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Abstract

Although cyanobacteria are the dominant primary producers in modern stromatolites and other
microbialites, the oldest stromatolites pre-date geochemical evidence for oxygenic photosynthesis
and cyanobacteria in the rock record. As a step towards the development of laboratory models of
stromatolite growth, we tested the potential of a metabolically ancient anoxygenic photosynthetic
bacterium to build stromatolites. This organism, Rhodopseudomonas palustris, stimulates the
precipitation of calcite in solutions already highly saturated with respect to calcium carbonate, and
greatly facilitates the incorporation of carbonate grains into proto-lamina (i.e. crusts). The appreciable
stimulation of the growth of proto-lamina by a nonfilamentous anoxygenic microbe suggests that
similar microbes may have played a greater role in the formation of Archean stromatolites than
previously assumed.
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INTRODUCTION

A stromatolite is ‘an attached, laminated, lithified sedimentary growth structure accretionary
away from a point or a limited surface of initiation” (Semikhatov et al., 1979). These rocks
have a sedimentary record more than 3 billion years long, and, although the definition of a
stromatolite above does not imply a biogenic origin, the oldest putative macrofossils are, in
fact, stromatolites (Walter et al., 1980; Hoffman H.J., 1999).

When the biogenicity of Archean stromatolites is not disputed (Buick et al., 1981; Lowe,
1994; Buick et al., 1995; Grotzinger & Rothman, 1996), it is often assumed that they reflect
the presence of oxygenic phototrophs (see Altermann et al., 2006 for a review). Cyanobacterial
photosynthesis drives the microbial communities intimately associated with modern marine
stromatolites, hypersaline stromatolites and stromatolites that form in alkaline lakes (Riding
etal., 1991; Reid et al., 2000; Kazmierczak & Kempe, 2006), but most would agree that there
is no compelling evidence for widespread oxygenic photosynthesis (Dietrich et al., 2006) at
the time when the first extensive Archean stromatolitic reefs formed (Allwood et al., 2006).
This prompts us to consider the roles of other organisms with O,-independent metabolisms in
stromatolite formation.
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Anoxygenic photosynthesis could have driven primary production in shallow marine
environments before the rise of oxygenic photosynthesis and the widespread atmospheric
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oxygenation (Olson & Blankenship, 2004). Consequently, some Archean stromatolites may
have hosted microbial communities that were not driven by oxygenic photosynthesis (Walter,
1983). Anoxygenic photosynthetic bacteria are known to use a wide variety of substrates as
electron donors in photosynthesis, including hydrogen, sulfide, and small organic molecules
(e.g. short-chain fatty acids). The capacity to grow by anoxygenic photosynthesis is even
known in some cyanobacteria (Cohen et al., 1975; Padan, 1979; Rye & Nealson, 2004). Thus,
even if we accept the morphological fossil evidence for the Archean cyanobacteria (Schopf,
1993; Kazmierczak & Altermann, 2002), and the geochemical biomarker evidence (Brocks et
al., 1999), we cannot argue that these ancient organisms actually evolved oxygen.

Towards the goal of building experimental models of stromatolite growth for a variety of
microorganisms, we set out to test whether anoxygenic photosynthetic bacteria could influence
the precipitation of carbonate minerals and stabilize sediment grains under conditions relevant
for ancient oceans. To our knowledge, this idea has not been tested experimentally.
Specifically, we considered whether an anoxygenic photosynthetic oa-proteobacterium,
Rhodopseudomonas palustris (further referred to as R. palustris) (Harwood & Gibson, 1988),
could influence in situ calcite precipitation and the formation of calcium carbonate crusts in
solutions containing high concentrations of dissolved inorganic carbon (DIC). Although purple
nonsulfur bacteria usually do not form strata in modern microbial mats, they are a tractable
laboratory substitute for purple sulfur bacteria that typically form layers in microbial mats.
Purple nonsulfur bacteria may also play a previously underappreciated role in some natural
microbialites, particularly the microbial community associated with modern hypersaline
stromatolites in Shark Bay (Papineau et al., 2005).

