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Abstract

Microbially-induced mineralization is consideredase of the main natural processes
controlling CQ levels in the atmosphere and a major structurdlemmological player, in the
modern and in the past ecosystems. In this studypaesented the data of laboratory
experimental work on CaG(recipitation with pure cultures of two anoxygeplwtotrophs
bacteria (APB): haloalcaliphilidcRhodovulum steppen&-20s and neutrophilic halophilic
Rhodovulumsp. S-17-65; and cyanobactef#oeocapsasp.. These bacteria represent two
important groups of photosynthetic organisms in plast and at present time. APB is the
oldest microorganism which could be dominant dutimg anoxygenic period of Earth’s life
(approximately 4 billon years ago) whereas theior@f oxygen evolving microorganisms
(cyanobacteria) is placed at about 3.5 billion gyezgo as based on oxidation records of the
Earth’s crust. In modern ecosystems, cyanobactmeathe dominant primary producers.
Nonetheless, the potential of APB are abundant e modern microbial mats and
stromatolites and thus may represent a considerfibtgion of the standing biomass.
However, biomineralization induce by these bactbaa not been thoroughly studied up to
now.

In this context, the aim of this thesis is to closgeze the process of biological Ca£O
precipitation and to assess the existence of mktapmwcesses protecting studied bacteria
against carbonate mineralization on their surfa€®s.this, kinetic experiments, SEM and
TEM imaging, EDX and XRD analyses, zeta-potentiabsurements and Ca adsorption into
bacterial surface were carried out.

The result of this study demonstrates the partimpaof studied bacteria in CaGO
precipitation. Zeta-potential measurements suggest existence of a cells protection
mechanism for studied APB, based on the metabdiatenance of a positive surface charge
at alkaline pH, preserving active bacteria agalest adsorption and subsequent carbonate
precipitation on their surfaces. The existencenefdame mechanism fGloeocapsasp. was
not confirmed.

Overall, the results of this study show two differenechanisms of CaG&ucleation:
an unspecific supersaturation by APB and a speaificleation at the cell wall by

cyanobacteri&loeocapsasp..



Key words: Anoxygenic phototrophic bacteridRhodovulumsp., Cyanobacteria,
Gloeocapsasp., electrophoresis, zeta potential, calcium, rbmaate, adsorption, calcite,

calcium carbonate, precipitation, kinetics.

Résumé

La minéralisation induite par I'activité microbiemrjoue un réle majeur dans le
fonctionnement des écosystemes passés et présesite etude présente les données
expérimentales de précipitation de Ca@artir de cultures pures de deux types de bestér
anoxygéniques phototrophiques (APBRhodovulum steppen8-20s haloalcaphilique et
Rhodovulunsp. S-17-65 neutrophilique halophilique, ainsi geecyanobactérigSloeocapsa
sp.. Ces bactéries représentent deux groupes amp®rd’organismes photosynthétiques
depuis les temps les plus anciens jusqu'a nos .jdlgs APB sont des microorganismes
dominants durant la période anoxygénique de laeT@rty a environ 4 milliards d’années)
tandis que l'origine des microorganismes évoluaate a 'oxygene (cyanobactéries) se situe
a environ 3.5 milliards d’années, en se basaniesuenregistrements d’oxydation de la crolte
terrestre. Au sein des écosystemes modernes, lasologctéries sont les producteurs
primaires dominants. Cependant, le potentiel deB A8t important de part leur abondance
dans les biolfilms microbiens et les stromatolitesdernes, représentant ainsi une fraction
considérable de la biomasse effective. La biomlisatgon induite par ces bactéries a
toutefois été tres peu étudiée jusqu’a présent.

Dans ce contexte, cette thése a pour objectif ipahale caractériser les processus
biologiques de précipitation de Cagé d’évaluer I'existence d’'un processus métabeliqu
protégeant les bactéries étudiées contre la misaétiain de carbonates a leur surface. Pour
cela, des expériences cinétiques, des mesurestdstipbzeta et d’adsorption de Ca a la
surface bactérienne, couplées a des observatianMipeoscopie Electronique a Balayage
(MEB), en Transmission (MET) et des analyses chiegjpar émission et diffraction de
rayons X (EDX et XRD) ont été meneées.

Les résultats de cette étude démontrent que ldgriesc étudiées prennent une part
active dans la précipitation de Cag@es mesures de potentiel zeta suggérent I'existen
d’'un mécanisme de protection de la cellule pour ABB étudiées, basé sur le maintien

meétabolique d’'une charge de surface positive alpélia, préservant les bactéries actives de
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I'adsorption de C& et de la précipitation subséquente de carbonatdsum surface.
L’existence d’un tel mécanisme n’est pas confirpeéer Gloeocapsasp..

Ainsi, deux mécanismes différents de nucléationG¥CQ peuvent étre mis en
évidence : un premier mettant en jeu une sursauaraton-spécifique pour les bactéries
anoxygeniques phototrophiques (APB), et un deuxiparenucléation spécifique au niveau

de la membrane cellulaire pour les cyanobact&lesocapsasp..

Mots-clés:  Bactéries anoxygéniques  phototrophigueRhodovulum sp.,
Cyanobactéries,Gloeocapsa sp., électrophorese, potentiel zeta, calcium, rbazate,

adsorption, calcite, précipitation, cinétique
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Résumé de I'introduction en francais

La biominéralisation est le processus de formaties minéraux au cours de l'activité
des organismes vivants. En comparaison avec leéraur produits de maniére inorganique,
les biominéraux ont souvent des propriétés spéaficqde forme, de taille et de cristallinité
conduisant a la notion de biosignature. D’autret p@s compositions isotopiques et en
eléments en trace sont différentes de celles deéreix abiotiques (Lowenstam and Weiner,
1989).

La minéralisation microbienne est un acteur majdas écosystemes passés et
présents. Les stromatolites ("structures organoys&daire principalement accrétées par le
piégeage des sédiments, leur liaison, et/ou lagtéon in situ a la suite de la croissance et
de l'activité métaboliqgue des micro-organismesp{iRzau et al., 2005)) sont présents dans les
relevés géologiques et sont des bio-signatures riantes de la Terre primitive et pour la
recherche de vie extraterrestre. Les plus ancieesngles de fossiles de stromatolites
préserves datent d'environ 3,5 milliards d'annéegr@viennent d’Australie occidentale et
d'Afrigue du Sud (Lowe, 1980). Les stromatolites d&veloppent par accrétion et par
précipitation de minéraux a leur surface, ou leetliiypement microbiologique est également
le plus remarquable, et se traduit communémentipsubiofilms finement stratifies (Reid et
al., 2003).

Dans cette étude sont présentées les donnéesadagxtrexpérimentaux effectués sur
des cultures de deux souches de bactéries anogygdnphototrophiques (APB) pourpres
non-sulfatées et une souche de cyanobactétimsocapsasp .. Ces bactéries ont été choisies
pour plusieurs raisons. Elles représentent deuwups majeurs d'organismes
photosynthétiques tout on long de I'histoire dddare. Les APB sont les plus anciens micro-
organismes probablement dominants au cours deriladpéanoxygénique de la Terre (il y a
environ 4 milliards d'années). Les premiers orgaeis évoluant avec Il'oxygene
(cyanobacteéries) datent d’environ 3,5 milliards ndi&es, selon les enregistrements
géologiques d'oxydation de la crolte terrestre ri¥iet Bauer, 2002). Dans les ecosystemes
modernes ces cyanobactéries sont les principawdupreurs primaires. Néanmoins, les APB
sont abondantes dans les biofilms microbiens efol@sations de stromatolites modernes et
peuvent donc représenter une fraction considéi@dblia biomasse effective (Papineau et al.
2005). Il existe de grandes difféerences entre |edabmtisme des ABP et celui des

cyanobactéries. Une description détaillée de laerdité des bactéries étudiées et leur
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meétabolisme est développée dan<leapitre 1. Brievement, les bactéries anoxygéniques
phototrophiques sont connues pour utiliser unedgarariété de substrats comme donneurs
d'électrons dans la photosynthése, dont I'hydradersoufre, mais aussi de petites molécules
organiques (Bosak et al., 2007). Les cyanobact@uesid a elles utilisent les électrons de
l'eau pour la production d’oxygene. Cette grand#éBnce entre ces bactéries pourrait
expliqguer des mécanismes distincts de précipitatemcarbonates.

Plusieurs hypotheses ont été avancées pour dé&siraécanismes responsables de la
précipitation du carbonate de calcium par des bastéElles peuvent étre classées en deux
groupes: biologiguement induite et biologiqguemeomtdlée (Lowenstam, 1989). Dans le
premier cas, les minéraux précipitent car les asgams modifient le micro-environnement
chimique de la couche d'eau adjacente a la celddas le second cas, le role de I'organisme
va au-dela du réle de la seule augmentation derkaturation locale: il contréle le processus
de minéralisation par l'intermédiaire d'une matecganique constituée de macromolécules
qui passent de la membrane externe des cellulassalltion (Dittrich et Obst, 2004). Par
exemple, la précipitation de carbonate de calciwm des substances polymériques
extracellulaires (EPS) de bactéries hétérotropukats-réductrices a été observée par Aloisi
et al. (2006).

Par conséquent, mon étude a été orientée autdroislgrandes questions:

1. Quel est le réle de la surface des bactériebéts dans la précipitation de

carbonate de calcium ?

2. Quel est le role de ces difféerentes bactérias datte précipitation ?

3. Quel est le mécanisme de formation de ces mirdrarbonatés ?

Afin d’apporter des réponses a ces questions,rdiifés techniques expérimentales
ont été utilisées et sont détaillées dan€hapitre 2. Des mesures du potentiel zeta ont été
réalisées en fonction du pH, de la force ioniques doncentrations en €aet bicarbonate
(HCGy), et avec ou sans lumiére afin de caractérisehdaige surfacique des bactéries dans
des environnements différents. A ces mesures s&pudes expériences d'adsorption de
calcium. Ces travaux sont réunis sous la forme ditictle sous presse dadsurnal of
Colloid and Interface Scienog€hapitre 3). Par ailleurs, des expériences cinétiques ont été
effectuées afin de quantifier le réle des bactésas les vitesses de précipitation des
carbonates. Les mécanismes biologiques actifstérétadiés en comparant les cinétiques de
précipitation de CaCf{abiotiques et biotiques. Les résultats obtenuspaticulier le role

important de l'activité métabolique microbienne qpsynthése) dans la précipitation de
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CaCQ sont décrits dans leShapitres 4 et 5pour APB et Cyanobactéri€dloeocapsasp.,
respectivement (sous forme de manuscrits : un soa@hemical Geologt I'autre qui sera
soumis aGeobiology respectivement). La possibilité de précipitatioicrobienne de CaCO
sur la surface et les exopolysaccharides (EPSkelades bactériennes a été examinée par
microscopie €lectronique a transmission (MET). €é#chnique permet de répondre a la
troisieme question et notamment de comprendre nmgme de précipitation déclenché par
différents types de bactéries. Les caractéristiguaphologigues des minéraux précipités ont
éte déterminées par microscopie électronique yhagéa(MEB) et diffraction des rayons X
(XRD).

L’ensemble des résultats obtenus dans cette éteitheep: 1) de mieux comprendre
les mécanismes de formation des carbonates awssiebi contexte paléontologique (passé)
gue dans les temps présents (séquestration géotodiqCQ, cycles biogéochimiques) et 2)
d’apporter de précieuses informations sur |'évotutie la vie microbienne dans les premieres
périodes de l'histoire biologique ainsi que surfdamation des écosystemes bactériens

contemporains (contexte écologique).
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Introduction

Biomineralization is the process of mineral forroatiduring activity of living
organisms. Biominerals, in contrast to organomiseraften have their own specific
properties of shape, size, crystallinity, isotopid trace element compositions (Lowenstam
and Weiner, 1989), leading to the general notiobiadignature.

Microbially-induced mineralization is considered @ of the main natural processes
controlling CQ levels in the atmosphere and a major structurdleaological player, in the
modern and in the past ecosystems (Dupraz etQl9)2Stromatolites (“organo-sedimentary
structure predominantly accreted by sediment trajyinding, and/or in situ precipitation as
a result of the growth and metabolic activity ofcroibrganisms” (Papineau et al., 2005)) are
found throughout the geological record and are i@ biosignatures of the early Earth and
in the search for extraterrestrial life. The oldesamples of preserved fossil stromatolites in
the geological record are about 3.5 billion yeddsamd have been found in Western Australia
and South Africa (Lowe, 1980). Stromatolites groyvdacretion and precipitation of material
at the outer surface layer, where the most conspgunicrobiology also occurs, commonly
as a thinly stratified microbial mat (Reid et &003). In modern natural systems, biological
CaCQ precipitation occurs in different forms, such Bsifgraz et al., 2009):

 CaCQ precipitation in travertine platforms of specifliotspring mats in
Yellowstone (Farmer, 2000; Fouke et al., 2000);

* Dolomite production in saline lagons like Lagoa Metha Brazil (Vasconcelos
et al., 2006) ;

* Microbialite formation in hypersaline and/or alkadi lakes (Arp et al., 2003;
Dupraz et al.,, 2004) as well as in freshwater svand lakes (Freytet and
Verrecchia, 1999);

* Open marine stromatolites in the Bahamas (Reidl.et2803) and in the
hypersaline coastal Shark Bay (Ried et al., 20@8n8 et al., 2004).

Numerous works have addressed calcium carbonateatmm via cyanobacterial
activity (Thompson and Ferris, 1990; Hartley et 8995; Douglas and Beveridge, 1998; Obst
and Dittrich, 2006; Dittrich and Sibler, 2010; Keaet al., 2010; Martinez et al., 2010;), algal

and coral (Ries, 2010) with a number of studiesotex¥to mineral precipitation via sulphate-
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reducing (Vasconselos et al., 1995; Warthmann.gR@00; Van Lith et al., 2003; Bontognali
et al., 2008), methanogenic archae (Kenward e2@D9) and heterotrophic ureolitic (Ferris et
al., 2004; Mitchell and Ferris, 2005, Dupraz et aD09) and aerobic halophilic (Sanchez-
Roman et al., 2011) bacteria. Whereas these stadggesertainly helpful for understanding
contemporary settings of microbial calcificatiometdeciphering of past biocalcification
processes is still at the very beginning.

There are several characteristics which make bacter ideal nucleating agents for
mineral precipitation. Due to their small size, teai@a as a group have the highest surface
area-to-volume ratio of any group of living organgsand this, together with the presence of
charge chemical groups on their cell surface, spoasible for the potential mineral-
nucleating ability of these cells (Douglas and Belge, 1998).

The understanding of microbial-mineral interactiamgritical for interpretation of the
mineral formation mechanism. In modern and histbracosystems microbiological life is
presented in the form of community, i.e. microbiats. Microbial mats are widely regarded
as the Earth’s earliest ecosystem (Tice and Lo@@6Rand have been present on Earth since
3 billion years (Schopf, 2006). The typical arramgat of microbial groups is a vertical
organized structure, where the lamination is deitezth by the light quantity and quality
(Dupraz et al., 2009). According to the study ofpEaz et al. (2009), depending on the mat
type, five to seven key groups of microorganism& @mter into the microbial mat
composition: 1. photolithoautotrophs (i.e. cyandbaa); 2. aerobic (chemoorgano-)
heterotrophs; 3. fermenters; 4. anaerobic hetgybsro(predominantly sulfate-reducing
bacteria); 5. sulfide oxidizers. 6. anoxyphotot®pfr.e. purple and green (non) sulfur
bacteria)); 7. methanogens.

The typical microbial mat structure and combinedtabelic-geochemical reactions

leading to carbonate precipitation and dissoluicmpresented in Figure 1.
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Promoting precipitation

Cyanobacteria B
Ca%*+ 2HCO; - CaCO;+ [CH,0] + O,

Anoxygenic Phototrophs —
HS" + Ca?*+ 3HCO, > CaCO,+ [CH,0] + SO,

Sulfate Reducers
Ca?*+ OH" + 2[CH,0]+ SO,%> - CaCO;+ CO, + HS + 2H,0

Promoting dissolution

Aerobic Heterotrophs
CaCO;+ [CH,0] + O, & Ca?*+ 2HCO;,"

Sulfate Oxidizers
CaCO;+HCO; + 3HS + 40, - Ca2*+ 2[CH,0]+ 350,

Fermenters (e.g., ethanol)
CaCO;+ 3[CH,0] + H20 - [C,H O]+ Ca?*+ 2HCO;

Fig. 1. Metabolic-geochemical reactions in a micrabl mat leading to carbonate

precipitation and dissolution (modified from Dupraz et al., 2009).

In this figure the six major guilds of microorgamis that compose a typical microbial
mat are arranged by their respective effects omptbeipitation process. Associated equations
combine metabolic and geochemical reactions (Duptaa., 2009). All these processes are
detailed in the study of Visscher and Stolz (20@5)otosynthesis and sulfate reduction are
known to increase alkalinity (promoting carbonatecypitation), whereas aerobic respiration,
sulfide oxidation and fermentation are more likéty induce dissolution. When oxygen-
depending metabolisms stop during the night, améerdeterotrophy such as sulfate
reduction prevails. The net carbonate precipitatimpends on the balance between the
different metabolic activities as well as their oral and spatial variations (Dupraz et al.,
2009).

From the early Proterozoic and certainly since &rdwrian-Cambrian boundary until

the end of the Cretaceous, calcifying cyanobactéeguently occur in normal marine
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environments (Ries, 2010). After the end of thet&reous, however, they seem to be
restricted to non-marine settings. At the presenet calcification by cyanobacteria occurs
almost exclusively in freshwater, alkaline and hgpéne or brackish water (Merz, 1992).
Although anoxygenic photosynthesis does not doraipaimary production in the modern
stromatolites, this metabolism may have been crdorathe growth of Archean and some
Palaeoproterozoic stromatolites (Bosak et al., 0b/has been suggested that anoxygenic
photosynthesis could determine primary productiintyhallow marine environments before
the rise of oxygenic photosynthesis and the widsmpatmospheric oxygenation (Olson and
Blankenship, 2004). Thus, biofilms formed by ancxyig photosynthetic microorganisms
would have helped building stromatolites even hkefoyanobacteria became the dominant
primary producers in Precambrian reefs (Bosak.e2@07).

