl, sulfate,
lactate) could fully account for this observation, it seemed likely that some
kinetic inhibitors associated with metabolically active G20 cells and bio-
films could explain this observation. In pursuit of these inhibitors, we com-
pared the potential effects of specific compounds and cellular fractions of
G20 that are in contact with the growing crystals in active cultures. G20
colonizes the growing calcite crystal's (Fig. 5A) and secretes exopolymeric
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substances (EPS) (Fig. 5B) that are a complex mixture of proteins, nucleic
acids, uronic acids, and other polysaccharides (e.g., Beech et al. 1991). The
outer part of G20's outer membrane (G20 is a Gram-negative bacterium)
contains lypopolysaccharide (LPS) (Ferris 1989). Lypopolysachharide con-
sists of a hydrophobic lipid A, the core polysaccharide, and the O-antigen.
The latter two components are rich in carboxyl and phosphoryl residues
(Ferris 1989).

Both purified LPS and EPS rounded the edges of calcite crystalsin vitro
(Fig. 6), when added at a mass concentration that was approximately two
orders of magnitude greater than in G20 cultures. We did not observe a
similar effect in the presence of the outer membranes (not shown). The
crystallites formed in the presence of EPS and LPS were also smaller and
more numerous than the ones in control solutions without EPS and LPS
added (Fig. 6), suggesting a role for these compounds in the nucleation of
calcite (Bosak and Newman 2003).

The difference in bacterial attachment and the secretion of EPS between
live and UV-inhibited cultures may provide a clue about the differences
between the calcite shapes in these cultures. Active G20 can attach to the
growing mineral surface and locally expose crystals to high concentrations
of LPS (Fig. 5A). In contrast, dead G20 and purified outer membranes
sediment at the bottom of the culture wells to an average height less than
3 um and can stick only to the lowermost surface of the growing calcite
crystals (> 10 wm high). Moreover, given that we washed both the un-
inhibited and the UV-inhibited cells before the precipitation experiment to
remove EPS, rounded crystal edges in metabolically active cultures appear
to result mainly from the secretion of new EPS (Fig. 5B). A similarly low
amount of organics can be expected to affect calcite morphology in natural
microbia biofilms. Namely, the secretion of small amounts of kinetic in-
hibitors (e.g., EPS, LPS) very close to the growing crystal could suffice to
change the crystal habit, even when the concentrations of dissolved organ-
icsin the bulk solution is low.

Rounding of calcite edges due to the development of high-index faces
has been observed in some studies of the effects of carboxylic acids, amino
acids, and proteins on calcite morphology (Contos et al. 2001; Jimenez-
Lopez et a. 2003; Mann et a. 1990; Meldrum and Hyde 2001). Chemica
analysis (two independent experiments) showed that EPS from G20 cul-
tures contained 3 + 1 ug/mg EPS more protein than the background sterile
medium. Qualitative gel assay confirmed that EPS from G20 cultures aso
contained more nucleic acids (data not shown), 0.10 + 0.01 wg/mg EPS
more uronic acids, and 9 = 6 ug/mg EPS less carbohydrates than the
background medium. These chemica differences are consistent with the
hypothesis that negatively charged moieties of G20 EPS (as found in pro-
tein, DNA, RNA, and uronic acids) bind calcium or even incorporate into
the growing crystals, inhibiting the growth or twinning along some crystal
plains. A higher carbohydrate content (neutral sugars) in the sterile medium
may be due to the unmetabolized components of the yeast extract and
suggests that the net observed differences between active cultures and con-
trols may be partialy due to the metabolic ateration of complex organic
additives (yeast extract and vitamins) by G20. Unfortunately, rounded edg-
es and curved surfaces of rhombohedral calcite alone are not a good bio-
marker, inasmuch as similar features have been reported in presumably
inorganic solutions a extreme supersaturation values (Gonzalez et a.
1992).

CONCLUSIONS

In summary, calcite crystals that precipitated in metabolically active cul-
tures of D. desulfuricans G20 were morphologicaly distinct from the pre-
cipitates in sterile controls and UV-inhibited cultures. Biological mecha
nisms that provide consistent explanations of these differences are: micro-
bial removal of kinetically inhibiting metabolites (sulfate, lactate and, like-
ly, minor inorganic and organic nutrients), the concurrent secretion of EPS,
and the interactions between the growing crystals and the LPS of actively
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colonizing bacteria. On the other hand, both our calculations and our mea-
surements show that microbialy induced shifts in the SI were much less
important, because the medium is well buffered by high DIC. Thisis con-
sistent with the model of Arp et a. (2001) where calcification within bio-
films in the presence of comparably high DIC occurs within the EPS, in-
stead of being induced by photosynthetic changes of Sl on the sheaths of
photosynthetic bacteria. Because calcification within biofilms can be ki-
netically stimulated or inhibited relative to the outside environment at the
microscale, it is important for studies to be performed at this scale in the
search for robust morphological indicators of bacterial presence (Bosak et
al. 2004).

Overall, although we could expect rapid nucleation of many small crystal
grains (whitings), due to the high SI of our medium, we found that fewer
large crystals grew instead. This appears to be caused by the presence of
many kinetic inhibitors in the solution. Our results show that microbes can
exert kinetic control not only by the secretion of exopolymeric substances
(Arp et a. 1999; Braissant et al. 2003) but also by the active uptake (or
release) of primary organic and inorganic metabolites. Extending these ob-
servations to the field, we infer that microbial production or remova of
kinetic inhibitors may have controlled calcification within biofiimsin high-
ly supersaturated environments, both ancient (Precambrian oceans) and
modern (soda lakes and travertine deposits).
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