MATERIALS AND METHODS

Growth medium

We grew R. palustris strain CGA009 (provided by C. Harwood) on hydrogen in the presence
of 0.2 mM Na»S,03 in modified, bicarbonate-buffered photosynthetic medium at 25 °C. The
basal medium contained: 0.3 g L™ (NH,),SO4, 0.1 mM KH,PO,4, 0.9g L 1 KCI, 0.4g L1
MgCl5,0.1 MM Na,S,03, 1 mL L1 of 1 g L2 PABA, and 1 mL L™ concentrated base. The
concentrated base contained 20 g L™ nitriloacetic acid, 28.9 g L™ anhydrous MgSQy, 6.67 g
L1 CaCl, - 2H,0, 18.5 mg L1 (NH,)§M07054 - 4H,0, 198 mg L~ FeSO, - 7H,0 and 100
mL L1 of Metal 44 solution. Metal 44 solution contained 2.5 g EDTA, 10.95 g ZnSO; -
7H,0, 5 g FeSOy4 - 7H50, 1.54 g MnSQy, - H»0, 392 mg CuSO, - 5H,0, 250 mg Co(NO3), -
6H,0, and 177 mg Nay,B407 - 10H,0 per 800 mL. The medium was boiled under nitrogen,
cooled under a mixed atmosphere of 80% N5 and 20% CO,, amended with 40 mL of 1 M
NaHCO3 from sterile stock solution, and left to equilibrate with an atmosphere of 80% N,
15% CO, and 5% H, (adding to 1 atmosphere total) for at least one day. The pH was adjusted
by 10 N NaOH to 7.4-7.5, and the medium was filter-sterilized by a 0.2-um filter and stored
in the anaerobic glove box for at least a week before it was used in the experiments. All the
glassware used in the experiments were stored in the anaerobic glove box for at least a week
before they were used in experiments.

Growth conditions

An incandescent light bulb (75 W) served as the light source. Different light intensities were
obtained by moving the cultures toward or away from the light (making sure that the
temperature was constant). The light intensities were measured by a dual-range lightmeter
(Traceable® by Control Company, Friendswood, TX, USA). Growth at 3.8 pmol photon -
m~2 . 51 was measured by daily cell counts of DAPI-stained cells from triplicate tubes. The
growth rate at 7.8 umol photon - ~2 - s~ was not measured, but we noted that the same optical
densities at this light intensity were reached in considerably shorter time. All culturing and
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precipitation experiments were performed in the anaerobic glove box under an atmosphere of
80% N, 15% CO,, and 5% H,. These chemical conditions are within the large limits of
uncertainty of the chemical composition of the Archean oceans (Kempe & Degens, 1985;
Grotzinger & Kasting, 1993), and are consistent with the inferred low sulfate concentration
(Habichtetal., 2002), higher pCO, (Kaufman & Xiao, 2003) and very low atmospheric oxygen
content (Farquhar et al., 2000). We conducted all experiments at a temperature that was lower
than the standard temperature used to enrich and isolate purple nonsulfur bacteria (30 °C) for
technical reasons. Due to decreased solubility of calcium carbonate at higher temperatures, we
expect R. palustris to stimulate the precipitation of minerals at lower concentrations of calcium
and protons when grown at 30 °C.