In order to better understand the role of each mrad bacteria in carbonate
precipitation, the individual metabolic reaction$ the guilds outlined above must be
considered (Dupraz et al., 2009). Then, individiadoratory experimental study of each
group must be conducted in the context of carbopmegeipitation.

The aim of this thesis is to characterize the mea& biological CaC®precipitation
and to assess the existence of metabolic procqasgsecting studied bacteria against
carbonate mineralization on their surfaces. Morecigely, this study focused on three
important questions:

* What is the role of surface of studied bacterial dalcium carbonate
precipitation?
* What is the role of these different bacteria irs fviecipitation?

* What is the mechanism of the biological carbonate®ral formation?

To address these questions, two types of bactesia used: pure cultures of two strain
of purple non-sulfur anoxygenic phototrophs baetéAPB) and one strain of cyanobacteria
Gloeocapsasp..These bacteria were chosen for the followeasons. They represent two
important groups of photosynthetic organisms in plast and at present time. APB is the
oldest microorganism which could be dominant dutimg anoxygenic period of Earth’s life
(approximately 4 billon years ago). The origin okygen evolving microorganisms
(cyanobacteria) is placed at about 3.5 billion yezgo as based on oxidation records of the
Earth’s crust (Xiong and Bauer, 2002). In moderosgstems cyanobacteria are the dominant

primary producers. Nonetheless, the potential oBA#Pe abundant in the modern microbial
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mats and stromatolites and thus may representsdsrable fraction of the standing biomass
(Papineau et al. 2005). However, biomineralizatiothuce by these bacteria has not been
thoroughly studied up to now.

As there are great differences between the metabolind diversity of APB and
cyanobacteria, a detailed description of theseebiacts presented in theéhapter 1. Briefly
APB are known to use a wide variety of substraslactron donors in photosynthesis,
including hydrogen, sulfide, and small organic ncales (Bosak et al., 2007). Cyanobacteria
use electrons from 1@ with O, production. This great difference between thesdebac
could be the reason for different mechanisms diaaate precipitation.

A large variety of mechanisms were proposed to amplcalcium carbonate
precipitation by bacteria. They can be classifiatbawo groups: biologically induced and
biologically controlled (Lowenstam, 1989). In thest case, the mineral precipitates because
the organisms change the chemical microenvironrokttie water layer adjacent to the cell.
In the biologically controlled process, the roleafanism goes beyond the role of merely
increasing local oversaturation: the organism r@brthe processes of mineralization via an
organic matrix consisting of macromolecules thatheout from the outer cell membrane into
the solution (Dittrich and Obst, 2004). As an exingf the second mechanism, calcium
carbonate precipitation on extracellular polymesubstances (EPS) of heterotrophic sulphur
reducing bacteria was observed by Aloisi et al0g)0

Microbial cell surface and excreted extracellulatymeric substances (EPS), which
carry a net negative electric charge and have épadity to bind C4 ions, are frequently
cited as being the sites of carbonate nucleatidoigAet al., 2006). The architecture of
membranes differs for various cell types and witht talso the specificity of the interaction
between lipids and peptides\proteins. Membrane wnGpositive as well as of Gram-
negative bacteria express a high amount of negahiaeged lipids at the outer leaflet of the
membrane which is in direct contact with the exdflatar environment (Hagge et al., 2006)

thus capable of adsorbing Céons.

Different experimental techniques were used asilddtin Chapter 2. Zeta-potential
measurements were performed under different camdit{pH, ionic strength, various [€h
and [HCQ] concentrations, with/without light) to characterithe bacterial cell surface
charge in different solution environments and tdéedaeine the degree to which bacteria
metabolically control their surface potential eduib. These measurements were reinforced

by Ca adsorption experiments as presentéthiapter 3. Moreover, kinetic experiments were

25



performed to quantify the role of bacteria on thterof carbonate precipitation. The active
biological processes were investigated by compdadnetics of microbiological and chemical

(abiotic) CaCQ@ precipitation. Inchapters 4 and 5 are presented the physical and
biochemical evidences of bacterial mineral preatnh, in which microbial metabolic

activities (photosynthesis) plays an important .r&anning Electron Microscopy and X-ray
diffraction have been used to characterize thereatind the forms of the precipitated
minerals, whereas Transmission Electron Microsc@iyM) has been used to localize the
microbial precipitation of carbonates on/or nea $lurface of bacterial cells. This technique
helps to answer the third question and understdr&smechanism of precipitation driven by

different type of bacteria. The results and intetation are presented @hapter 4 and 5

Overall, the results of this study can help to arswnportant questions about i)
carbonate formations in past (paleontological cdhtand present time (context of @O
storage and biogeochemical cycle); ii) evolutionnatrobial life in the earliest periods of
biological history (biological context); and iii) abterial ecosystems formations under

contemporary land surface conditions (ecologicatext).
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Chapter |

Description of Anoxygenic
phototrophic bacteria and
Cyanobacteria




Description of APB and Cyanobacteria
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Plants, algae, and cyanobacteria are known as okyglotoautotrophs because they
synthesize organic molecules from inorganic mategrieonvert light energy into chemical
energy, use water as an electron source, and denerygen as an end product of
photosynthesis. Unlike the oxygenic plants, algael cyanobacteria, anoxygenic phototrophs
do not use water as an electron source and, tmeretto not produce oxygen during
photosynthesis. The electrons come from compounds as hydrogen gas, hydrogen sulfide,
and reduced organic molecules. This chapter wié @ short introduction into the diversity
of anoxygenic phototrophic bacteria (APB) and of cysawberia, list some important
properties of the species, and indicate importamgsiplogical features. Two strains of
anoxygenic phototrophs (purple nonsulfur anoxygestiototrophic bacteria) and oxygenic
phototrophs cyanobactei@oeocapsap. were studied in this work.

1. Anoxygenic phototrophic bacteria (APB)

Anoxygenic phototrophic bacteria have always at@@dcscientists because of their
position at the beginning of life evolution and ithability to perform photosynthesis in the
absence of air and without producing oxygen. Desfie common feature of these bacteria,
there are significant variations in their morphatad; physiological and molecular properties,
including molecular structures of the photosynthegtigments and the photosynthetic
apparatus (Blankenship et al, 2004).

The literature contains significant information thke geochemical activity, physiology
and distribution of APB in earth surface environtserPlaces of mass dwelling of APB
usually divide into three types: thermal sourcésjlsw water reservoirs (salty and fresh), the
stratified water body such as lakes reservoirs. él@r, in small amounts APB are also

present in practically all aquatic systems anddeabsoils (Gorlenko, 1977).

31



1.1. Anoxygenic photosynthesis

Anoxygenic photosynthetic bacteria differ from ogwic organisms in that each
species has only one type of reaction center (jslyatbetic reaction centés a complex of
several proteins, pigments and other co-factoremalsked together to execute the primary
energy conversion reactions of photosynthesis) niigdaship et al., 1995). In some
photosynthetic bacteria the reaction center islamib photosystem Il and in others it is
similar to photosystem | (Fig. 1). However, neitloérthese two types of bacterial reaction
center is capable of extracting electrons from wate they do not evolve OMany species
can only survive in environments that have a lowcemtration of @ To provide electrons
for the reduction of Cg anoxygenic photosynthetic bacteria must oxidizerganic or
organic molecules available in their environmentr Fexample, the purple bacterium
Rhodobacter sphaeroidesn use succinate to reduce NABy a membrane-linked reverse
electron transfer that is driven by a transmemberdeetrochemical potential. Although many
photosynthetic bacteria depend on Rubisco and #ieirCcycle for the reduction of GO
some are able to fix atmospheric £8y other biochemical pathways (Huzisige and Ke,
1993).

Despite these differences, the general principlenergy transduction are the same in
anoxygenic and oxygenic photosynthesis. Anoxygepimtosynthetic bacteria contain
bacteriochlorophyll, a family of molecules that aienilar to the chlorophyll, that absorb
strongly in the infrared region between 700 andOl@éh. The antenna system consists of
bacteriochlorophyll and carotenoids that serve eaction center where primary charge
separation occurs (Blankenship et al., 1994). Tleet®n carriers include quinone (e.g.,
ubiquinone, menaquinone) and the cytochrobte complex, which is similar to the
cytochromebf complex of oxygenic photosynthetic apparatus.mAgxygenic photosynthesis,
electron transfer is coupled to the generation rofedectrochemical potential that drives
phosphorylation by ATP synthase and the energyiredjufor the reduction of CPOis
provided by ATP and NADH, a molecule similar to NRB (Briggs, 1989).
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Fig. I. 1. Schematic of photosystems | and II.

1.2. Diversity of Anoxygenic Phototrophic Bacteria

There are 7 groups of APB: filamentous anoxygeniotptrophs (Fig. 2A),
phototrophic purple nonsulfur bacteria (Fig. 2Bgean sulfur bacteria (Fig. 2C), phototrophic
sulfur bacteria, heliobacteria (Fig. 2D), thermaighianoxygenic phototrophs, aerobic
anoxygenic phototrophs (Blankenship et al, 2004)illlstrate the diversity of APB we will
consider some the most interesting examples.

Filamentous anoxygenic phototrophs are a diversapgof photosynthetic bacteria
that are of particular evolutionary significancéneTbest known species is the thermophilic
Chloroflexus aurantiacugFig. 2A). This organism is a prominent memberhot spring
microbial mat communities. Because it has an isterg combination of characteristics found
in very different and diverse groups of phototraplprokaryotes, it is of particular
significance in addressing questions of evolutigmaaportance (Frigaard and Bryant, 2004).

There are several other strains of filamentous gdyoithetic bacteria from a wide
range of environments that are substantially dffiefromCf. aurantiacusyet have enough
similarity in fundamental photosynthetic featuresbe likely relatives. Sequence data (16S

rRNA) are needed to define the phylogenetic rarigeeofamily Chloroflexaceae.
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Fig. I. 2. Anoxygenic phototrophic bacteria: A.Chloroflexus (green non-sulfur
bacteria, Chloroflexaceae), BRhodospirillum (purple non-sulfur bacteria,
Rhodospirillaceae), C.Chlorobium (green sulfur bacteria, Chlorobiaceae), D.
Heliobacterium(Gram-positive, Heliobacteriaceae).

The physiology ofCf. aurantiacusis intriguing in several aspects. The recently
described autotrophic GClixation pathway involving 3-hydroxypropionate uslike any
other known autotrophic mechanisi@. aurantiacusis also unique among all groups of
phototrophs in lacking the capacity for nitrogexation. The regulation of pigment synthesis
in response to changing growth conditions is paldity interesting due to the presence of
two different photosynthetic pigments located iffestent sub-cellular environments. The fact
that Cf. aurantiacusis a thermophile provides another dimension of glexity to its
physiology. It is also quite resistant to UV radiat Some of its characteristics may be relicts
from Precambrian ancestors (Blankenship et al, 2004

Other interesting example of APB is heliobacteriag( 2D). Heliobacteria are
anoxygenic phototrophs that contain bacteriochloytipg as their sole chlorophyll pigment.
These organisms are primarily soil residents arghylogenetically related to Gram-positive
bacteria, in particular to the endospore-formBagillus/Clostridiumline. Some species of
heliobacteria produce heat resistant endosporesinory dipicolinic acid and elevated €a
levels. Heliobacteria can grow photoheterotrophyoah a limited group of organic substrates
and chemotrophically (anaerobically) in darknesspisuvate or lactate fermentation. They
are also active nitrogen-fixers. Their photosynthgystem resembles that of photosystem | of
green plants but is simpler, containing a smalean& closely associated with the reaction
center located in the cytoplasmic membrane; norobtimes; typical of the green sulfur
bacteria; or differentiated internal membranesjcipof purple bacteria, are found in the

heliobacteria. These bacteria are apparently widaiributed in rice soils and occasionally
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found in other soils. The ecology of heliobacteriay be tightly linked to that of rice plants,
and the ability of heliobacteria to produce endosp@robably has significant survival value
in the highly variable habitat of rice soils. Theique assemblage of properties shown by the
heliobacteria has necessitated creation of a nesntanic family of anoxygenic phototrophic
bacteria, the Heliobacteriaceae, to accommodatan@gs of this type (Madigan and
Ormerod, 1995)

It is apparent that very few species of anoxygetctotrophs occur or grow at high
temperatures, particularly when compared to speuiesbers for thermophilic Archaea and
non-photosynthetic Bacteri&€hloroflexusspp. are the most thermotolerant (up to ~70 °C)
(Fig. 3), but none of the APB are in the hyperthagphilic category. Recognizing that there
may be some endemic populations of anoxygenic ptogoic bacteria that have not been
dispersed among geographically disparate geothesited, the major factors affecting the
distribution of these bacteria are temperature, goidl concentration of sulfide. Oxygen may
have an effect on the vertical distribution and thel vertical migration of some species
within mats. Facultative aerobic metabolism appdarsde a property of many of the
anoxygenic phototrophs (but n@thlorobium or Heliobacillus in these dynamic habitats.
Light quantity and quality are affected by the dsrgy of pigmentation within the vertically
stratified communities and adaptation to low photimence rates is a necessity for many
species (Castenholz and Pierson, 2004).

Phototrophic sulfur bacteria are characterized hliping various inorganic sulfur
compounds for use as electron donors in carbonidBofixation during anoxygenic
photosynthetic growth. These bacteria are divided the purple sulfur bacteria (PSB) and
the green sulfur bacteria (GSB). They utilize vasioccombinations of sulfide, elemental
sulfur, and thiosulfate and sometimes also ferrmos and hydrogen as electron donors
(Frigaard and Dahl, 2009). Phototrophic sulfur beat often form mass developments in
aguatic environments, either planktonic or benthibere anoxic layers containing reduced
sulfur compounds are exposed to light. From theatpoi view of population dynamics, the
abundance of these organisms is the consequenze®iftain balance between growth and
losses. Both specific growth rates and specifiegaif loss through several processes are
analyzed in several environments, in an attemietteralize on the growth status of blooms
of phototrophic sulfur bacteria. The available mfiation indicates the existence of an upper
limit for the production of these bacteria in natuand seems to suggest the existence of an

upper limit for biomass based in the balance betvggewth and losses (Hell et al., 2008)
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Fig. I. 3. APB and cyanobacteria in the hot spring40-60°C), Kamchatka, Russia.

During the last 15 years, more than 20 new straireeerobic anoxygenic phototrophs
bacteria which possess bacteriochlorophyll (B@hhave been identified (Blankenship et al,
2004). They are distinguished from typical anaerdbnoxygenic) phototrophs in that they
synthesize BChl only under aerobic conditions aathot grow without @or other oxidants,
even under light. In some species, photosynthetiviges have been demonstrated. Reaction
centers and light-harvesting complexes isolatethfsmme species were shown to be similar
to those of typical purple photosynthetic bactefiae regulatory mechanism of synthesis of
pigments and proteins of the photosynthetic apparate apparently opposite with respect to
O, pressure compare to that of typical anoxygenictqgthaphs. The low content of BChl,
unique composition of carotenoids and presenceoofphotosynthetic carotenoids in most
strains are other marked characteristics of theseb& bacteria. Phylogenetically, they are
not classified into single group. Species so facdbed are distributed rather widely within
the a-subclass of Proteobacteria (purple bacteria) inckvimost of the purple nonsulfur
bacteria as well as many non-photosynthetic bactme included. Apparently, these aerobic
BChl-containing bacteria represent an evolutiondargnsient phase from anaerobic
phototrophs to aerobic non-phototrophs. Howevemesgharacteristic features distinct from
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anaerobic phototrophs suggest that most of thenmnaae evolutionary stable stafgurkov
and Beatty, 1998)

Our experimental study of calcium carbonate biomal®ation during bacterial
activity deal with two strain of purple nonsulfuPB: Rhodovulum steppense. nov. A-20s
andRhodovulum spS-17-65.

1.2.1. Rhodovulum steppense sp. nov. A-20s

Rhodovulum steppengstep.pen’'se, N.L. steppunsteppe; Lneut. suff.-ensesuffix
used with the sense of pertaining dL. neut. adj.steppensepertaining to the steppe,
widespreadn steppe soda lakes). The type strain, ATQ88/KM B-2489" =DSM 21153).
The 16S rRNA gene sequences of A-20s strain wepmsited inGenBank under the
following accession numbers: EU741680-EU741684,1391, FJ895099 (Kompantsesta
al., 2009).

Strains of purple nonsulfur bacterl@hodovulum steppensgp. nov. A-20s were
isolated from theshallow-water steppe soda lake Khilganta (Zabakil'Krai, southern
SiberiaRussia) (Fig4A) in the cryoarid zone of Centrasia (Kompantsevat al, 2010).

Fig. I. 4. (A) Lake Khilganta, Zabaikal'skii Krai, southern Siberia, Russia; (B)
Hypersaline water body in Crimea steppe.

Cells are ovoid to rod-shaped, 0.3-0.8 pm waide 1.0-2.5 pm long (Fig. 5A), mobile
by means of polaflagella, multiply by binary fission, and containesicularinternal
photosynthetic membranes. Ultrathin sections ofscef strain A-20s showed a Gram-
negativetype of cell wall. The internal photosynthetic meares formeadnultiple vesicles
(Fig. 5B).
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Fig. 1. 5. (A,B) TEM images of APB A-20s. Nutrientsolution. 10 days old culture.
(B) Vesicles in the internal photosynthetic membraes of APB A-20s.

Cell suspensions are yellaw brown in anoxic conditions (Fig. 6A) and redtire

presence of @vhen grown aerobically (Fig. 6B).

Fig. I. 6. Bacterial suspensions of A-20s cultivatiin anoxic conditions (brown
color) (A) and in the presents of oxygen (red colyr(B).

The photosynthetic pigments of this APB strain #&@cteriochlorophyll a and
carotenoids of the spheroidene series (Kompantseah, 2009). In vivo absorption spectra
show maxima at 461, 483, 515, 592, 803 and 861@rawth occurs anaerobically in the
light (photoheterotrophically) or aerobically inetldark (chemoheterotrophically). Growth is

38



best with propionate, butyrate, valerate, pyruvietate and glycerol. Asparagiregetate,
caprylate, malate, succinate, formate, fumaratejtaglate, mannose, ethanol, casein
hydrolysate and yeast extract are alsed. Alanine, arginine, aspartate, ornithine, ipegl
threonineyaline, citrate, benzoate, tartrate, arabinose;agie, maltosand fructose support
slow growth. No growth occurs with sucroserbitol, mannitol or methanol. No anaerobic
respiration takeplace with nitrite, nitrate or fumarate. Growthtla¢ expensef fermentation
does not occur. Sulfide, sulfur and thiosulfaseipport photolithoautotrophic and
chemolithoautotrophic growtim the course of which they are oxidized to sulf&elfideas
electron donor is oxidized via temporary deposit@nextracellularelemental sulfur. No
growth occurs with hydrogen as electonor. Ammonium salts are used as the nitrogen
source. Sulfatdghiosulfate, elemental sulfur and cysteine are wsethe sulfusource. Three
vitamins (biotin, thiamine, niacin) are neededgrowth factors. Obligately haloalkaliphilic:
growth occursvithin a wide range of salinity (0.3—10 %, w/v) gpid (7.5-10) (Kompantseva
et al., 2010). Growth optima are at 1-5 % NaCl,§5and 25-35 °C. No growth occurs in
the absence of Na@hd/or at pH 7. The major quinone is ubiquinone@This APB strain
is resistant to amikacin, ampicillichlortetracycline, bacitracin, vancomycin, gentamic
nystatin,nalidixic acid, novobiocin, penicillin, rifampicirkanamycinjincomycin, neomycin
and streptomycin, but sensitive to tetracyclenzylpenicillin and polymixin B.
Anaerobically in the light and in the presence @famic compoundshe strain A-20s
reduced selenite and tellurite (at initial concattmsof up to 10 mM) to elemental selenium

and tellurium, respectively (Kompantseva et al1®@0

1.2.2. Rhodovulum sp. S-17-65

Bacteria Rhodovulum spS-17-65 were isolated a long time ago and original
described aRkhodobacter euryhalinusenamed later iRhodovulum euryhalinunin light of
new data this species includes only typical straut,notRhodovulum spS-17-65. Thereby,
Rhodovulum sp. S-17-65 is likely to be another sgeavhich have been not described yet. In
this subsection we provide the old descriptionaftbria S-17-65.

Rhodobacteeuryhalinus(Gr. adj.eurus wide, broad; Gr. rhalshalos salt; L. suff. -
inus -a -um, suffix used with the sense of belonging to; Nkeut. adjeuryhalinum living in
a wide range of salinity). Type strain: strain Kanfseva KA-65 = KA-65 = DSM 4868.
GenBank/EMBL/DDBJ accession number for the 16S rRj¢Ae sequence of the type strain:
D16426 (Kompantseva, 1989).
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Fig. I. 7. TEM images of cells S-17-65. Nutrient $ation. 10 days old culture.

Strains of purple nonsulfur bacterRhodovulumsp. S-17-65 isolated from the
hypersaline water body in Crimea steppe (Fig. 4Bwas shown that the main factors
determining efficiency of growth were: increase sahtent, sulphide content in silt deposits,
unstable character of anaerobic conditions in boti@ter (Gorlenko et al., 1983).

The form of cells is coccus or short rod-shaped size is 0.7-0.1.0 um wided 1.0—
3.0 um long (Fig. 7), the cells are mobile by meahgolar flagella, multiply by binary

fission. Cell suspensions are brown as shown in&ig

Fig. I. 8. Cells suspension of APB S-17-65.

The photosynthetiqpigments are bacteriochlorophyfi and carotenoids of the
spheroidenseries. The growth occurs anaerobicallyhe light (photoorganoheterotroph) or
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microaerophilically in thedark on organic substrate. The cultures can growth
photoototrophicaly with sulphide. S-17-65 is obtegg halophilic with growth optima of 12
% NaCl, pH 7-8and 25-35 °C. The source of nitrogen is ammoniwuarce of sulfur are
sulfide, cysteine. These bacteria need four vitamiB;, Bs, biotin, n-aminobenzoate

(Kompantceva, 1985).

2. Cyanobacteria

A cyanobacterium (also known as blue-green algdee-treen bacteria, and
Cyanophyta) is a phylum of bacteria that obtainrte@ergy through photosynthesis. The
name "cyanobacteria” comes from the color of thetdvea (Greekivovoc (kyands) = blue).

The ability of cyanobacteria to perform oxygenioofdsynthesis is thought to have
converted the early reducing atmosphere into adizirg one, which dramatically changed
the composition of life forms on Earth by stimutgtibiodiversity and leading to the near-
extinction of oxygen-intolerant organisms (Smit@82).

Cyanobacteria can be found in almost every conb&vanvironment, from oceans
and fresh water to bare rock and soil. They camiroas planktonic cells or form phototrophic
biofilms in fresh water and marine environmentseyfoccur in damp soil or even on
temporarily moistened rocks in deserts. A few ardosymbionts in lichens, plants, various
protists, or sponges and provide energy for thé. [8msne live in the fur of sloths, providing a
form of camouflage (Madigan et al., 2000).

Aquatic cyanobacteria are probably best known lier éxtensive and highly visible
blooms that can form in both freshwater and theimeaenvironment and can have the
appearance of blue-green paint or scum (Fig. 9. ddsociation of toxicity with such blooms
has frequently led to the closure of recreationatens when blooms are observed. Marine
bacteriophages are a significant parasite of umiegl marine cyanobacteria. When they

infect cells, they lyse them, releasing more phagtesthe water (Rippka et al., 1979).
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Fig. I. 9. Blooms of cyanobacteria. (A) Lake in Neviengland; (B) Lake Atitlan,
Guatamala highlands, satellite image, November 22009.

2.1 Oxygenic Photosynthesis of Bacteria

The photosynthetic process in all plants and algaewell as in certain types of
photosynthetic bacteria involves the reduction @&,QGo carbohydrate and removal of
electrons from KO, which results in the release 0f.0n this process, known as oxygenic
photosynthesis, water is oxidized by the photosydteeaction center, a multisubunit protein
located in the photosynthetic membrane. Years s¢gaech have shown that the structure and
function of photosystem Il is similar in plantsgaé and certain bacteria, so that knowledge
gained in one species can be applied to others.Admology is a common feature of proteins
that perform the same reaction in different speciégs homology at the molecular level is
important because there are estimated to be 30600@00 species of plants (Huzisige and
Ke, 1993).

Cyanobacteria are photosynthetic prokaryotic omgasi that evolve © (Bryant,
1994). Fossil evidence indicates that cyanobacteasted over 3 billion years ago and it is
thought that they were the first oxygen evolvingyarisms on earth (Wilmotte, 1994).
Cyanobacteria are presumed to have evolved in waten atmosphere that lacked.O
Initially, the G, released by cyanobacteria reacted with ferrousimdhe oceans and was not
released into the atmosphere. Geological evidemtiedtes that the ferrous Fe was depleted
around 2 billion years ago, and earth's atmospbecame aerobic. The release gfi@o the

atmosphere by cyanobacteria has had a profounct affiethe evolution of life.
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The photosynthetic apparatus of cyanobacteriannlasi to that of chloroplasts. The
main difference is in the antenna system. Cyanebactdepend on chlorophyll a and
specialized protein complexes (phycobilisomes)ather light energy (Sidler, 1994). They do
not contain chlorophyll b. As in chloroplasts, tttdorophyll a is located in membrane bound
proteins. The phycobilisomes are bound to the aitkr of the photosynthetic membrane and
act to funnel exciton energy to the photosystemediction center. They are composed of
phycobiliproteins, protein subunits that contairvalently attached open ring structures
known as bilins that are the light absorbing pigteerfPrimary photochemistry, electron
transport, phosphorylation and carbon reductionuogouch as they do in chloroplasts.
Cyanobacteria have a simpler genetic system thamtgland algae that enable them to be
easily modified genetically. Because of this, cyzawieria have been used as a model to
understand photosynthesis in plants. By geneticalliering photosynthetic proteins,
researchers can investigate the relationship betweelecular structure and mechanism
(Barry et al., 1994).

Over the past three decades several types of okygbacteria known as
prochlorophytes (or oxychlorobacteria) have beescaliered that have light harvesting
protein complexes that contain chlorophyll a andbbi do not contain phycobilisomes
(Palenik and Haselkorn 1992, Urbach et al., 1992attiMis et al., 1994). Because
prochlorophytes have Chlorophyll a/b light harvegtiproteins like chloroplasts, they are

being investigated as models for plant photosyighes

2.2. Diversity of cyanobacteria

The cyanobacteria were traditionally classified roprphology into five sections,
referred to by the numerals I-V. The first threeChroococcales, Pleurocapsales, and
Oscillatoriales - are not supported by phylogenediadies. However, the latter two -
Nostocales and Stigonematales - are monophyletici make up the heterocystous
cyanobacteria. The members of Chroococales areeliar and usually aggregate in
colonies. The classic taxonomic criterion has bdencell morphology and the plane of cell
division. In Pleurocapsales, the cells have thétalo form internal spores (baeocytes). The
rest of the sections include filamentous speciefscillatoriales, the cells are uniseriately

arranged and do not form specialized cells (akeheted heterocysts). In Nostocales and
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Stigonematales the cells have the ability to dgvef®terocysts in certain conditions.
Stigonematales, unlike Nostocales, includes speeids truly branched trichomes (Smith,
1982).

Cyanobacteria include unicellular and colonial sggcColonies may form filaments,
sheets or even hollow balls. Some filamentous ¢etoshow the ability to differentiate into
several different cell types: vegetative cells, tloemal, photosynthetic cells that are formed
under favorable growing conditions; akinetes, thenate-resistant spores that may form
when environmental conditions become harsh; antktvalled heterocysts, which contain
the enzyme nitrogenase, vital for nitrogen fixatibfeterocysts may also form under the
appropriate environmental conditions (anoxic) whemd nitrogen is scarce. Heterocyst-
forming species are specialized for nitrogen fotatand are able to fix nitrogen gas into
ammonia (NH), nitrites (NQ") or nitrates (N@) which can be absorbed by plants and
converted to protein and nucleic acids (atmosphaiicogen cannot be used by plants
directly). Rice crops utilize healthy populatiorfsniirogen-fixing cyanobacteria in some rice
paddy fertilizers (Scanlan and Nyree, 2002). RipggRappka et al., 1979) divides the
cyanobacteria into five sections. She describest two sections, | and II, as "Unicellular;
cells single or forming colonial aggregates helgetber by additional outer cell wall layers".
Her other three sections, Il to V, she describe$Flamentous; a trichome (chain of cells)
which grows by intercalary cell division". The pap® Rippka et al. (1979) contains many
micrographs of cell morphologies typical of thesagra.

AnabaenalFig. 10) is a genus of filamentous cyanobactdaand as plankton. It is
known for its nitrogen fixing abilities, and thegrin symbiotic relationships with certain
plants, such as the mosquito fern. They are orfeuwsfgenera of cyanobacteria that produce
neurotoxins, which are harmful to local wildlifes well as farm animals and pets. Production
of these neurotoxins is assumed to be an inputisiteymbiotic relationships, protecting the
plant from grazing pressure (Mishra et al. 2009).

Oscillatoria (Fig.11) is another genus of filamentous cyanadaain which is named
for the oscillation in its movement. Filaments e tcolonies can slide back and forth against
each other until the whole mass is reoriented ddigiht source. It is commonly found in
watering-troughs waters, and is mainly blue-greenboown-green.Oscillatoria is an
organism that reproduces by fragmentatiOscillatoria forms long filaments of cells which
can break into fragments called hormogonia. Thenlbgonia can grow into a new, longer

filament. Breaks in the filament usually occur wdhelead cells (necridia) are present. Each
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filament of oscillatoria consists of trichome whishmade up of rows of cells. The tip of the

trichome oscillates like a pendulum (Madigan e28D0).

Fig. I. 10. CyanobacteriaAnabaena(Scientific classification: Kingdom: Bacteria,
Phylum: Cyanobacteria, Order: Nostocales, Family: Mstocaceae, Genus: Anabaena).

ASM Microbelibrary.org

Fig. I. 11. CyanobacteriaOscillatoria (Scientific classification: Kingdom: Bacteria,
Phylum: Cyanobacteria, Class: Cyanophyceae, OrdeiOscillatoriales, Family:
Oscillatoriaceae, Genus: Oscillatoria).

45



Some of cyanobacterial organisms contribute sicguifily to global ecology and the
oxygen cycle. AlthoughProchlorococcus(Fig.12) is the smallest known phototroph it
contributes 30-80% of primary production in the ldr oligotrophic oceans, and is
consequently plays a significant role in the gloteibon cycle and the Earth's climate. This
tiny marine unicellular cyanobacterium was discedein 1986 and accounts for more than
half of the photosynthesis of the open ocean (Scaei al. 2002).

southernfriedscience.com

Fig. I. 12. CynobacteriaProchlorococcugScientific classification: Kingdom:
Bacteria, Phylum: Cyanobacteria, Order: Synechocoales, Family: Synechococcaceae,
Genus: Prochlorococcus)

Each individual cell of a cyanobacterium typicaligs a thick, gelatinous cell wall.
They lack flagella, but some species may move lingl along surfaces. Many of the multi-
cellular filamentous forms oOscillatoria are capable of a waving motion; the filament
oscillates back and forth. In water columns sormeno¥pacteria float by forming gas vesicles,
like in archaea. These vesicles are not organaekesuch. They are not bounded by lipid

membranes but by a protein sheath (Smith, 1982).

In our experimental study of calcium carbonate br@ralization cyanobacteria
Gloeocapsa spwas studied in details for determinate its role pirecipitation and the

mechanism of this precipitation.
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2.2.1. Cyanobacteria Gloeocapsa sp.

Scientific classification: Kingdom: Bacteria, Cl#38ylum: Cyanobacteria, Order:
Chroococcales, Family: Chroococcaceae.

Gloeocapsa(from the Greekgloia (glue) and the Latincapsa (box)) may be
unicellular or made up of small groups of cellsugred together within concentric mucilage
envelopes (Fig. 13). The individual colonies areally spherical, microscopic, and enclosed
within larger masses of mucilage. The cells ard-ekiaped or ellipsoidal, and hemispherical
after dividing. Each cell has a rounded, firm, innaucilaginous sheath surrounded by older
sheath material from the parent cell, revealingghdern of cell division. The sheaths are
colorless or vivid shades of yellow, brown, redarage, blue, or violet, and may be affected
by changes in pH. The cells are usually bright {gteeen or olive green and do not have
distinct gas vesicles (Smith, 1982).

Gloeocapsa cells divide along three perpendicular planes dyrisuccessive
generations. Each daughter cell grows to the sideshape of the parent cell before dividing

again. The parent colonies disintegrate to form daughter colonies (Madigan, 2000).

http://1010biology.com

Fig. I. 13. CyanobacteriaGloeocapsdcells surrounded by a capsule). The black
scale bars are 10 pm.

Most species oGGloeocapsdive in freshwater lakes, on wet stony substrabestree
bark, or in terrestrial environments such as msods. Many grow on wet rocks or mountain

walls, while some species are restricted to cabreweor acidic rocky surfaces. Some live
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within porous rocks in hot desert regions or cansben as black bands on high intertidal
seacoast rocks. Some species@lbeocapsaare symbiotic with fungi, forming lichens
(Smith, 1982).

CyanobacteriunGloeocapsasp. used in this study is usually made up of smathber
of cells grouped within concentric mucilage envelprhe individual colonies are spherical,
microscopic, and enclosed within larger masses aotilage. Gloeocapsa sp. f-6gl was
provided from the culture collection of the Insté@wf Microbiology RAS (Moscow), isolated
from a hot spring (30-40°C) in Kamchatka (Pokrovekyl., 2008).

2.2.2. Cyanobacteria Synecochoccus sp.

Scientific classification: Kingdom: Bacteria, Phylu Cyanobacteria, Order:
Synechococcales, Family: Synechococcaceae, Gemusclscoccus.

Synechococcugfrom the Greeksynechos(in succession) and the Greddokkos
(berry)) is a unicellular cyanobacterium that isywe/idespread in the marine environment.
Many freshwater species 8fynechococcusave also been described (Madigan et al., 2000).

A Synechococcus cyanobacterium was isolated froma $urface of coastal
stromatolites sampled in February 2008 from thettdep1l m at 50 m from the shoreline of
the Salda Lake, SW Turkey (Fig. 14).

Fig. I. 14. Salda Lake, SW Turkey.
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The cultures oBynechococcusp. were purified on the agar BG-11 or Pratt media
individual colonies was grown in synthetic, cyantteaa BG-11 Freshwater Solution for 3
weeks until the stationary growth phase was readBedtinuous illumination at 2000 Ix was
provided from fluorescent lamps. Cyanobact&yamechococcuypically consists of isolated
elongated cells, without significant amount of ntage. Its size varies from 0.8 pm to 1.5 um
(Fig. 15). They are gram negative cells with higktyuctured cell walls that may contain
projections on their surface. Electron microscagygfiently reveals the presence of phosphate
inclusions, glycogen granules and more importahifjhly structured carboxysomes (Smith,
1982) (Fig.15).

_1.04 micron Phosphate |nC|US|0nS/
- glycogen granules

projections on the surface

1 um

Fig. I. 15. TEM images of cyanobacteria Synechocaes sp. (A) Projections on their
surface; (B) Phosphate inclusions / glycogen grares.