Precipitation experiments

Mid-exponential phase cells (108 cells mL~1) were centrifuged to remove the liquid phase. The
cells were resuspended into 2.5 mL of the sterile culture medium in triplicate screw-capped
glass tubes to cell densities of 1.4 x 108 and 1.4 x 10° cells mL 1 (the latter corresponding to
early stationary phase cell density). To distinguish between the influence of actively
photosynthesizing cells and the influence of inactive cellular material on calcite precipitation,
we inoculated triplicate glass tubes to a cell density of 1.4 x 108 cells mL 1 and covered them
with aluminium foil. Three tubes with 2.5 mL of sterile culture medium were incubated without
any cells as abiotic controls. After inoculation, 1 v CaCl, was added to all tubes to 12 mM final
concentration. The tubes were incubated at 25 °C at light intensities of 3.8 and 7.8umol photon
-m~2.s71, respectively, and with a 12-h day, 12-h night cycle regulated by a timer. Every 2
days, we took 120 pL samples, filtered them, and added 100 pL of the filtrate to 10 mL of 1%
HNO3. We monitored the pH of the cultures in the absence of calcium ions and minerals,
because the generation of protons during precipitation of calcium carbonate would have
balanced any metabolically driven increase of the pH. We measured the calcium concentration
in these samples by inductively coupled plasma mass spectrometry (ICP-MS) at the
Environmental Analysis Facility at Caltech. The crystals were collected by a sterile pipette,
visualized by light microscopy and point counted. To point count the precipitated crystals, we
conducted parallel experiments in 8-well LabTek® (Nalge Nunc International, Rochester, N,
USA) chambered coverglass culture dishes with coverslip bottoms. The crystal structure of the
precipitates was determined by X-ray diffraction using a Scintag diffractometer with Cu Ka
(A = 1.5405A)).

Precipitation in the reactors

Figure 1 depicts our experimental setup. Thirty millilitres of the sterile culture medium was
added to each of the two ~40 mL working volume sterile glass reactors containing 12 sterile
plastic chips, and left to equilibrate in the anaerobic chamber for a week. Five millilitres of
mid-exponential R. palustris culture was then added to each reactor; the cells were incubated
for aweek with a 12-h light, 12-h dark cycle at 3.8 and 7.8 umol photon-m~2 - s 1, respectively.
We replaced the culture medium weekly with a 1:1 mixture of the Ca- and bicarbonate-
containing sterile media. The culture medium was not additionally inoculated during exchange,
but was repopulated by the growth of the surface-attached cells that remained in the reactors.
The alkalinity of the experimental solutions was determined by Gran-titration of 10-mL
samples using 0.8 w H,SO,. Plastic chips covered by biofilms and precipitates were removed
weekly from each reactor, and were fixed in Karnovsky fixative after collection (Glauert,
1975). Confocal images of Dead/L ive BacLight®-stained biofilms (Invitrogen Corp., Carlsbad,
CA, USA) were taken weekly by a Zeiss LSM Pascal inverted confocal microscope. The
excitation wavelength was 488 nm. The green BP505-540 and the red LP580 bands were
separated by a 545 nm dichroic mirror. The images were analysed by Zeiss wsw software (Carl
Zeiss Microimaging Inc., Thornwood, NY, USA).
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SEM Imaging

The plastic chips were rinsed several times with cacodylate buffer (0.2 m, pH 7.5), post-fixed
with 1% OsO, in water for 6 h, rinsed again several times in cacodylate buffer, dehydrated in
a graded series of ethanol (30%, 50%, 70%, 90%, and 100%), and progressively infiltrated
with LR White resin (EMS, Hartfield, PA, USA) for 6 h prior to polymerization at 65 °C for
24 h. The crystals visible under the light microscope prior to the rinsing remained on the chips
after the treatment, indicating that they did not dissolve appreciably during the rinsing
procedure. After the polymerization, a transverse section was polished (Wierzchos & Ascaso,
1994), carbon coated and imaged by a LEO 1550 VP SEM (Carl Zeiss SMT, Thornwood, NY,
USA) equipped with an energy-dispersive X-ray spectrophotometer (EDS) using the
backscattered-electron detector operating at 15 kV and a working distance of 10 mm.

RESULTS

Stimulation of CaCOg precipitation in active photosynthetic cultures

Anoxygenic photosynthetic bacteria use various inorganic and organic compounds as electron
donors to inorganic carbon. Many of these compounds, such as iron(l1), reduced sulfur
compounds, and molecular hydrogen, could have been present on an anoxic early Earth before
the rise of oxygen.