Laboratory modeling experiments with cyanobactefgnechococcussp. were
performed in order to characterize hydrous magnesarbonate precipitation in alkaline lake
(stromatolites formation) and to assess the ramgk characterize the mechanisms of Mg
isotope fractionation in lacustrine environmenteTesults of this study are described in the
articles Mavromatis et al. (2011) and Shirokovalet(2011). These works are presented in

Appendices 1 and 2.
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1. Bacterial growth and cultivation

1.1. Bacterial growth

Bacterial growth is the division of one bacteriumoitwo daughter cells in a process
called binary fission. Providing no mutational ewvexcurs, the resulting daughter cells are
genetically identical to the original cell. Henc¢igcal doubling” of the bacterial population
occurs. Both daughter cells from the division dda necessarily survive. However, if the
number surviving exceeds unity on average, theebattpopulation undergoes exponential
growth. The measurement of an exponential bactgnawth curve in batch culture was
traditionally a part of the training of all micrabogists; the basic means requires bacterial
enumeration (cell counting) by direct and indivib(raicroscopic, flow cytometry (Skarstad
et al, 1983)), direct and bulk (biomass), indiract individual (colony counting), or indirect
and bulk (most probable number, turbidity, nutrieptake) methods (Zwietering et al., 1990).

Bacterial growth can be modeled with four differgaitases as shown in a typical

curve of bacterial growth in Fig. 1 below: lag €at, A) phase, exponential or log phase (B),
stationary phase (C), and death phase (D).

v axis = log cell number

time

Fig. Il. 1. Typical curve of bacterial growth.
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During lag phase(A), bacteria adapt themselves to growth cond#tidhis the period
where the individual bacteria are maturing andyabtable to divide. During the lag phase of
the bacterial growth cycle, synthesis of RNA, enegmand other molecules occurs. Note that
in this phase the microorganisms are not dormaett(®hd Rubin, 2008).

Exponential phaséB) (sometimes called the log phase or the loganit phase) is a
period characterized by cell doubling. The numidenew bacteria appearing per unit time is
proportional to the present population. If growshniot limited, doubling will continue at a
constant rate so both the number of cells andateeaf population increase doubles with each
consecutive time period. For this type of exporamrowth, plotting the natural logarithm of
cell number against time produces a straight [ slope of this line is the specific growth
rate of the organism, which is a measure of thebmmof divisions per cell per unit time
(Novick, 1955). The actual rate of this growth .(ilee slope of the line in the figure) depends
upon the growth conditions, which affect the fregmye of cell division events and the
probability of both daughter cells surviving. Undmmtrolled conditions, cyanobacteria can
double their population four times a day. Exporengirowth cannot continue indefinitely,
however, because the medium becomes depletedridmiatand enriched with wastes.

During stationary phasgC), the growth rate slows down as a result ofrient
depletion and accumulation of toxic products. Tphsise is reached as the bacteria begin to
exhaust the resources that are available to thdms. @hase is characterized by a constant
biomass value as the rate of bacterial growth igktp the rate of bacterial death.

At death phasé€D), bacteria run out of nutrients and die (Zwiitg et al., 1990).

This basic batch culture growth model draws out amghhasizes aspects of bacterial
growth which may differ from the growth of impureilture or microbial consortia. It
emphasizes clonality, asexual binary division, @feort development time relative to
replication itself, the seemingly low death ratee heed to move from a dormant state to a
reproductive state or to condition the media, andllfy, the tendency of lab adapted strains to
exhaust their nutrients (Novick, 1955).

In reality, even in batch culture, the four phaaesnot well defined. The cells do not
reproduce in synchrony without explicit and consihprompting and their exponential phase
growth is often not ever a constant rate, but adta slowly decaying rate, a constant
stochastic response to pressures both to reprahet® go dormant in the phase of declining
nutrient concentrations and increasing waste cdrat@onms (Hett and Rubin, 2008).

Liquid is not the only laboratory environment fadberial growth. Spatially structured

environments such as biofilms or agar surfacesepteadditional complex growth models
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(Madigan et al. 2000). In contrast to experimentbiomineralization on agar media, we used
only liquid culture in the present study. The meeason of this is the inability of researcher
to control and monitor solute parameters (pH, pC&Xk, [Ca], [Mg], nutrients) in the agar
media which does not allow quantifying the rated mentifying the governing factors of the

microbial mineral precipitation processes.

1.2. Anoxygenic phototrophic bacterial (APB) growth andcultivation

1.2.1. Bacteria growth medium preparation and conditions & cultivation

Both APB, A20-S and S-1765 (which are presentedhiapter 1), were cultured in
Pfenning’s growth medium of the following compaaiti (Pfenning and Lippert, 1966) :
KH,PQO, (330 mg/L), MgC§*6H,0 (330 mg/L), NHCI (330 mg/L), KCI (330 mg/L), N&O,
(330 mg/L), CaCl (50 mg/L), NaHCQ (5 g/L for A-20s, 0.5 g/L for S-17-65), NaCl (28.g
for A-20s , 120 g/L for S-17-65), sodium acetateg(lL), casamino acids (0.1 g/L), yeast
extract (0.1 g/L), B (20 ug/L), and Trace metal solution (1 ml/L (compositeee paragraph
1.3.1)). For S-17-65, N& (0.1 g/L) and cysteine (0.3 g/L) were added ssuace of sulphur.

Culture (growth) medium is prepared in 2 stages.tiAd first stage, inorganic
components (in the form of salts) were added indik#lled (MQ) water. After that, solution
was sterilised in autoclave (121°C, 2050 mBar, 2%)nThe sterile solution is transferred to a
laminar hood box. At the second stage (in lamir@chbox), other components (in the form
of 10% sterile solution) are added in a solutiomaly, the suspension of living bacterial
cells is added in this solution.

Stock cultures of bacteria were kept in sealedsghastles in oxygen-free conditions at
23-30°C, under constant 2000 Ix light (Kompantsaval. 2009), and placed on a rotator
shaker at 10 rpm to grow until the stationary stageached (5 to 7 days).

1.2.2. Characterization of APB bacterial growth

The overall growth rate was very similar betwees tihio cultures in a wide range of
pH and Dissolved Inorganic Carbon (DIC] concentradi (see Chapter 4). The curves of both
APB’s growth in the nutrient solution are presentethe Fig. 2. As it can be seen from this

figure, lag phase’s duration for A-20s and S-17i$650-80 and 100-120 hrs, respectively.
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The exponential phase for bacteria A-20s is shod aharacterized by fast biomass
development during the first 40 hrs. The duratloa phase for S-17-65 is longer than that for
A-20s (160 hrs) and is characterized by slowerdyadtbiomass evolution. Stationary phase
time is achieved after 200 and 100 hrs for A-20d 8nl7-65, respectively. Finally, death
phase starts at the same moment for both bactetidan 320-340 hrs after the beginning of

the experiments.

18

16 |

14

12 |

10 |
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Fig. Il. 2. Curves of APBs A-20s and S-17-65 growtim the nutrient solution.

Experiments with both APB culture in nutrient mediwith Mg additions (1-100
mM) have shown that this metal, at concentratioghé&i that 10 mM, inhibits bacterial
biomass growth. This result suggests that Mg, gl kkoncentrations, becomes a toxic metal
for this APB.

The possibility of bacterial growth in dilute n@mt medium was tested. The
experiments in dilute medium (factor of 2 and I0e$) demonstrated the absence of bacterial

growth in these conditions.
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1.3. Cyanobacteria growth and cultivation

1.3.1. Bacterial growth medium, preparation and conditionsof cultivation

Gloeocapsa spwere grown in Cyanobacteria BG-11 Fresh-water tRoiuMedium
(Sigma-Aldrich C3061) of the following compositiRippka at al., 1979): NaN{150 g/L),
KoHPO*3H,0 or K;HPO, (40 g/L or 30 g/L), MgS@F7H,0 (75 g/L), CaCGF2H,0 (36 g/L),
Citric Acid (6 g/L, Ammonium Citrate (6 g/L), N&Os; (20 g/L), Trace metal solution
(composition see below, 1 ml/L). This medium igliti@nally used for most cyanobacteria.

Trace metal solution: #0O; (2.86 g/L), MnC}*4H,0 (1.81 g/L), ZnS&7 H,0
(0.222 g/L), NaMo@5H,0 (0.39 g/L), CuS@5H,0 (0.079 g/L), Co(NE),*6H,0 (0.0494
g/L) (Rippka at al., 1979).

All components are added in the distilled (MQ) watter that, solution is sterilised
in autoclave (121°C, 2050 mBar, 20 min). Obtaintedile solution is transferred to a laminar
hood box. Finally, suspension of living bacterialls is added in this solution.

Stock culture of Gloeocapsa sp. were kept at roemperature (23+1°C) under
constant cool white fluorescent light illuminati@¢tZ00 Ix) on a rotator shaker at 250 rpm.

1.3.2. Characterization of Gloeocapsa sp. growth

The curves Gloeocapsa sp. growth in the nutrieiotisa are presented in Fig. 3. As it
can be seen from this figure, lag phase’s duraigoi0-80 hrs (3 days). The exponential
phases for Gloeocapsa sp. are longer than APB dwadaaterized by slow biomass
development during the 50-55 days. Stationary phiaseis achieved after 55 days. Finally,

death phase starts after 80 days of experiments.
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Fig. Il. 3. Curves Gloeocapsa’s of growth in the nwient solution.

2. Electrophoretic Measurements

The composition and structure of bacterial surfaxeresponsible for important
processes such as biomineralization, bacterial sioineand biofilm formation (Borrok &
Fein, 2004). In order to better understand the mecsms of all these processes, it is
necessary to know bacterial surface charge depgngpon environmental conditions (pH,
presence of different organic/inorganic charged/mbiarged particles, temperature etc.).
Electrophoretic (named also electrokinetic) measerd is very useful for cells it surface
characteristic. Microelectrophoresis is a powetkdhnique for characterizing the electric
double layer of microbial cell surfaces (van derl\&taal., 1997; Gelabert at al., 2004).

This subchapter is undertaken to explain the phyditeories of electrical double
layer’'s (EDL) structure; structural’s features @ickerial EDL and method to characterise it

(electrophoretic measurements).
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2.1. Electrical double layer (EDL)

In contact with a polar medium (water) the solidface (e.g. majority of minerals and
cells) show a definite surface charge as the camse® of ionization, ionic adsorption and
ionic desorption. This surface charge influencesatrangement of neighbouring ions of the
polar medium. lons of the opposite charge (couiates) will be attracted to the particle
surface while ions of like charge (co-ions) will epulsed from the surface (Zembala, 2004).
The formation of an interfacial charge causes armaegement of the local free ions in the
solution to produce a thin region of nonzero neargh density near the interface. The
arrangement of the charges at the solid-liquidriate formed the electrical double layer
(EDL) (Lyklema, 1993).

There are two part of EDL as depicted in Fig. 4eThin layer of counter-ions
immediately next to the charged solid surface afase of cells, called theompact layer
The counter-ions in the compact layer are immotbile to the strong electrostatic attraction.
Counter-ions outside the compact layer are mobités part of the EDL is called thdiffuse
layer. In diffuse layer the ions are arranged under ittilience of electrical forces and

thermal movements (Lyklema, 1993).
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Fig. Il. 4. Electrical double layer of bacterial cdls (modified from
http://www.rikenresearch.riken.jp).

There are several theories to describe the steictuthe EDL (theories of Helmholtz
Double Layer (1879) and Gouy-Chapman Double Lag@d@ and 1913)). In this work we
briefly described Stern theory of EDL structure.
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2.2. Stern theory of the Diffuse Double Layer

The Gouy-Chapman theory provides a better appratkim of reality than does the
Helmholtz theory, but it still has limited quantitee application. It assumes that ions behave
as point charges (which they cannot) and that tleen® physical limits for the ions in their
approach to the surface (which is not true). Stdrarefore, modified the Gouy-Chapman
theory by assuming that ions do have finite sizefhat they cannot approach the surface
closer than a few nm. In other words, the firstsiof the Gouy-Chapman Diffuse Double
Layer are not at the surface, but at some distarasgay from the surface. This distance will
usually be taken as the radius of the ion. Assaltethe potential and concentration of the
diffuse part of the layer is low enough to justifgating the ions as point charges.

Stern also assumed that it is possible that sontigeabns are specifically adsorbed by
the surface in the plan® and this layer has been named the Stern Layberefore, the
potential will drop by, - W5 over the "molecular condenser” (i.e. the HelmhBlane) and

by Ws over the diffuse layertVs has been names the zetpgotential (Alekseev et al., 1988).
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Fig. Il. 5. This diagram serves as a visual compaon of the amount of counter-ions
in each the Stern Layer and the Diffuse Layer of sectite when saturated with the three
alkali earth ions.
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The double layer is formed in order to neutralire tharged surface and, in turn,
causes an electrokinetic potential between theaserfand any point in the mass of the
suspending liquid. This voltage difference is oa ¢inder of millivolts and is referred to as the
surface potential. The magnitude of the surfacemgal is related to the surface charge and
the thickness of the double layer. As we leavedindace, the potential drops off roughly
linearly in the Stern layer and then exponenti#tippugh the diffuse layer, approaching zero
at the imaginary boundary of the double layer. Patential curve is useful because it
indicates the strength of the electrical force leetw particles and the distance at which this
force comes into play. A charged particle will movieh a fixed velocity in a voltage field.
This phenomenon is called electrophoresis. Thagkeg mobility is related to the dielectric
constant and viscosity of the suspending liquid &nthe electrical potential at the boundary
between the moving particle and the liquid. Thisitmbary is called the slip plane and is
usually defined as the point where the Stern layerthe diffuse layer meet. The relationship
between zeta potential and surface potential dependhe level of ions in the solution. The
figure above (Fig. 5) represents the change ingehdensity through the diffuse layer. The
electrical potential at this junction is relatedtb@ mobility of the particle (and is called the
zeta potential). Although zeta potential is annmiediate value, it is sometimes considered to
be more significant than surface potential as fareectrostatic repulsion is concerned
(Valleau, 1982).

2.3. Zeta (§) potential of bacterial cells

As it was defined in previous section, the zetaepual is the electrostatic potential at
the boundary dividing the compact layer and th&udd layer. Zeta potential is influenced by
pH, ionic strength (the concentration and typeaofsi present) and the concentration of any
charged molecules. The effect of the pH, or iotiergyth of the medium or the concentration
of an additive on the zeta potential can give imation about the EDL of cells (Hunter,
1981).

Biological amphoteric molecules such as amino aad proteins contain both acidic
and basic functional groups. Amino acids which mageproteins may be positive, negative,
neutral or polar in nature, and together give d@gwnoits overall charge (Harden and Hatrris,

1952). Bacterial surface contain a lot of differgambteins and as result their charges
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depending on the functional groups present in tivéase. The net charge on the surface is
affected by pH of their surrounding environment acmh become more positively or
negatively charged due to the loss or gain of petH) (Dittrich et al. 2009). Net cell
surface charge can be assessed on the basis giotetdial which is the electrical potential of
the interfacial region between the bacterial swfand the agueous environment (Saito et el,
1997). Zeta potential can be estimated by measutiglar electrophoretic mobility in an
electric field (Mozes and Rouxhet, 1990).

Bacterial cells possess a net negative electrosmitential surface charge when
cultivated at physiological pH values (Mozes anduiwet, 1990). Competition between
counter ion neutralization and molecular motiorutssin the establishment of an interfacial
EDL. The inner region is referred to as the Staget and consists of the surface proper, as
well as the ions with which it is electrostaticabpund. The outer region protrudes into the
agueous environment and consists of more diffustilduition of anions and cations which
participate in electrostatic interactions betwdam ¢ell and other charged surfaces. The zeta
potential approximates the potential of the innertipn of the diffuse layer (Wilson et al.,
2001).

Molecules comprising the outer cell envelope whichntribute to the net
electronegativity of the overall bacterial cell faae are structurally disparate and differ
somewhat as a function of Gram reactivity. The peglycan cell wall of gram-positive
bacteria influences surface electronegativity byuei of phosphoryl groups located in the
substituent teichoic and teichuronic acid residassyell as unsubstituted carboxylate groups
(Beveridge, 1988). In contrast, the peptidoglycdrgmm-negative bacteria is sequestered
within the periplasmic space by virtue of the outegmbrane and is therefore not exposed to
the extracellular environment. Negative electrastatirface charge in these organisms is
conferred by the phosphoryl and 2-keto-3-deoxyaat®n carboxylate groups of
lipopolysaccharide located in the outer leaflethaf outer membrane (Wilson et al., 2001).

Taking together, the complexity of bacterial suefamakes predictions relative to
biophysical parameters, such as surface chargéserralifficult. Polymers composing
bacterial surface contain dissociable groups. Smost cell surfaces contain both basic and
acidic groups, the surface is amphoteric, with aenmegative net charge at high pH and more

positive charge at low pH (Bayer and Sloyer, 1990).
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2.4. Isoelectric point (IEP)

The point where the plot passes through zero zetenpal is defined asoelectric
point (IEP) The pH of IEP (pldp) is the pH at which a particular molecule or scefaarries
no net electrical charge (c.a., negative and pasitharges are equal) (Kosmulski and
Saneluta, 2004). At a pH below their IEP, partiatesry a net positive charge; above their
IEP they carry a net negative charge (Michen arauf@r 2010).

Within recent years a number of workers have reteto differences in the isoelectric
point of bacteria. And the general tendency is thatisoelectric point in the gram positive
bacteria varied from pH 1.75 to 4.15 and in thergreegative group from 2.07 to 3.65. These
results indicate that the IEP values for gram riegatells do not vary over as wide a range as
for gram positive cells. It is apparent, howevhkatithe isoelectric point of the gram negative
group does not occur at more alkaline reactions thfathe gram positive bacteria. This
feature is due to the protoplasm of the gram pasitells with high ribonucleic acid content
which would exhibit greater acidic properties that of gram negative cells (Bayer and
Sloyer, 1990).

2.5. Electrophoresis method

A variety of methods has been used in the pash#&vacterize bacterial cell surfaces
with regard to overall electrostatic properties 1@ et al., 2001). Microelectrophoresis is
one such method and involves the placement ofstelpension in an electrophoresis cell,
application of voltage across the cell, and dimaatroscopic observation of the movement of
individual bacteria over a given distance, the g#joof which is then used to calculate
electrophoretic mobility (Brinton and Lauffer, 195&lectrophoretic mobility can be used to
ascertain zeta potential values from which celfez@ charge can be estimated by calculation.
The direction and rate of the movement is dependena variety of factors such as ionic
strength, temperature, pH of the medium, as wedllastric field strength and the net surface
charge of the bacterium (Wilson et al., 2001). Fegbl shows an example of the movement of

bacterial cells in electrostatic field (experimeiith APB A-20s).
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Fig. Il. 6. Movement of bacterial cells in electrostic field
(experiment with APB A-20s).

2.6. Zeta potential measurements

The measurement of zeta potential is based on btiee dhree electrokinetic effects:
electrophoresis, electroosmosis, and the streapatgntial. In the electrophoresis method,
the& —potential is determined by placing fine partidlesin electric field and measuring their
mobility, vg, using a suitable microscopic technique. The nitghigs then related to thé —

potential at the interface using the Smoluchowskiagion:

Ve =4Tg {(1+kr) /6t

wheregp ande; are the relative dielectric constant and the ekadtpermittivity of a
vacuum respectivelyy is the solution viscosity; r is the particle raglandk is Debye-Huickel
parameter (Chesworth and Zasoski, 2008).

In this study, zeta potentials of APB cells were asmwed using a CAD

Instrumentation “Zetaphoremeter 1V” Z 4000, micexgttophoremeter (Fig. 7).
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Fig. Il. 7. Microelectrophoremeter CAD Instrumentation “Zetaphoremeter IV’ Z
4000

2.6.1. Preparation of the cells for zeta potential measuments

For zeta potential measurements, cell suspensibmsetabolically active, inactive
(NaNs-treated), and dead (autoclaved) A-20s or S-17-6eewprepared in 0.01, 0.1 and 0.5
mol/L aqueous NaCl solutions, with typical cell centrations of 10 mg/L. Note that the
conversion factors of wet to dry (lyophilized) weigpplied for studied microorganisms and
for adsorption measurements were equal to 11.71&ridfor A-20s and S-17-65, respectively.
The cultures were harvested at the late exponenstdtionary growth stage by centrifugation
at 10,000 rpm (7000 g) for 10 min at 20°C. The xeallere rinsed in 0.1 mol/L NaCl
corresponding to optimal physiological conditiomsl @entrifuged twice at 10,000 rpm for 10
minutes. Finally, bacterial suspension was waslimedppropriate electrolyte solution and
centrifuged. Resulting bacterial suspension waslibrated for 1-1.5 hours in the specific
electrolyte solution (0.01, 0.1 or 0.5 mol/L NaGlf pH 7-8 prior to zeta potential
measurements at variable pHs. Average equilibrdtroe of bacterial suspension at a given
pH was between 3 and 5 minutes, and no pH drift wlaserved during electrophoretic
measurements. The cell integrity was maintainedghduexperiments in acidic (pH < 4) and
alkaline (pH > 10) solutions, as verified by oplio@croscopic examination. Additional zeta
potentials were recorded for active bacterial cafter they were equilibrated for 1 h in the
presence of 1.0 and 10 mmol/L NaHE£Or 1.0 and 10 mmol/L Cagl Electrophoretic
measurements were also performed in the dark lsiogeria that were previously kept for 24

hours in complete darkness. Keeping the bactertherdark during 24 hrs, comparable with
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cell division time, and maintaining the full darlesecondition during the measurement were
intended to insure that the light phase of phottisssis is completely absent.

Dead (heat-killed) cells were prepared by autodgvpart of the fresh stock of
biomass at 121°C for 20 minutes and performingitigng procedure as described above for
live cells. Inactivated cells were prepared byirigspart of the fresh (live) biomass in 0.1
mol/L NaNs; during 1-2 hrs. Inactivated cells were preparedibging part of the fresh (live)
biomass in 0.01 mol/L Naj\during 1-2 hrs. Sodium azide suppresses bactertality by
inhibiting cytochrome oxidase and is widely used iftactivating cells while keeping the

surfaces physically and chemically intact (Urridara et al., 1992; Johnson et al., 2007).

2.6.2. Procedure of zeta potential measurements

The electrophoretic measurements were performe2Oato 25°C in a quartz cell
connecting two Pd electrode chambers. The celle weiminated by a 2 mW He/Ne laser.
During the measurements an electric field of 80n7’owas applied in each direction for 20 s
and the images of moving cells were transmitted tmmputer via a CCD camera. The zeta
potentials of the cells were measured by timed eratplysis. Measurements were performed
at pH ranging from 2.5 to 11.0 with a pH resoluta0.4 units. The pH of these suspensions
was increased manually by adding 210aliquots of 0.01-1 M NaOH or 0.01-1 M HCI.
Three replicates were carried out and each wasonpeed with a renewed bacteria
suspension. The uncertainty of zeta potential nreasents ranged from 5% to 20%.
Electrophoretic mobilities were converted to zetgeptials using the Smoluchowski equation
(Bazant, 2009):

Z — (‘leuE)
4

where ( stands for the zeta potential (mV) agidn and pe represent the dielectric
constant of the solution, the viscosity and thectebphoretic mobility, respectivelyugé =
V&/E with Ve = electrophoretic rate t andE = electric field (V.nt)).

Results and discussions of zeta potential measuntsnvath APB are presented in
Chapter 3.
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3.  Calcium adsorption

Bacterial cell walls display a strong affinity far wide variety of aqueous metal
cations. Adsorption of aqueous metal cations oattdrial cell walls is likely to be an abiotic
process, controlled only by the acid/base propedfdhe exposed cell wall surface functional
groups, and by affinity of each type of functiogabup for specific aqueous metals (Fein at
el., 1997). Previous experiments indicate thataisal cell walls and whole bacteria exhibit
similar affinities for aqueous metals (Mullen at, 41989), reflecting the abiotic nature of at

least the initial metal-bacteria interaction at tedd wall surface (Fein at al., 1997).

3.1. Isotherm of adsorption

Adsorption is the adhesion of atoms, ions, biomdk=stcor molecules of gas, liquid, or
dissolved solids to a surface. This process creatiisn of theadsorbate(the molecules or
atoms being accumulated) on the surface ofatlt&orbent Adsorption process is generally
classified as physisorption (characteristic of weak der Waals forces) or chemisorption
(characteristic of covalent bonding). It may alsocwr due to electrostatic attraction
(Lyklema, 1993). Adsorption is usually describedotigh isotherms. In this study we used
two types of isotherm: isotherm of calcium adsanmptas a function of pH (pH-dependent
adsorption edge) and isotherm of calcium adsorpgibnonstant pH as a function of metal

concentration in solution (adsorption isotherm).

3.2. Metal adsorption onto bacterial surfaces

Bacterial cell walls contain a variety of surfacegamic functional groups. The
dominant groups of the bacterial surface are caib@mino, hydroxyl and phosphate sites
(Beveridge, 1991; Dittrich and Sibler, 2006). Toardcterize metal adsorption onto the
bacterial cells, several parameters can be detetmin

e The relative and absolute concentrations of thggest of organic functional

groups on the cell wall.
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e The total surface area of bacterial walls in cantéath the aqueous phase.
» Deprotonation constant for each of the importantfional groups.

« Metal-organic stability constant for each metal angianic functional group of
interest.

Because different functional groups become activdeu different pH conditions the
different adsorption reactions occur. The negatikearge of the cell wall results
predominantly from deprotonation of carboxyl, phusie, and hydroxyl functional groups
exposed on the outer surface of the cell wall. Depration reactions for theses three

dominant functional group types are, respectivebirf, 1997):
R-COOH« R-COO+ H*
R-POH« R-PO+ H'
R-OH« R-O+H'

Note that phosphate groups in bacteria can exiseweral different forms: inorganic
forms of phosphate such as orthophosphate antigtsrers, and organic species in the form
of phosphate mono- and diesters (Dittrich, 2006}hke study of Dittrich and Sibler (2005) it
was shown that three distinct sites exist on thetdbal surfaces of tw&ynechococcuype
unicellular autotrophic picocyanobacteria straiarboxyl, phosphate and amino groups with
pK values of 4.8-5.0; 6.6-6.7; 8.8-8.7, respectivel

Interactions between aqueous metal cations (M)damiotonated surface sites on the

bacterial cell wall can be represented by the Valhg association reactions:

M™ + R-COO < R-COO(MJ™1*
M™ + R-PO « R-PO(MJ™*
M™ + R-O — R-O(M)™D*

Three cell surface sites known to attract'Gare carboxyl (> COQ, phosphodiester

(> PQy), and phosphoryl (>P©) sites. Reactions forming €acomplexes with these sites
can be written as:
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cd* +> COOH— (> COO - Ca)+ H"
cd*+>PQH— (> PQ - Ca) + H'

cd* +>PQH, — (> PQ—Caf + 2H'

Like mineral surfaces, bacterial surfaces are @vhand create an electric field. The
resulting electrostatic interaction between thiscilc field and aqueous ions must be
accounted for when expressing the equilibrium @mtsdf a reaction involving surface sites.

These interactions may be quantified using thevalig relationship:

K=K intrinsic EXP(-FY/RT)

Where F and R are Faraday’s constant and gas oonstapectively, T is absolute
temperature, Iqinsicrepresents the equilibrium constant referenceceto gurface charge and
zero surface coverage, awds the electric potential of the bacterial surféi€eid, 1997). The
interaction between aqueous metal cations andcguftanctional groups of bacterial cell wall
is represented schematically in Figure 8.

Fig. Il. 8. Interaction between aqueous metal catiws and surface functional groups
of bacterial cell wall.
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3.3. Experimental procedure of Ca adsorption on cell suaces

The calcium adsorption experiments were designedpriovide a quantitative
characterization of metal binding by bacterial seih a wide range of pH and €a
concentrations in solution. For this, two typegxperiments were carried out:

» adsorption at constant initial calcium concentraiio solution as a function of
pH (pH-dependent adsorption edge) and

e adsorption at constant pH as a function of metalcentration in solution
(adsorption isotherm).

All experiments were performed in undersaturatetitmms with respect to any
calcium carbonate phase as verified by speciatideutations with the MINTEQA2 computer
code and corresponding database (Allison et a@]11®lartell et al., 1997).

Live, freshly harvested (stationary stage) celtsdism azide-inactivated and heat-
killed (autoclaved) bacteria were used in the gutsmm experiments. The cells were rinsed in
0.1 mol/L NaCl and 0.01 mol/L EDTA solutions fob ininutes and again in 0.1 mol/L NaCl
solution prior the experiments. This procedurevedid desorption of all possible Kfg C&*
ions from the cell’'s surfaces that might occurredry the APB culture.

The initial calcium concentration in experimentshAAPB was 17 pmol/L at variable
pH and varied between 0.1 and 800 umol/L at cohgtin In experiments witlsloeocapsa
sp. initial calcium concentration at variable pH was$3-27 pmol/L and at constant pH
between 4.2 and 25 puM/L. The pH was adjusted byngdaliquots of NaOH (0.1 and 0.01
mol/L) or HCI (1.0, 0.1 and 0.01 mol/L), whereasnstant pH of 5.5 to 6.7 was maintained
by adding 0.005 mol/L MES (2-morpholinoethanesulforacid monohydrate) buffer.
Adsorption experiments were conducted in 8 mL letgrolypropylene vials during 3 and 24
hr at 25 + 0.2°C, in continuously agitated bactetgpension with an ionic strength of 0.1
mol/L NaCl. The biomass concentration was kept torisat 10 gmidL.

The adsorption of calcium on cell surfaces was tfieth by subtracting, at each
solution pH, the concentration of calcium remainiimy bacterial suspension from the
concentration of added calcium in the supernatarit(ol experiments without biomass). The
adsorption of calcium on reactor walls and cellllar release from the biomass in the full
range of studied pH was negligible (<10%) compadeethe initial amount of Ca added. This
was routinely verified by Ca analyses in the blépernatant) and in the zero-added-Ca cell

suspension experiments. Nonetheless, the measusedoGcentrations in these blank
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experiments (to the limit of detection) were exiljctaken into account to calculate the
adsorption isotherm.

All filtered solutions (0.22 um filter) were anaba for aqueous Ca concentration
using flame atomic absorption spectroscopy (Petkiner AAnalyst 400) with an uncertainty

of £2% and a detection limit of 0.5 pmol/L.

Results and discussion of adsorption experiments wWPB and cyanobacteria are

presented itChapters 3 and 5 respectively.

4. Kinetics experiments

To characterise the link between the rate of bedtgrowth (biomass production) and
the rate of CaC@precipitation as well as between other paramdtersega ), pH, [Ca],
[DIC], [AIK]), batch kinetic experiments were perfoed. There are fundamental differences
between kinetic experiments with APB and cyanob&cteecause of the essential difference
between these bacteria. This section is devotedh& description of these kinetics
experiments, of sampling and sample preparatiothfoanalysis. In the end of the section are
presented the short descriptions of all analytieathods used in this study for liquid samples

analysis.

4.1. Kinetics experiments conditions with anoxygenic phtotrophic
bacteria

Kinetic experiments were carried out with initiadncentration of calcium chloride
and sodium bicarbonate ranging from 1 to 10 anad 20 mM, respectively. All biotic
experiments were performed with initial biomass aaoriration between 1.6 and 3.5.4-.
Experiments were carried out over a range of ing&uration index(@ni) with respect to
calcite varying between 8 and 230 for A-20s, ansvben 2 and 60 for S-17-65. The biomass
of cells, pH, [C&] and [DIC] (or [AIK] in the car of inert electrolg) were measured as a
function of time. Blank experiments (without celt with inactivated cells) were always

carried out.
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Kinetic experiments were performed at 251°C in a climate chamber in nutrient
(phosphate-free culture medium solution) and irrient-free inert electrolyte (0.1 M NaCl)
with live, dead and Nafnactivated cells. Composition of culture mediuolusons was
constants (see above) for all experiments. For kagtic experiment (in nutritive or in inert
electrolyte) only [C&] and [HCQ] was changed and 0.1 M solution of Nafsodium azide)
was used for cells inactivation.

Experiments were conducted using discontinuous hbatwde in two to three
replicates. Mother suspension of cells in nutrientinert electrolyte solution was mixed
homogeneously and separated into 5-10 sealed 25tenile glass bottles without headspace.
10 ml of homogeny solution (first sampling) is ealled to measure the initial conditions of
experiment (biomass, pH, [é}; DIC). Time zero is the time of this first sampii

The bottles were placed in a rotator mixer at 24 gnd under continuous light 2000
Ix (Fig. 9). Periodically, one whole bottle was sded to monitor the chemical and
microbiological evolution of the system. About 308b experiments were performed in
duplicates and triplicates; typical experimentglroglucibility was 10-20%.

The initial conditions as well as the variationaldlf experimental parameters in each
individual kinetic experiment are presented in ffeble 1 in the Chapter 4 and in the

Appendix 3, respectively.

Fig. Il. 9 . Rotator with the bottles in the kinetic experiment with
APB A-20s and S-17-65.
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4.2. Kinetics experiments conditions with cyanobacteriadGloeocapsasp.

Kinetic experiments were performed at 25+1°C insebb Schott® 1L glass bottle
reactors containing 800 ml of the initial solutifmacterial growth medium with CaCand
NaHCG; addition) (Fig. 10). Experiments were carried ewth initial concentration of
calcium chloride and sodium bicarbonate rangingifibto 50 and 5 to 10 mM, respectively.
All biotic experiments were performed with initielomass concentration between 0.04-0.66
(in nutrient solution) and 1.5-1.7%,gL (in inert electrolite). Precipitation experimenivere
carried out over a range of initial saturation xd€ini) with respect to calcite varying
between 15.1 and 147.9 (in nutrient solution) @thd 83.2 (in inert electrolite). The 30 % of
experiments were conducted in duplicates.

The initial conditions as well as the variationaldlf experimental parameters in each
individual kinetic experiment are presented in BablofChapter 5 and in theAppendix 4,

respectively.

Fig. Il. 10. Closed batch kinetic reactor used inhe kinetic experiment with
cyanobacteriaGloeocapsasp.
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4.3. Liquid samples preparation and analysis

One bottle from rotator (in the case of APB) orriDof bacterial suspension (in the
case ofGloeocapsa sp.were taken every 2-3 days for monitoring the cicaimand
microbiological evolution of the system. Approxiraigt 2 ml of solution were used to
estimate the concentration of bacterial cells byasneing optical density and pH. The
remaining 5 mL were filtered through a 0.22 um ateetellulose membrane filter to remove
active or dead bacterial cells from the suspensibme filtrate was analyzed for [Ca], [DIC]/
[AlK] (Fig.11).

Bacterial Suspension

p
A1 Without filtration

L5

[Ca]

[Alk)/[DIC] [ Filtration 0.22 um Biomass

pH

Fig. Il. 11. Schematic of liquid simple preparationfor analysis.

4.3.1. pH and cells biomass mesurements

The pH in each sample was measured using a Fisheombined electrode, with an
uncertainty of 0.01 units, previously calibratedngspH 4.01, 6.86, 9.18 buffer solutions at
25°C.

For unicellular organisms such as the bacteriawtiracan be measured in terms of
two different parameters: changes in cell massciuiatgiges in cell numbers. There are a lot of
methods of bacterial biomass measurements. Metfmdseasurement of the cell mass

involve both direct and indirect techniques.
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Direct physical measuremerdf dry weight, wet weight, or volume of cells afte
centrifugation.

Direct chemical measurement some chemical component of the cells such tad to
N, total protein content.

Indirect measurement of chemical activituch as rate of £ production or
consumption, C@production or consumption, etc.

Haemocytometrys a total count method where every cell (deadlioe) is counted. It
works by introducing a standard amount of bactedktion in to the haemocytometer - a
glass slide with lots of grid lines. This is placgader a microscope and the number of cells
counted using a standard method.

In dilution plating lcn? of original bacterial solution is taken and ditiiteith 9cn?
of water. The same is done with this diluted solutand so on. A sample from each dilution
is cultured; once individual colonies can be séemeans each of those represents a single
bacterium that was in the solution. The numberudtiplied by the dilution factor.