Eqgs 1-3 describe photosynthetic growth with molecular hydrogen as an electron donor:

2H, — 4H" +4c~ (Eq. 1)
HCO; +4¢™+5H" — CH,0+2H,0 (Eq. 2)
2H,+HCO;+H" — CH,0+2H,0 (Eq. 3)

The uptake of protons increases the pH and shifts the carbonate equilibrium toward an increase
in the concentration of carbonate ions:

— 2
HCO; — COy +H" (Eq. 4)

The saturation index (SI) of calcite increases, driving the precipitation of calcite (Eqs 5-6)

{Ca®*} {CO37)

SI=lo
& s (Eq. 5)

Ca**+C0O3~ — CaCO; (Eq 6)
Ks is the solubility constant of calcite (see Methods) {} denote the activities of specific ions.
The growth of anoxygenic phototrophs on hydrogen as described by Eq. 1 and Eqg. 2 results in

the same net production of carbonate ions as oxygenic photosynthesis, and would be predicted
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to have the same net effect on the precipitation of calcium carbonate per mole of electron donor.
The effect would be expected to be negligible if the solution were buffered by a large amount
of bicarbonate because photosynthesis could not appreciably increase the pH.

Given that the culture medium in our experiments was well buffered (alkalinity 51.9 £ 0.2 meq
L1y and in equilibrium with a large reservoir of CO,, we were surprised to find that both the
number of visible individual crystals and the total amount of precipitate relative to sterile
controls were higher in the presence of R. palustris cells (Fig. 2A). To elucidate whether it was
an active metabolism or just the presence of cell surfaces that stimulated calcite nucleation
relative to sterile controls (Bosak & Newman, 2003,2005), we incubated R. palustris cells at
two different cell densities, two different light intensities (and, consequently, two different
growth rates), and in the presence and absence of light (Fig. 2A). We found that the removal
of calcium at the same cell density started earlier and proceeded faster at 7.8 umol
photon-m~2 - s71 than at 3.8 umol photon-m~2 - s71, or in the dark cultures, respectively (Fig.
2A). The crystals in the light cultures (Fig. 2B) were more numerous, larger, and less acicular
than the crystals in the dark cultures (not shown) and were covered by attached R. palustris
cells (Fig. 2C). Thus, the light-dependent metabolic activity of R. palustris both stimulated
calcite precipitation and influenced crystal morphology.

Active anoxygenic photosynthesis and the precipitation of calcite crusts

Photosynthetic stimulation of calcite precipitation by active R. palustris cells posed the
following question: would temporal variations in the biomass and the cell activity affect the
growth of calcite crusts, and, by extension, stromatolite lamina? We explored how anoxygenic
photosynthetic growth of micron-sized, nonfilamentous microbes translates into the textures
of accreting CaCOg3 crusts in a more than 1-month-long precipitation experiment in bioreactors
(Fig 1,Fig 3,Fig 4).

Rhodopseudomonas palustris cells in the first reactor grew at 7.8 umol photon-m=2 - s~ 1 in the
absence of Ca for 1 week. The medium was then replaced by Ca-containing medium, and the
reactor was incubated at 7.8 umol photon-m~2 - s~! for 2 weeks with a stir bar used to maintain
a thoroughly mixed culture (Fig. 3). Although the alkalinity of the reactor solution dropped
over time, this was due to the precipitation of calcite, not a metabolic pH effect per se (i.e. the
alkalinity remained constant in control cultures that contained no calcium) (Fig. 3A). Cell
growth stimulated the precipitation of visible low-Mg calcite crusts that become more compact
and thicker over time (Fig. 3B,C,G). Meanwhile, there was no precipitation in the sterile culture
medium (i.e. in the absence of cells or seed crystals). Moreover, there was no observable
precipitation in the second reactor where the cells had grown for 2 weeks at 3.8 umol
photon-m~2 - s71 before the addition of calcium (Fig. 4A,B) and the crusts only formed in the
second reactor when the cells started growing at 7.8 pmol photon-m=2 - s~1 (Fig. 4C,D). When
the first reactor with a dense population of cells was covered with aluminium foil,
photosynthetic growth ceased, cells and their density decreased, and both the biofilms and the
crusts disappeared (Fig. 3A.D). The cell density declined and the crusts similarly disappeared
in the second reactor when we covered it by aluminium foil (Fig. 4E). The calcite from the
crusts was ground up by the stir bar into micron-sized suspended grains that clouded the
solution. The decrease in alkalinity in the dark was 5.0 + 1.5 meq L™1 smaller than that at 7.8
umol photon-m~2 - s71, suggesting that less mineral precipitation was taking place in the
absence of light. When we removed the foil from the first reactor, the cells grew at 7.8 umol
photon-m~2-s71to0 1.1 x 108 cells mL 1, the solution remained cloudy with small crystals, and
biofilms and small calcite crystals reappeared on the plastic chips (Fig. 3E,F). The crystal grain
size differed in the presence or absence of suspended sediment; long (>15 um) crystals were
observed in the absence of abundant nuclei (Fig 3B,C,G, Fig 4C,D), as opposed to the smaller
(<5 um) crystals observed around abundant nuclei (Fig. 3E,F,H). The biofilms grew around
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the large and small crystal grains, stabilizing the grains into crusts (Fig. 3G,H,1). Although the
cultures grew with 12 h of light and 12 h of darkness, there were no obvious alternating
morphological features in the crusts that would correspond to this daily light cycle.