Turbidity measurementsmploy a variety of instruments to determine theant of
light scattered by a suspension of cells. Partieutibjects such as bacteria scatter light in
proportion to their numbers. The turbidity or optidensity of a suspension of cells is directly
related to cell mass or cell number, after consivacand calibration of a standard curve. The
method is simple and nondestructive, but the seitgits limited to about 10cells per ml for
most bacteria (Madigan et al., 2000).

In our study we used combination of two methodsedli physical measurement of
dry/wet biomass after centrifugation and turbidimeasurement. Firstly, concentration of
bacterial cells was estimated by measuring optashsity (turbidmetry) at a 650 nm
wavelength for APB (Kompanceva et al., 2009) and5>& nm for cyanobacteri@loeocapsa
sp. (Hu et al., 2000; Sarcina and Mullineaux, 2000)cdpelly, known volume of the same
bacterial suspension was taken for centrifugatBacterial mass after centrifugation was
weighed and freeze-dried. The mass of bacteridd €&l Giomass adfl- and Giomass wdl-) With
corresponding measured optical density had beeletéd. Conversion factor from optical
density (D) t0 gomass wdl- IS 3.3 for A-20s and 4.2 for S-17-65 and 2.0 @&loeocapsa sp.
Conversion factors from biomass wet to biomassaiey0.54 and 1.01 for A-20s and S-17-

65, respectively.
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4.3.2. Ca, Alkalinity and DIC analyses

Calcium concentration was determined using flanmemat absorption spectroscopy
via a Perkin Elmer AAnalyst 400 Spectrophotometéthvan uncertainty of +2% and a
detection limit of 0.5 pmol/L. The series of starttlaolution were prepared by addition of a
precise amount of Caginto MilliQ water with HNQ and L&" addition.

In organic-free solutions (experiments in the inefectrolyte), alkalinity was
determined following a standard HCI titration prdoee using automatic titration cell
TitroLine alpha TA10 plus (Schott Instruments®) lwén uncertainty of 2% and a detection
limit of 5x10°> M.

In organic-rich nutrient solutions, dissolved inamgc carbon (DIC) was measured
using Shimadzu SCN Analyzer after calibration of thstrument in a series of standard
solution (10, 50, 100 ppm). All samples before gsial were diluted 20 times by MilliQ
water. This yielded an uncertainty of +10% and &ction limit of 4x10° M.

5. Solid phase analyses

For better understanding of the spatial organisétiteraction between bacteria cell
and precipitated minerals, different microscopid apectroscopic techniques were used.

Scanning electron microscope (SEM) and X-ray powdiffraction (XRD) analyses
were used for crystals characterisation (form, ,semed chemical compositions) and for
identifying the mineralogy of precipitates duringckerial activity. Moreover, Transmission
Electron Microscope (TEM) analysis was used fortéxdal cells characterisations (form, size,
organisations, and the surface chemical compositias well as for better understanding

bacteria-mineral relationship during the precipitiatprocess.

5.1. Precipitation experiments

Precipitation experiments with APB were carried outhe 0.5 L bottles to collect

sufficient quantity of solid phase at the end opemxment. Precipitation experiments with

76



cyanobacterigloeocapsa spwere conducted in the same reactors than kineperaxents.

Preparation, condition and duration of precipitatexperiment were the same as in kinetic
experiments described previously. During and atehé of experiments visual precipitates
were formed on the glass walls of reactors andhénbiacterial suspension (Fig. 12 A and B,

respectively).

precipitate

l

Fig. Il. 12. Precipitate formation on the glass was$ of reactor during the
experiment with APB (S-17-65) (A) and with cyanobaerial suspension experiment with
Gloeocapsa sp. (B)

5.2. SEM and XRD analyses

Bacterial suspensions from the reactor, contairling bacteria and crystalline
precipitates were collected at the end of the pi&tion experiment. Suspension were
centrifuged at 10 000 rpm for 10 min, and washetdvwith a MilliQ water. A part of
bacterial biomass + mineral (mixtures of APB cellsd precipitated mineral phase) was
treated in 10% kD, at the same solution pH as in the experimentalptesnin order to
remove organic matter. Resulted solid phases wesed in MilliQ water, frozen at -80°C
and freeze-dried. Selected samples were studieS8HN and X-ray diffraction for mineral
characterization.

Microscopic examination of crystals was performsthg a JEOL JSM840a scanning
electron microscope (SEM) equipped with a Prince@amma Technology (PGT) EDX
detector, operating at 20kV. Examinations were iedrrout after carbon film coating
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deposition on the sample surface. Shown in Fig@rere some examples of SEM images,

collected during this study.

18 1m

Fig. Il. 13. SEM images of calcite formed in nutri@t solution in the experiment
with bacteria A-20s (A, B), S-17-65 (C, D). Initiakexperimental conditions: 10 mM CaC}
and 10 mM NaHCO; (A-D); inert electrolyte with A-20s (E, F); 7 mM CaCl, and 5 mM
NaHCO; (E); 10 mM CaCl, and 5 mM NaHCO; (F).
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X-ray powder diffraction analysis was performed hwa INEL CPS 120 powder
diffractometer on finely powdered samples using,@adiation (40 kV and 30 mA), scanning
speed of 0.0%*. The time constant was set at 2 s. The XRD armlykbiotic precipitates
formed in nutrient-free inert electrolyte yieldealate and vaterite formation with both APB
species. In the experiments carried out in nutregititions the XRD analysis showed the
presence of calcite and monohydrocalcite. XRD aslyof precipitates formed in
experiments with Gloeocapsa sp. showed the formaifocalcite. As an example, a XRD

spectrum is presented in Fig. 14, indicating theden of calcite in this sample.
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Fig. Il. 14 .XRD spectra of precipitate for experiment with APB A-20s (initial
conditions 10 mM CaC}, 10 mM NaHCGQO:s) with the standard peaks for calcite (3.030)
(black outlining and arrows), indicating the detecton of calcite in this sample.
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5.3. Transmission Electron Microscope (TEM)

Materials for TEM must be specially prepared t@khiesses which allow electrons to
transmit through the sample, much like light isxsmitted through materials in conventional
optical microscopy (Graef, 2003). Because the wength of electrons is much smaller than
that of light, the optimal resolution attainable TBEM images is many orders of magnitude
better than that from a light microscope. Thus, TE:\h reveal the finest details of internal
structure - in some cases as small as individwahsit Magnifications of 350 000 times can be
routinely obtained for many materials, whilst ires@al circumstances; atoms can be imaged
at magnifications greater than 15 million timesr Bwlogical samples, cell structure and
morphology is commonly determined whilst the lozafion of antigens or other specific
components within cells is readily undertaken uspgcialized preparative techniques. The
energy of the electrons in the TEM determines #lative degree of penetration of electrons
in a specific sample, or alternatively, influenbe thickness of material from which useful
information may be obtained. Thus, for the physiaall biological sciences, TEM is a
complementary technique to conventional crystadpfic methods such as X-ray diffraction
(Williams and Carter, 2009).

Mineral-free cells and cell biomass with precimthtCaCQ were examined using
Transmission Electron Microscopy (TEM) with a JEOEM 12000 EX and JEOL JEM
2100F (equipped with a field emission gum (FEG) &@IT EDX detector) at 80 kV. Cell
suspension was rinsed using sterile nutrient solufwithout sodium chloride addition) or
MilliQ water, centrifuged 2 min at 10 000 rpm. TE®Amples for analyses were prepared by
immersing 200 mesh copper grids coated with a cafthm (Fig. 15) for 10 s in prepared

bacterial suspension. Dried grids were used for Talsllysis.

3 mm.

Fig. Il. 15. TEM sample support mesh "grid", with ultramicrotomy sections.
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In Figures 16 and 17 below are shown the few exespt TEM images, which were
obtained during this study. It can be seen fronsehigures that there are no significant
differences between APB cells in nutrient mediumg.(FL6 A,C) and in precipitation
experiment (Fig. 16 B,D) since no calcium carbonatebserved on the cell surfaces and
around the cells. In contrast, for the precipitatexperiments involving the cyanobacteria

Gloeocapsa spwe observed crystals of Cag@cated around bacterial cells (Fig. 16 F and
Fig. 17).

Fig. Il. 16. TEM images (microscope JEOL JEM 1200&X) of active A-20s (A,B),
S-17-65 (C,D) andGloeocapsasp. (E,F) in nutrient (CaCOs-free) solution (A,C,E) and
media supersaturated with respect to calcite (B,D - Initial experimental conditions:

experiments with APB (B, D) 10 mM CaC}, 10 mM NaHCO;s; experiment with
Gloeocapsasp. (F): 1 mM CaCh, 10 mM NaHCGQOs). The black scale bars are 500 nm.
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Fig. Il. 17. TEM images (microscope JEOL JEM 2100Fpf active Gloeocapsa sp.
with CaCOj3 around the cells (A,B) and the crystals of calcittormed around bacterial
cells (C) in nutrient media supersaturated with repect to calcite (initial experimental
conditions: 1 mM CaCl, 10 mM NaHCGQO;). The black scale bars are (A) 2 um; (B) 0.5

pm; (C) 0.1 pm.
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Résumé en francais

Des mesures de mobilité électrophorétiques et diatisn de Ca ont été réalisées sur
la surface des cellules de bactéries anoxygénigimesotrophiques (A-20S et S-17-65)
vivantes, inactivées et mortes afin de détermiaenniére dont ces bactéries contrélent leur
potentiel de surface. Le potentiel Zeta de ces dmckéries a été mesuré en fonction du pH,
de la force ionique, et des concentrations enwal@t bicarbonate.

Pour des APB vivantes dans une solution de NaCl&dl.L?, le potentiel Zeta est
proche de O pour des pH de 2.5 a 3 et diminue jas@@mV a -40mV dans une gamme de
pH comprise entre 5 et 8. En milieu alcalin, onenane augmentation inhabituelle du
potentiel Zeta avec des valeurs maximales de -18r20mV pour des pH de 9 a 10.5. Cette
augmentation est cependant atténuée lors de I'diptNaHCQ (jusqu’a 10 mmol.L}) mais
trés peu affectée par I'addition d’une quantitéi¢gjente de Ca. A l'inverse, pour les cellules
de bactéries inactivées (exposées a NaN inhibiteur métabolique) et mortes (par le iai
d’'une forte chaleur), le potentiel Zeta reste sgbBOmV a -60mV en fonction de la force
ionique) entre pH 5 et 11, et aucune augmentatest rapportée dans des solutions alcalines.
L'adsorption de Ca a la surface des cellules A€ilus significative qu’a la surface de S-
17-65, et démarre a pH plus acide, ce qui est eord@vec les mesures de potentiel Zeta en
présence de 0.001 & 0.01 mdl.de CaCJ. D'une maniére générale, ces résultats indiquent
gue les APB peuvent contrbler, par le biais de lmétabolisme, leur potentiel Zeta afin
d’attirer de maniere électrostatique les nutrimenpdd alcalin tout en rejetant/évitant les ions
Ca qui sont susceptibles d’entrainer la précigtatie CaC@ au sein de la cellule et a sa
surface, causant des phénomenes d’incrustation.

Par analogie avec d’autres bactéries, deux mécanigauvent étre suggerés pour
expliquer cette augmentation inhabituelle du paterdeta (moins négatif) des bactéries
anoxygéniques phototrophiques dans les solutiortaliés: i) augmentation de la
consommation de micronutriments sous la forme diaietii) refoulement des ions Eade
la surface des cellules dans le but de les progee incrustation de précipités de CaCO
Ce dernier mécanisme est en accord avec les rssdltdsorption du Ca a la surface des
cellules obtenus dans la gamme des compositionsiglbgiques de la solution. Une légére
différence du degré d’augmentation du potentiebZasit d’adsorption du Ca entre les deux
souches de bactéries étudiées est compatible esetiflérences de tailles des surfaces et les

gammes physiologiquement optimales de la solution.
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Les détails et résultats de cette étude soneptés dans la section suivante sous
forme d’'un article sous presse dadasirnal of Colloid and Interface Science
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1. Introduction

ABSTRACT

Electrophoretic mobility measurements and surface adsorption of Ca on living, inactivated, and heat-
killed haloalkaliphilic Rhodovuium steppense, A-20s, and halephilic Rhodovulum sp., S-17-65 anoxygenic
phototrophic bacteria (APB) cell surfaces were performed to determine the degree to which these bacte-
ria metabolically control their surface potential equilibria. Zeta potential of both species was measured as
a function of pH and ionic strength, calcium and bicarbonate concentrations. For both live APB in 0.1 M
NacCl, the zeta potential is close to zere at pH from 2.5 to 3 and decreases to ABO to A40 mV at pH of i—&
In alkaline solutions, there is an unusual increase of zeta potential with a maximum value of 10 to
20 mV at a pH ofg—lt).S_ This increase of zeta potential in alkaline sclutions is reduced by the presence
of NaHCO; (up te 10 mM) and only slightly affected by the addition of equivalent amount of Ca. At the
same time, for inactivated (exposure to NaN;, a metabelic inhibitor) and heat-killed bacteria cells, the
zeta potential was found to be stable ( 30 to 60 mV, depending upen the ionic strength) between
pH 5 and 11 without any increase in alkaline solutions. Adsorption of Ca ions on A-20s cells surface
was more significant than that on 5-17-65 cells and started at more acidic pHs, consistent with zeta
potential measurements in the presence of 0.001-0.01 mol/L CaCl;. Overall, these results indicate that
APB can metabolically control their surface potential to electrostatically attract nutrients at alkaline
pH, while rejectingfavoiding Ca ions to prevent CaCO; precipitation in the vicinity of cell surface and thus,

cell incrustation.
@ 2011 Elsevier Inc. All rights reserved.

about the sign and the magnitude of cell surface electrostatic
potential at the shear plane without specific assumptions and

The composition and structure of bacterial surface are respon-
sible for important processes such as biomineralization, bacterial
adhesion, and biofilm formation [1]. The cell surface contains
various functional groups such as carboxylate, phosphate, hydrox-
ylate and amino moieties, which are deprotonized as a functicn of
envircnmental pH [2,3], thereby conferring negative electrostatic
charge to the cell periphery [4], notably at physiological pH
values.

Microelectrophoresis is a powerful technique for characterizing
the electric double layer of microbial cell surfaces [4-19]. The main
advantages of this technique, compared to more commonly used
surface titrations, is thatil) it provides straightforward information

* Correspending author.
E-mail address: oleg@get.obs-mip.fr (0.S. Pokrovsky).

0021-9797{$ - see front matter ® 2011 Elsevier Inc. All rights reserved.
dei:10.1016/j,jcis.2011.04.033

postulates; &2 )it is almost instantaneous, capable of measuring zeta
potential within several minutes after the preparation of suspen-
sion and without requiring specific stability criteria, unlike the sur-
face titration [20]; (3) it can probe surface potential in extreme
solution conditions %pH <3 and >9 high carbonate concentration
where the surface titratien is not possible) and {4) principles of
measurements are very similar among different apparatus so that
the results of various studies are directly comparable [21-23].

Among various groups of microorganisms, heterotrophic bacte-
ria, algae and cyanobacteria were extensively studied using micro-
electrophoresis techniques in the context of metal adsorption,
biomineralization, and biofilm formation [11,14,16-19,24-26].
These observations allowed comprehensive understanding of sur-
face electrokinetic properties of most bacterial groups in a wide
range of pH and ionic strength [27].

Please cite this article in press as: [.A. Bundeleva et al., ]. Colloid Interface Sci. (2011}, doi: 10.1016/].jcis.2011.04.033
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Most microorganisms exhibit negative electrophoretic mobili-
ties (zeta potential) at pH > 2 [13,28], which is most likely linked
to the dominance of negatively charged carboxylate groups of
the cell wall and sulfate of the extracellular polysaccharides at-
tached to the cells surface in the form of compact capsules or dif-
fuse slime layers. Because at pH above the pK, of most organic
acids the cell surface functional groups are fully or partially depro-
tonated, it is very unlikely that cell surface potential becomes less
negative with pH increase. Recently, however, an unusual phenom-
enon of less negative or even positive zeta potential of cyanobacte-
ria in alkaline solutions (pH ~ 9-10) has been reported [16]. It was
tentatively related to the physiological status of cyanobacterial
cells that need to acquire bicarbonate ions (HCO3) for photosyn-
thesis. At the same time, active cyanobacteria apparently protect
themselves from Ca carbonate precipitation and Ca adsorption at
the surface by creating a positive surface potential at the pH of
photosynthesis [29]. The acidification of cell surface environment
and the generation of net positive charge in the course of carbonate
precipitation and photosynthesis were also suggested in earlier
studies [30,31].

However a question remains, in particular how far these
mechanisms can be extended to other non-oxygenic photosynthe-
sizing microorganisms notably those that use organic carbon
sources but not CO,/HCO; yet precipitating CaC0Oj in the vicinity
of the cells. In this regard, ancxygenic phototrophic bacteria (APB)
are especially interesting because, at the conditions of our exper-
iments they use acetate and other organic substances for organic
matter production during photosynthesis [32,33]. At the same
time, these bacteria do participate in CaCO3 precipitation in alka-
line lakes and are often considered to be linked to Archean and
Palaeoproterozoic carbonate stromatolite formation [34]. As such,
they should also be able to protect their surfaces against incrus-
tation by CaCOsj.

Therefore, we measured the zeta potential and Ca ion adsorp-
tion onto active, inactivated, and dead cells surfaces of two typical
but contrasting species of anoxygenic phototrophic bacteria (APB):
haloalkaliphilic Rhodovulum steppense, A-20s and neutrophilic hal-
ophilic Rhodovulum sp., 5-17-65 in order to check the existence of
positive surface potential in alkaline solutions and try to link it
to Ca and bicarbonate adscrption as a function of pH and ionic
strength.

2. Materials and Jl_methmis
2.1. Anoxygenic phototrophic bacteria (APB) cultures

Two distinct anoxygenic phototrophic bacteria {APB) were used
in this study: recently described species R. steppense A-20s {hereaf-
ter referred to as A-20s) and strain Rhodovulum sp. S-17-65 (here-
after referred to as S-17-65), which, according toJTgenotypic and
phenotypic characteristics, must be assigned to a new species of
the genus Rhodovulum. Obligatory haloalcaliphilic A-20s {optimal
growth conditions are 1-5% NacCl and pH of 8.5) was isolated from
steppe soda lake {Transbaikal region, Russia) in southern Siberia
[33]. The halophilic {growth range E—ZS% NaCl with optimum at
12%) neutrophilic 5-17-65 was extracted from hypersaline water

JBody in the Crimea steppe [35]. Natural environment of these

APB is as follow: pH = 9.5, Dissolved Inorganic Carbon (DIC) = 0.1 -
mol/L, salinity =4%, T=23-30°C for A-20s [36] and pH=7-8,
DIC = 0.01 moljL, salinify=20 % and T=25-35°C for S-17-65
[35]. The optimal envirocnmental conditions (salinity, HCOZ and
Oy-concentration) for alkaliphilic E steppense A-20s and halophilic
Rhodovulum sp. 5-17-65 are quite different.

Both APB were cultured in Pfenning’s growth medium of the fol-
lowing compoesition [37] KH,PO, (330 mg/L), MgClZlGHZO

{330 mg/L), NH4Cl (330 mg/L), KCI (330 mgfL), Na,50,4 (330 mg/
L), CaCl; {50 mgfL), NaHCO; (5 g/L for A-20s, 0.5 g/L for 5-17-65),
NacCl {25 g/L for A-20s , 120 g/L for 5-17-65), sodium acetate {1 g/
L), casamino acids (0.1 g/L), yeast extract {0.1 g/L), By (20 ng/L),
and trace elements solution (1 mlfL [37]). For S-17-65, Na,S
(0.1 g/L) and cysteine {0.3 g/L) were added as a source of sulfur.
Stock cultures of bacteria were kept in sealed glass bottles in oxy-
gen-free conditions at 23-30 °C, under constant 2000 Ix light [33],
and placed on a rotator shaker at 11 rpm to grow till the stationary
stage (5-7 days). The overall growth rate was very similar between
two cultures in a wide range of pH and [DIC]. Studied anoxygenic
phototrophic bacteria do not use dissclved CO; and HCO; during
photosynthesis in the presence of organic substrate. This was pro-
ven by quite stable {+10%) DIC concentration during bacterial
growth experiments which produced 15-20 gy /L biomass. How-
ever, photolithoautotrophic growth of both strains is possible with
sulfide as electron donor on organic-free media.

2.2. Preparation of cells

For zeta potential measurements, cell suspensions of metaboli-
cally active, inactive (NaNj-treated), and dead (autoclaved) A-20s
or 5-17-65 were prepared in 0.01, 0.1 and 0.5 mol{L aquecus NaCl
solutions, with typical cell concentrations of 10 mg,.,/L. Note that
the conversion factors of wet to dry (lyophilized) weight applied
for studied microorganisms and for adsorption measurements
were equal to 11.7 and 16.1 for A-20s and 5-17-65, respectively.
The cultures were harvested at the late exponential - stationary
growth stage by centrifugation at 10,000 rpm {7000 g) for 10 min
at 20 °C. The cells were rinsed in 0.1 mol/L NaCl corresponding to
optimal physiclogical conditions and centrifuged twice at
10,000 rpm for 10 min. Finally, bacterial suspension was washed
in appropriate electrolyte solution and centrifuged. Resulting bac-
terial suspension was equilibrated for 1-1.5 h in the specific elec-
trolyte solution {0.01, 0.1 or 0.5 mol/L NacCl) at pH 7-8 prior to
zeta potential measurements at variable pHs. Average equilibra-
tion time of bacterial suspension at a given pH was between 3
and 5 min, and no pH drift was observed during electrophoretic
measurements. The cell integrity was maintained during
experiments in acidic (pH <4) and alkaline {pH > 10) solutions, as
verified by optical microscopic examination. Additional zeta
potentials were recorded for active bacterial cells after they were
equilibrated for 1h in the presence of 1.0 and 10 mmol/L NaHCO3
or 1.0 and 10 mmol/L CaCl,. Electrophoretic measurements were
also performed in the dark using bacteria that were previously kept
for 24 h in complete darkness. Keeping the bacteria in the dark
during 24 h, comparable with cell division time, and maintaining
the full datkness condition during the measurement were intended
to insure that the light phase of photosynthesis is completely
absent.

Dead (heat-killed) cells were prepared by autoclaving part of the
fresh stock of biomass at 121 °C for 20 min and performing the rins-
ing procedure as described above for Tive cells. Although the heat-
killing procedure can significantly modify the cell surface structure,
it still remains a widely used method for producing control alive
material [16,17,38,39]. Moreover, optical microscopic examination
showed that heat-killed cells maintained their integrity and shape
after heat treatment.

Inactivated cells were prepared by rinsing part of the fresh {live)
biomass in 0.01 mol/L NaN3 duringl—Z h. Sodium azide suppresses
bacterial activity by inhibiting cytochrome oxidase and is widely
used for inactivating cells while keeping the surfaces physically
and chemically intact [40-42]. Cell growth of both cultures in the
presence of 0.01 M NaNj in nutrient solution was completely
suppressed as proven in separate series of experiments.

Please cite this article in press as: LA. Bundeleva et al., . Colloid Interface Sci. (2011}, doi:10.1016/j.jcis.2011.04.033
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2.3. Microelectrophoresis

Zeta potentials of APB cells were measured in a quartz cell
placed between two Pd electrode chambers, using a CAD Instru-
ment “Zetaphoremeter IV Z 4000. The cells were illuminated by
a 2 mwW HejNe laser. During the measurements an electric field
of 30 ¥ cm~! was applied in each direction for 20 s and the images
of moving cells were transmitted to a computer via a CCD camera.
Measurements were performed at pH ranging from 2.5 to 11.0 with
a pH resolution of 0.4 units. To avoid atmospheric CO2 consump-
tion and CaCO; supersaturation in CaCly solutions at pH above
8.0, N3 gas was bubbled through cell suspension prior and during
the measurements.

The pH of these suspensions was increased manually by adding
2-10 pl aliquots of 0.01-1 mol/L. NaOH or 0.01-1 mol/L. HCI. Three
replicates were carried out and each was performed with a
renewed bacteria suspension in the measurement chamber. The
uncertainty of zeta potential measurements was arcund 10%. Elec-
trophoretic mobilities were converted to zeta potentials using the
Smoluchowski-Helmholtz equation [43]:

GRS}
‘ 4

where { stands for the zeta potential {mV) and ¢,  and g represent
the dielectric constant of the solution, the viscosity and the electro-
phoretic mobility, respectively (s = Vg[£ with Vg = electrophoretic
rate (s_') and E = electric field (V m_')). In the CAD Instrument of
IV-th generation, ionic strength (I) is approximated from the con-
ductivity which is routinely recorded. The change of viscosity orig-
inated from other than I source is very unlikely, given quite low
concentration of DOC during in bacterial suspensions (less than
10 ppm, see Section 4). Despite its simplicity, Smoluchowski’s equa-
tion is widely used for calculating zeta potentials from the electro-
phoretic mobilities of quartz [21], silica [44] diatoms [14] and
cyanobacteria [17] and biological materials [4,10].

2.4. Ca adsorption on cell surfaces

The calcium adsorption experiments were designed to provide a
quantitative characterization of metal binding by bacterial cells in
a wide range of pH and Ca®* concentrations in solution. For this,
two types of experiments were carried out: {i} adsorption at con-
stant initial calcium concentration in solution as a function of pH
{pH-dependent adsorption edge) and Lii) adsorption at constant
pH as a function of metal concentration in solution (adsorption iso-
therm). All experiments were performed in undersaturated solu-
tions with respect to any calcium carbonate phase as verified by
speciation calculations with the MINTEQA2 computer code and
corresponding database [45,46].

The initial calcium concentration was 17 pmol/L at variable pH
and varied between 0.1 and 800 pmoljL at constant pH. The pH
was adjusted by adding aliquots of NaOH (0.1 and 0.01 mol/L) or
HCI (1.0, 0.1 and 0.01 mol/L), whereas, constant pH of 5.5 and 6.7
was maintained by adding 0.005 mol/L MES (2-morpholinoethane-
sulfonic acid monohydrate) buffer. Adsorpticn experiments were
conducted in 8 mL sterile polypropylene vials during 3 and 24Jh
at 25+0.2 °C, in continuously agitated bacteria suspension with
an ionic strength of 0.1 mol/L NaCl. The biomass concentration
was kept constant at 10 gwet/L. Live, freshly harvested (stationary
stage) cells, sodium azide-inactivated and heat-killed (autoclaved)
bacteria were used in the adsorption experiments. The cells were
rinsed in 0.1 mol/L NaCl and 0.01 mol/L EDTA solutions for
15 min and again in 0.1 molj/L NaCl solution prior the experiments.
THis procedure allowed desorption of all possible Mg**, Ca®* ions
from the cell's surfaces that might occurred during the APB culture.

The adsorption of calcium on cell surfaces was quantified by
subtracting, at each solution pH, the concentration of calcium
remaining in bacterial suspension from the concentration of cal-
cium added in the supernatant. The adserption of calcium on reac-
tor walls and cellular Ca release from the bicmass in the full range
of studied pH was negligible (<10%) compared to the initial amount
of Ca added. This was routinely verified by Ca analyses in the
supernatant and in the zero-added-Ca cell suspension experi-
ments. Nonetheless, the measured Ca concentrations in these
blank experiments {to the limit of detection) were explicitly taken
into account to calculate the adsorption isotherm.

All filtered solutions were analyzed for aqueous Ca concentra-
tion using flame atomic absorption spectroscopy (Perkin Elmer
AAnalyst 400) with an uncertainty of +2% and a detection limit of
0.5 pmol/L. Dissolved organic carbon (DOC) was analyzed using a
Carbon Total Analyzer {Shimadzu SCN) with an uncertainty of 3%
and a detection limit of 0.1 mgfL. The DOC concentration during
adsorption and electrophoretic measurements remained quite
low, between 5 and 10 mg/L and did not vary with pH and ionic
strength in any systematic manner, suggesting negligible cell lysis
and degradation in the full range of studied solution conditions.

2.5. Transmission Electron Microscopy (TEM) analysis

Aliquots of suspensions containing live bacterial cultures were
examined using Transmission Electron Microscopy (TEM) with a
JEOL JEM 12000 EX and JEOL JEM 2100F {equipped with a field
emission gum (FEG) and PGT EDX detector) at 80 kV. The shift of
C and O peaks towards low energies due to the non-linearity of
the EDX detector of low energy. Cell suspension was rinsed using
sterile nutrient solution {without sodium chloride addition) or Mil-
liQ water, centrifuged 2 min at 10 000 rpm. TEM samples for anal-
yses were taken by immersing grids coated with a carbon film for
10s in prepared bacterial suspension. Dried grids were used for
TEM analysis.

3. Results
3.1. Electrophoresis

The zeta potential of live, NaNz-inactivated and dead (heat-
killed) cells of the two APB bacteria was measured as a function
of pH and ionic strength, whereas zeta potential of live cells was
also measured as a function of calcium and bicarbonate icn con-
centrations, with and without light. Note that experiments with
calcium and bicarbonate addition and experiments in the darkness
were not performed for inactivatedfheat-treated cells because in
contrast to live cultures, dead and inactivated APB cells do not dis-
play any maxima of zeta potential in alkaline solutions (see below).
The condition of electrophoretic experiments are presented in
Table 1.

3.1.1. Effect of pH and ionic strength

The zeta potentials of live A-20s and 5-17-65 cultures in 0.5,0.1,
0.01 molfL NaCl are shown as a function of pH in Fig. 1a and b.

It can be seen from these figures that the magnifude of zeta po-
tential decreases yielding less negative values with increasing ionic
strength, from pH 4 to 10. The pH of isocelectric point {pHizp) is
close or below 3 for A-20s and below 2 for 5-17-65. However, it
cannot be determined precisely because there is no common inter-
section point of zeta potential curves obtained at various ionic
strengths. Moreover, it can be observed for both species, and spe-
cifically in physiologically favorable 0.1 mol/L NaCl, a decrease in
zeta potential between pH 2 and 5, a rather constant value for
5<pH<8 and an increase for pH above §—9. This pattern is also
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Table 1 (a) A-20s, 0.5 moliL NaCl
Experimental conditions of zeta potential measurements. All experiments performed
under light unless indicated (*).
10
Bacteria State of bacteria Cemposition of solution pH range s O rmmreeemmeeenose s
A-208 Live 0.5 M Nacl 3.0-11.0 E 0F ““a R
A-20s Azide-treated 0.5 M Na(l 3.1-11.0 E" - & A’ Aoﬂﬂ
A-20s Dead 0.5 M NaCl 3.0-11.0 R B R VT
A-20s Live 0.1 M NaCl 2.8-11.0 o 30
A-20s Azide-treated 0.1 M NacCl 2.8-111 2 kb
A-20s Dead 0.1 M Na(l 3.0-10.8 -
A-20s Live 0.01 M Nacl 2.3-10.8 5 50
A-20s Azide-treated 0.01 M NaCl 3.1-11.0 N 60}
A-20s Dead 0.01 M Nacl 29-114 S
A-20s Live 0.1 M NaCl+0.001 M NaHCO;  7.0-11.0 2 3 4 5 6 7 8 9 10 11 12
A-203 Live 0.1 M Nacl + 0.01 M NaHCO; 7.1-11.0 pH
A-20s Live 0.1 M NaCl +0.001 M CaCl, 3.1-10.8
A-20s Live 0.1 M Nacl + 0.01 M CacCl, 2.9-11.0
A-20sx  Live 0.1 M NaCl 38-111 (b) $-17-65, 0.5 mol/L NaCl
§5-17-65 Live 0.5 M NaCl 2.4-10.8
$17-65  Azide-treated 0.5 M NaCl 3.1-11.1 10
§-17-65 Dead 0.5 M Na(l 2.8-11.0 = Of -
§5-17-65 Live 0.1 M NaCl 31-110 E 1oF & .
$-17-65  Azide-treated 0.1 M Nacl 3.2-113 - *ah, s 2228,
§-17-65  Dead 0.1 M Nacl 32-10.8 g 20t oy st s ot
$-17-65  Live 0.01 M NaCl 3.1-10.8 S a0f
5-17-65 Azide-treated 0.01 M Nacl 2.7-11.1 °
$17-65  Dead 0.01 M NaCl 28-11.1 s -40
5-17-65 Live 0.1 M NacCl + 0.001 M NaHCO; 75-110 k- -50 |
§5-17-65 Live 0.1 M NacCl +0.01 M NaHCO; 7.3-11.0 N 60k
5-17-65 Live 0.1 M NacCl + 0.001 M CacCl, 3.0-11.0 0
§-17-65 Live 0.1 M NaCl +0.01 M CaCly 2.8-11.0 3 4 5 6 7 8 9 10 11 12
" Experiment and measurements were performed in complete darkness. pH

(a) A-20s, live
‘0 0.5molL NaCl® 0.1 moliL NaCl & 0.01 moliL NaCl
10
A
> 0,
E 10 F
= " L=
8 20F *% . M ¢
= LZ PP Y Y
£ -30F
o
a -40 a8 s
© A
5 50 F a S-S
N _60 i AAAAA
70 PR T T T T T T T
2 3 4 5 ¢ 7 8 9 10 11 12
pH
(b) $-17-65, live
|0 0.5 mol/L NaCI® 0.1 mol/L NaGl A 0.01 moll Nacl
10
E 0-""A """""""""""""""""""
- d L
= 10 ..‘e. .“.' .
-E-ZO' Bores® * 04 ¢
-9‘:3 -30F a
A
g_ A0 F AA A
] A
5 50 F
N 6o} M, tetam
70 R T T T T S T
3 4 5 6 7 8 9 10 11 12

Fig. 1. Measured zeta potential of live A-20s (a) and S-17-65 (b) as a function of pH
(2-11) and ionic strength at 10 mg., bicmass/L. The error bars are within the
symbol size.

maintained in 0.01 M NacCl but becomes less pronounced at higher
ionic strength. Indeed, in 0.5 M Nacl zeta potential of both species
is similar for active, NaNs-inactivated and heat-killed cells, as
shown in Fig. 2a and b. In this solution, there is a slight increase

Fig. 2. Measured zeta potential of A-20s (a) and S-17-65 (b} as a function of pH (2-
11) and 0.5 M NaCl at 10 mg., bicmass/L. The error bars are within the symbel
size.

of zeta potential at pH> 8.5-9, especially pronounced for live S-
17-65.

The effect of cell status (live, heat-killed and NaN3-inactivated)
on zeta potential in 0.1 M Nacl is shown in Fig. 3.

At lower ionic strength, the zeta potential of both living cells in-
creases at pH > 9-10 exhibiting a local maximum at around 1[—10;
—20]mV in these alkaline solutions, especially pronounced in
0.1 mel/L NaCl (Fig. 3a and ¢). This maximum is also visible in
0.01 mol/L Nadl, although the magnitude of zeta potential is lower
than that at /= 0.1, i.e, ~[-30; —40] mV (Fig. 3b and d). On the
other hand, dead (heat-k)illed) and NaNg-inﬁctivated cells show a
decrease of the zeta potential till pH 4.5 and almost constant value
above that pH (Eig‘ 3i_d)' More importantly and in contrast to live
cultures, dead and inactivated APB cells do not display any increase
of zeta potential at pH around 10 both in 0.01 and 0.1 mol/L NaCl
solutions (Eg. SE—d)‘ Note also that dead bacteria exhibit approx-
imately 10-20 mV less negative zeta potential values in neutral
solutions and a clear pHp of 3.5 £ 0.1 at 0.01 mol/L Na(l for both
bacterial cultures (Eig. 3b and d).