DISCUSSION

Our calculations and experiments required that the pH increase by at least 0.5 pH units for
calcite to precipitate in the sterile growth medium, but R. palustris actively stimulated calcite
precipitation in the absence of measurable pH (and SI) changes in the growth medium. The pH
and the SI might have increased only locally, within diffusion-limited ~30 um biofilms, but
we consider large gradients between the liquid medium and the biofilms unlikely because the
liquid medium itself contained more than 108 cells mL 1. In addition, field observations and
chemical modelling results imply that the photosynthetic uptake of CO5 in well-buffered high-
DIC solutions is not likely to induce the precipitation of calcium carbonate (Merz-Preiss &
Riding, 1999; Arp et al., 2001), although there are reports of carbonate-encrusted
cyanobacteria-like microbes that formed in presumably well-buffered Archean seas
(Kazmierczak & Altermann, 2002). Metabolically active cells might have stimulate calcite
precipitation kinetically, either by secreting extracellular compounds into the medium or by
taking up metabolites that kinetically inhibit calcite nucleation and precipitation (e.g.
phosphate, trace metals, or organic compounds during mixotrophic growth in the dark)
(Braissant et al., 2003; Dupraz et al., 2004; Bosak & Newman, 2005; Gautret et al., 2006).
Such kinetic stimulation of calcium carbonate precipitation would be consistent with the
proposed kinetic control of calcium carbonate precipitation in the Archean oceans (Sumner &
Grotzinger, 1996). The stimulation of mineral precipitation by purple nonsulfur bacteria under
our experimental conditions contrasts the observations from modern lithifying microbial mats.
There, lithification seems to be inhibited by EPS in the photosynthetic layers and is primarily
attributed to heterotrophic degradation of EPS (Dupraz et al., 2004; Dupraz & Visscher,
2005). In our cultures exposed to light, where we would expect abundant EPS, precipitation
actually starts at least 2 days earlier. This suggests a negligible inhibitory role for EPS under
these conditions, but given the many possible chemical differences between EPS produced by
different organisms, these results may be specific to our model organism.
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Layers of many ancient stromatolites strongly selected for micritic calcium carbonate even
when they grew in siliciclastic settings (e.g. Serebryakov & Semikhatov, 1974). A preference
for micritic calcite despite siliciclastic settings is presumed to indicate microbial activity, but
it is unclear whether microbes selected the sediment by trapping-and-binding, or by actively
promoting cementation (Grotzinger, 1990; Fairchild, 1991). We find that not only does
anoxygenic photosynthesis by R. palustris greatly stimulate calcite precipitation in the absence
of initial inorganic nuclei, but it also traps crystals and enhances cementation even in the
presence of abundant crystal nuclei. Grains larger than 20 um stabilized by R. palustris imply
that small anoxygenic photosynthetic microbes could have trapped and bound grains of similar
size in the ancient stromatolites. The change of crystal grain size during the course of our
experiment in a medium of constant chemical and biological composition shows that
mechanisms other than community composition and the size of trapping-and-binding microbes
can control the grain size in many stromatolites (Awramik & Semikhatov, 1979; Awramik &
Riding, 1988). In our experiments, the dominant factor that determines the size of the crystals
in the crusts seems to be the number of available crystal nuclei (Bosak et al., 2004). Active
photosynthetic microbes would have thus strongly promoted the growth of ancient
stromatolites by both accumulating the sediment and stimulating in situ precipitation even in
highly saturated solutions.
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Because enhanced cementation in itself is a poor biomarker, a productive avenue for future
studies might be to focus on the textural and chemical signatures in experimental cemented

Geobiology. Author manuscript; available in PMC 2010 September 29.



1dudsnueiy Joyiny [INHH

1dudsnuey Joyiny [INHH

L
L
=
>
=
=
S}
=
Q
>
=
(7]
Q
2

Bosak et al.

Page 7

structures that could be used to understand putative microbial biosignatures in ancient
structures. A particularly interesting avenue of investigation would be to compare and contrast
any signatures in the precipitates formed in the presence of anaerobic and anoxygenic
communities as opposed to cyano-bacterially driven communities. In the late Archean and
Palaeoproterozoic, local conditions could have favoured microbial communities driven by
either anoxygenic or oxygenic photosynthesis and could have resulted in different types of
microbial laminites. A good example of unusual laminites that may have precipitated in the
presence of anoxygenic and anaerobic communities are those formed below storm-wave base
as described by Simonson et al. (1993) and Sumner (19973, b).

Overall, our experiments support the interpretation of ancient stromatolites as ‘carbonate
factories’ -structures that relied on extensive carbonate precipitation in addition to trapping-
and-binding (Grotzinger, 1990; Grotzinger & Knoll, 1999) and show that anoxygenic
photosynthetic bacteria could have promoted their growth. In the future, we plan to use mixed
communities (with and without cyanobacteria) to investigate lithification processes that would
have taken place before the evolution of oxygenic photosynthesis.

CONCLUSIONS

Although anoxygenic photosynthesis does not dominate primary production in modern
stromatolites, this metabolism may have been crucial for the growth of Archean and some
Palaeoproterozoic stromatolites. Light-dependent activity of micron-sized, nonfilamentous
anoxygenic photosynthetic organisms can increase the amount of CaCOj3, facilitate the
accretion of lamina and stabilize accreting surfaces against mechanical damage. In contrast to
the predictions of equilibrium chemical models, photosynthetic activity in high-DIC solutions
can significantly stimulate CaCOs3 nucleation even when the cells are unable to significantly
increase the pH or the SI of the bulk medium. The crystal grain size in the high-DIC growth
medium depends chiefly on the number of nuclei for crystal growth even when the microbes
associated with the accreting crusts, or the chemical parameters, do not vary. When the nuclei
are limited, photosynthetic activity may be essential to remove kinetic inhibition of the crystal
nucleation. Even when micritic nuclei are abundant, the binding and the stabilization of the
carbonate crusts rely on active photosynthetic biofilms, promoting rapid growth of carbonate
structures in highly saturated solutions. Thus, biofilms formed by anoxygenic photosynthetic
microorganisms would have helped build stromatolites even before cyanobacteria became the
dominant primary producers in Precambrian reefs.
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Fig. 1.

Setup for the long-term precipitation experiments. The biofilms were grown photosynthetically
in an anaerobic hood. Two 9-cm diameter glass reactors were covered with removable glass
lids and multiple 1-cm diameter polycarbonate chips provided a submerged growth surface for
carbonate crusts and biofilms. Every week, the growth medium was replaced and sample chips
were removed from each of the reactors with ethanol-sterilized tweezers. The light conditions
were varied either by changing the distance between the reactors and the light source, or by
wrapping the entire reactor in aluminium foil (dark). Magnetic stir bars ensured the constant
stirring of the growth medium. Calcium carbonate crusts only accreted on the chips in the
presence of well-developed biofilms (as shown by the photographs of the chips from the light
and dark conditions in the diagram).

1duosnue|y Joyiny |NHH

1duosnuey Joyiny [INHH

L
L
=
>
g
=
S
=
Q
>
=
0
Q
2

Geobiology. Author manuscript; available in PMC 2010 September 29.



Bosak et al. Page 11

1dudsnueiy Joyiny [INHH

0 1 2 3 4
Time (days)

Fig. 2.

Removal of calcium from the photosynthetic growth medium stimulated by the photosynthetic
activity of Rhodopseudomonas palustris. (A) Total calcium was measured by ICP-MS in
triplicate samples. Black circles: an initial inoculum of 108 cells mL ™1 at 7.8 pmol
photon-m~2 - s71. Black squares: an initial inoculum of 108 cells mL~1 at 3.8 pmol
photon-m~2 - s71, Empty triangles: an initial inoculum of 108 cells mL~1 wrapped in Al-foil.
Empty diamonds: sterile control solution kept at the same distance from the light as the black
circle samples, y-axis shows the concentration of calcium (mM) in the medium. Although the
calcium concentration decreased in sterile controls, we did not detect any mineral precipitates
either by light microscopy or XRD. (B) Transmitted-light micrograph of calcite crystals that
grew in the presence of photosynthetically active cells. (C) Top-view confocal micrograph of
the epifluorescently stained cells (green/yellow) growing on crystals (red). The scale bar in B
and C is 15 pm.
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Alkalinity, cell density and scanning electron micrographs (SEM) of the polished vertical
cross-sections of calcite crusts as a function of the light conditions in the first reactor. (A)
Diamonds and left y-axis: decrease in alkalinity in meq L1 (measured relative to the sterile
control solution). Squares and right y-axis: cell density (measured by microscopic counting of
epifluorescently stained cells). (B, C) Rhodopseudomonas palustris biofilms were grown for
2 weeks at 7.8 umol photon-m~2 - s (white light bulb) and calcium was then added to the
biofilms. B shows the thickness of the calcite crusts (light grey) 8 days after the addition of
calcium and C after 16 days. (D) 16 days after the addition of calcium, the reactor was
completely covered with aluminium foil (black light bulb). The calcite crusts and the biofilm
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have disappeared, and all that can be seen is the interface between the chip and the resin. After
this, the foil was removed on the 29th day since the addition of calcium. (E, F) Emerging
biofilms and small calcite crystals (lightest grey) 1 week (E) and 2 weeks (F) after the foil was
removed. (G) Large crystals (c, light grey) formed during the first 2 weeks in the presence of
biofilms (b, medium grey). (H) A close-up of the sparser and smaller crystals (c) and re-
established biofilms (b) after the removal of the foil. (I) A close-up of the biofilms (b)
surrounding the crystals (c). The arrow is pointing to a cross-section of a cell. The scale bar is
100 pum in A-F, 30 pm in G, 15 pum in H, and 2 um in I, respectively.
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Fig. 4.

Alkalinity, cell density and scanning electron micrographs (SEM) of the polished vertical
cross-sections of calcite crusts as a function of the light conditions in the second reactor. (A)
Removed alkalinity (squares and the left y-axis) from the medium and the cell density (circles
and the right y-axis) in the solution. The cells in the second reactor grew at lower light intensity
(3.8 umol photon-m™1 - s71) for 2 weeks before the addition of calcium and formed only a
sparse monolayer on the surface of the plastic chips. (B) During the first 2 weeks after the
addition of calcium, there were no visually detectable mineral precipitates as shown by this
representative SEM image of the vertical cross-section of the plastic chip covered by the resin.
(C, D) Calcite crusts covered by biofilms formed when the cells were grown at 7.8 pmol
photon-m~2 - s71, The white arrows point to individual crystals. (E) Only sparse monolayers
of cells and very few crystals remained on the surface of the plastic chips when we covered
the dense culture in the reactor with aluminium foil 36 days after the beginning of the
experiment. Although alkalinity was removed in the dark, there was no detectable crust
formation in the absence of photosynthetic biofilms. The scale bar in B—F is 100 um.
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