3.1.2. Effect of Ca and bicarbonate ions

Zeta potential of live A-20s and S-17-65 were measured in the
presence or absence of CaCl; and NaHCOs at fixed total ionic strength
which was achieved by varying the concentration of NaCl added in
the solution. The values of zeta potential for both bacteria with
and without CaCl, at most environmentally relevant I = 0.1 mol/L
are reported in Fig. 4. For A-20s (Fig. 4a), the decrease of zeta
potential at pH 5-7 is much smaller in the presence of 0.001 and
0.01 mol/L CaCE compared to Ca-free sclutions, with almost
20 mV difference at pH around 6. It can be also seen that the addition
of Ca®* ions only slightly modifies the position of zeta potential max-
imum cccurring at pH around 10.

Please cite this article in press as: LA. Bundeleva et al., . Colloid Interface Sci. (2011}, doi:10.1016/j.jcis.2011.04.033
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Fig. 3. Measured zeta potential of A-20s and 5-17-65 in 0.1 M (a and c¢) and 0.01 M (b and d) NaCl, respectively, and as a function of pH (2-11) at 10 mgye bicmass/L. The

error bars are within the symbol size.

In contrast, for S-17-65 (Fig. 4b), the presence of 0.01 mol/L
Ca(ly does not modify zeta potential compared to Ca-free solutions
up to pH of 7.5, whereas addition of lower concentrations (c.a.,
0.001 mol/L CaCl,) decrease zeta potential in the pH range 4-7 as
well as above pH 10. At pH between 8 and 10 the zeta potential in-
creases in the presence of Ca®" jons. Noteworthy that, in contrast to
Ca-free solutions, there is no clear decrease of zeta potential at pH
above 10.5-11 in the presence of 0.01 mol/L CaCl,. Overall, the
modification of zeta potential in the presence of CaCl, suggests
the adsorption of Ca ions on APB surface which occur at different
pH and in different degree for two studied cultures.

The addition ofE.OOl—OAOI mol/L sodium bicarbonate (NaHCO3)
decreases significantly the zeta potential values of living A-20s and
5-17-65 cells, as illustrated in Fig. 5a and b, respectively. Two
important features can be observed from these two figures. First,
at pH of 7-9, there is a ~20 and ~10 mV potential decrease for
A-20s ana’S-17-65‘ respectively. Second, at pH above 9, there is a
net decrease of zeta potential in the presence of both NaHCO3; con-
centrations and for both bacteria. However, for A-20s there is no
complete suppression of zeta potential increase in alkaline solu-
tions (pH 9-11) in the presence of added bicarbonate {Fig. 5a). In
contrast, there is a full suppression of zeta potential increase in
the presence of 0.01 M NaHCO; for 5-17-65 (Fig. 5b).

3.1.3. Effect of light

The results of zeta potential measurements for live bacteria un-
der the light and in complete darkness are shown in Fig. 6, with
lower values in darkness compared to values obtained under light
at 6 < pH < 9. Concurrently, the shape and magnitude of zeta po-
tential at pH above 9 do not depend on the cell environment: both
experiments demonstrate a maximum of zeta potential (—15 mV)
at pH around 10-10.5. We interpret the less negative potential in
circum-neutral solutions (6 < pH<9) as due to the generation of

protons similar to what is reported for cyanobacteria during the
oxygenic stage of the photosynthesis [31]. In contrast, the zeta po-
tential increase to less negative values at pH above 9 observed with
and without light apparently represents an intrinsic property of
live APB cultures in alkaline solutions, not necessarily linked to
the photosynthesis.

32. Ca idsorpﬁon

The pH-dependent adsorption edge for both AFB cells, per-
formed in 0.1 mol/L NaCl and with a biomass of 10 g..:/L exposed
for 311 in the dark, is illustrated in Fig. 7.

At the same pH and initial Ca concentration([Ca®'], = 17 pmol/L),
the percentage of adsorbed Ca was always higher in experiments
with A-20s compared to 5-17-65. For the latter, the adsorption edge
starts at pH around 5, whereas A-20s demonstrated significant Ca
adsorption at pH 3 with a maximum of adsorption edge attained
at pH = 7-8. Kinetic factors are unlikely to control the adsorption
yield as demonstrated by the use of Fig. 8. Reported in this figure
is the adsorption edge for 5-17-65 {as an example) measured at dif-
ferent exposure time. It can be clearly seen that there is no signifi-
cant difference in the percentage of adsorbed Ca for 3 and 2441_1 of
exposure time.

“Langmuirian” adscrption isotherms recorded for both live APB
species at three constant pHs (5.5, 5.9 and 6.7) and Ca concentra-
tions from 1 to 800 pmol/L are illustrated in Fig. 9.

Similar to pH-dependent adsorption edge, the adsorption of
calcium at constant pH and [Ca®* ], < 100 pmol/L is higher for
the A-20s culture compared to the 5-17-65 one. At higher aqueous
Ca concentrations, from 200 to SO(ﬂLmol/L, there is no significant
difference between two cultures in the adsorption maximum

~20-30 umol  Cajgye). The slopes of dependence between
%Caz*]ads and [Ca®*],q in 0.1 mol/L NacCl deduced from this figure

Please cite this article in press as: LA. Bundeleva et al., J. Colloid Interface $ci. (2011}, doi: 10.1016/j.jcis.2011.04.033
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Fig. 4. Measured zeta potential of live A-20s (a) and S-17-65 (b) at = 0.1 M in the
presence of CaCl; at 10 mg,,« bicmass/L. The error bars are within the symbel size.

is close to 1 for both cultures, indicating a stoichiometric ratio of
surface site to aqueous calcium ion. However, at lower [Ca®|.q
i<10—20 pmol/L) the slope of this dependence for A-20s culture
1s close to 0.7 suggesting some change in the stoichiometry of sur-
face adsorption reaction. Note the similarity of “Langmuirian”
adsorption isotherms for A-20s strain at pH 6.70 and 5.55. This
may stem from the fact that above pH 5.5, from ZO% to 80% of Ca
are already adsorbed at the cell wall (Fig. 7). As such the effect of
pH at these conditions is of second crder importance in controlling
the overall adsorption yield.

Comparison of Ca adsorption by live and NaNs-inactivated A-
20s cells was performed at pH around 7 in 0.1 mol/l. NaCl
{Fig. 10). In hoth types of cells, continuous illumination was pro-
vided and the exposure time was around 20 h. It can be seen from
Fig. 10 that there is no major difference in the concentration of ad-
sorbed Ca between live and inactivated cultures at high surface
loading, whereas at low surface loading, in the environmentally-
relevant Ca concentration range, at [Ca®"]aq<100uM and
[Ca?"]ags < 5 WmOl{Eye:, there is a systematically higher adsorption
of Ca on the inactivated cells compared to the live cultures.

4. Discussion
4.1. Effect of ionic strength and pH on zeta potential

Both APB species demonstrate classical zeta potential depen-
dence on ionic strength: a decrease of the magnitude of negative
zeta potential with increasing ionic strength (Fig. 1), which sug-
gests the existence of negative spatial charge distribution around
their outer region. Microbial extracellular polymeric substances

(@)  A-20s,1=0.1moliL (NaCl+NaHCOy)

Zeta potential, mV
*

60 b Y
70 | s

2 3 4 5 6 7 8 9 10 11 12
pH
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A 001 molfl sodium bicarbonate:
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Fig. 5. Measured zeta potential of live A-20s (a) and $-17-65 (b) at I =0.1 M in the
presence of NaHCO; at 10 mg. biomass/L. The error bars are within the symbcl
size.
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Fig. 6. Measured zeta potential of live A-20s in 0.1 M NacCl in the presence of light
and in the darkness at 10 mg.. biomass/L. Results for measurements in the
darkness were obtained on cultures that were kept without light during 24 h prior
the experiments. The error bars are within the symbol size.
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=
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{EPS) have a strong potential to exchange protons, regulate the
surface charge and even precipitate carbonate minerals [47]. The
presence of EPS arcund bacterial cells surface is known to signifi-
cantly modify the cell electrophoretic properties notably the elec-
trostatic effect of the ionic strength [13]. For example, weak effect
of ionic strength on electrophoretic mobility of EPS-rich Bacillus
Echenifonnis observed in the range of 0.1-0.001 mol/L has been
explained by the contraction of the EPS’] layer with ionic strength
[19] and the change in charge density associated with swelling of
the EPS envelope at low ionic strength, which would compensate
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Fig. 7. Percentage of adsorbed calcium as a function of pH fer live Rhodovulum
steppense A-20s (open diamonds) and Rhedovulum sp. (solid triangles) S-17-65.
Experimental conditions: 25 °C, [Cal, = 17 pmoel/L, 10 gt biomass/L in 0.1 M NaCl
and 3 h of exposure time under darkness. The error bars are within the symbeol size.
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Fig. 8. Percentage of adserbed Ca as a function of solution pH for Rhedovulum sp. §-
17-65 culture after 3 and 24 h exposure time. Experimental conditions: 25 °C,
[Ca]y =17 pmol/L, 10 Eyee biomass/L in 0.1 M NaCl under darkness. The error bars
are within the symbol size.
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Fig. 9. Concentraticn of adsorbed calcium as a function of calcium concentratien in
solution (constant-pH adserpticn isctherm) for live Rhodovulum steppense A-20s
and Rhodovulum sp. S-17-65. Experimental conditions: 25 °C, pH 5.5-6.7, 10 Zyer
biomass/L in 0.1 M NaCl and 24 h of exposure time under light. The errer bars are
within the symbol size.

for charge-shielding [10]. A similar mechanism was invoked in a
recent study of gram negative EPS-rich Pseudomonas aureofaciens
[18]. In the absence of information on the EPS of studied APB, we
can use only indirect methods of evaluation of their role in control-
ling cell electrostatic properties. In contrast to the above-men-
tioned heterotrophic bacteria, the effect of ionic strength on APB

A-20s, pH = 6.6, 10 giL, 20 hrs exposure, light

100

Rl
10} D.ﬁ

[Ca]ads, pmol/gwet
.o
”ﬂ.,z%

OLive
% +Azidesreated

1 10 100 1000
2+,
[Ca™ ]aq, LM

Fig. 10. Cencentration of adsorbed calcium (pmol/g..) as a function of calcium
coencentration in solution (pmelfL) for live and azide-treated (0.01 M NalNs}) A-20s.
Experimental conditions: 25 °C, pH = 6.6, 10 g, biemass/Lin 0.1 M NaCl and 20 h
of exposure under light. The error bars are within the symbol size unless indicated.

zeta potential is clearly pronounced, so we do not expect any sig-
nificant impact of cell surface EPS of live anoxygenic phototrophic
bacteria on their electrophoretic properties. This is further con-
firmed by zeta potential measurement in A-20s cultures subjected
to multiple rinsing procedure which is capable of removing signif-
icant part of loosely bound cell surface EPS [17,18], while capsule
EPS may remain attached Comparison (not shown) of zeta poten-
tial values of rinsed and non-rinsed cells at pH=5, 8, and 10 in
0.1 mol/L NaCl demonstrate an insignificant and non-systematic
difference of =3 mV.

The pH of isoelectric point (pHgp) of live and inactivated APB
species lays between 2 and 3, which are similar to the values
reported for most microorganisms [23,48,49]. At these pH's the
concentration of negatively charged surface sites such as carboxyl-
ate, phosphoryl, hydroxyl, sulfate is equal to that of the positively
charged surface groups, such as amine, of the cell interface
proteins. The less negative potential of autoclaved bacteria and
clearly pronounced pHjzp of 3.5 in 0.1 mol/L NaCl (lj_ig‘ 3b and d)
are most likely linked to partial physical removal of negatively
charged moieties of most surface carboxylate layers after autoclav-
ing and extensive rinsing. The partial degradation of the membrane
and leaching of the surface capsule EPS layers due to autoclaving
may also occur, even though the cell integrity was proved by
microscopic observations. In contrast, the pHigp of live and inacti-
vated APB are similar (Fig. 3a-d ) suggesting that the zeta potential
of live APB in acidic solutions are mostly controlled by chemical
properties of the cell surface and weakly influenced by metabolic
activity. In fact, investigated halophilic bacteria may not be com-
pletely viable in acidic solutions which explains the similarity of
pHiep between untreated and NaNs-inactivated cells.

4.2, Effect of bicarbonate ions and comparison with cyanobacteria

Similar to previous results on Synechococcuis sp. and Planktothrix
sp. Cyanobacteria [16] , there is a net increase of live cell zeta po-
tential towards more positive values at pH ~ 10. It is important to
note that the zeta potential increase at pH~ 10 is mostly pro-
nounced in 0.1 mol/L Na(l, solution similar to typical environment
of cell growth in natural setting and in laboratory culture. Because
this increase of zeta potential is observed only for active cells, it
certainly indicates a metabolically-controlled mechanism.

Indeed, the systematic shift of zeta potential towards more
negative values in the presence of added NaHCO5 at pH of 7-11
suggests that the adsorption of bicarbonate/carbonate ions (;if pH
of 7-9) and physiological {metabolic) processes (at pH of 9-11)
aré responsible for the observed shape of zeta potential dfe‘pen-
dence on pH. A suppression of increasing trend of zeta potential

Please cite this article in press as: LA. Bundeleva et al., J. Colloid Interface $ci. (2011}, doi: 10.1016/j.jcis.2011.04.033

95

467
468
469
470
471
472
473
474
475
476
477
478
478
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
485
496

497

488
499
500
501
502
503
504
505
506
507
508
508
510
511



512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
52%
530
531
532
533
534
535
536
537
538
53¢
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559

YJCIS 16813
25 April 2011

No. of Pages 11, Model 5G

8 LA. Bundeleva et al. / Journal of Coiloid and Interface Science xxx (2011) xxx—xxx

'A"'“ L e

2pm
—

[N

2 pm

Fig. 11. TEM images of live A-20s (A) and $-17-65 (B) in nutrient sclution. The scale bar is 2 pm and the magnification is 25,000 % (A) and 12,000x (B).

for 5-17-65 bacteria in the presence of 0.01 mol/L. NaHCO; at
9 < pH < 11 is apparently linked to active cellular response which
ceases the positive potential creation at these concentrations of
added bicarbonate/carbonate ions.

Bacterial cells imaging by TEM showed that the cells of A-20s
culture are 0.5-0.6 jum wide and ]-1.5 pm long (Fig. 11a) whereas
the cells of 8-17-65 are 0.8-1.0 pm wide and 1.2-1.5 pm long
(Fig. 11b). The cells of A-20s are isclated whereas the cells of
§5-17-65 are linked together forming long chains. Therefore, both
slightly larger size of S-17-65 and their spatial organization lead
to less amount of potentially reactive surface sites per g weight
compared to A-20s because the former produce smaller surface
area available for adsorption.

The smaller quantity of positively (as well as negatively)
charged functional groups on 5-17-65 compared to A-20s led to full
saturation {screening) of these surface moieties in the presence of
0.01 mol/L sodium bicarbonate. Although our experimental setup
did not allow quantifying the HCO; /CO;™ binding on viable cells,
this explanation is consistent with lower surface site density for
Ca ions on S5-17-65 compared to A-20s revealed by adsorption
experiments (Fig. 7) as discussed belowiSection 4.3).

Overall, results of APB zeta potential dependence on pH in the
presence of added sodium bicarbonate are slightly different from
those obtained on cyanobacteria Planktothrix sp. and Synechococcus
sp. [16]. The zeta potential of both APB species decreases from -
10mV in NaHCOs;-free solutions to —40 mV in the presence of
1 mmol/L NaHCO3 at pH 8.5-10.5 (Fig. 5). As opposed to APB, the
addition of 1 mmol/L of NaHCOj3 to active cyanobacteria enhances
the positive potential at alkaline pHLB—l 0)[16]. Indeed, HCO; dif-
fusion usually limits photosynthesis of cyanobacteria at concentra-
tion below about 1 mM [50] which is typical for many freshwater
environments. Recently studied Planktothrix sp. and Synechococcus
sp. cyanobacteria are probably unique as they are capable of devel-
oping a positive zeta potential at alkaline pH conditions, which al-
lows then to attract HCO; anion, required for photosynthetic
activity [16,29].

In contrast to freshwater and marine cyanobacteria, the APB A-
20s live in alkaline soda lakes with typical bicarbonate concentra-
tion of5 120 mmo]/L&O 3-7.8 g/L) and pH ranging from 8.5 to 10.5
[51]. Asa result, Rhodovulum sp. A-20s require almost 10 times
higher concentration of added bicarbonate (10 mM compared to
1 mM for cyanobacteria) to suppress the zeta potential increase
in alkaline sclutions (Fig. 5b).

The reason for zeta potential increase in alkaline solution
observed for both APB species is certainly different from active
HCO; -acquisition mechanism proposed for cyanobacteria [16].
Unlike cyanobacteria, both species of Rhodovulum do not require
bicarbonate ions for their photosynthesis in the presence of

organic compounds as carbon source [32,33,36,51,52]. Note that,
despite the reported photolithoautotrophic nature of Rhodovulum
species [33], in the present work, the cell growth in mineral media
could not be achieved. As such, bicarbonate and carbenate ion
adsorption on less negatively charged surface maintained by the
cell in alkaline solution is the most likely mechanism of observed
zeta potential pattern in the presence of NaHCO;3 (Fig. 5a and b).
Even if photosynthetic HCO; uptake was partially pronounced, it
could not interfere in cell surface potential regulation in alkaline
soluticns as confirmed by electrophoretic measurements with live
cells under the light and in the full darkness. Experiments without
light when the photosynthesis is absent also demonstrated zeta
potential increase at pH ~ 10 (Fig. 6). Therefore, metabolically-cre-
ated less negative zeta potential in alkaline solutions for APB is
probably not linked to HCO3 /COZ’ uptake. Note that the suppres-
sion of zeta potential increase in the presence of NaHCO; cannot
be explained by extrusion of protons due to more active respiration
under alkaline conditions required to keep the proton gradient sta-
ble, as it is known for heterotrophic bacteria [42]. Indeed, the zeta
potential drop in the presence of NaHCO; is observed exactly at the
same pH as that inD_]aHCO;free solutions, both for photosynthesiz-
ing {on the light) and respiring (in the dark) cells.

Possible reasons for less negative surface potential in alkaline
solutions may be Q) active protection of cell from CaCOj incrusta-
tion [29] and/or (ii) physiological requirements for micronutrients
[31]. At present, distinguishing between these two mechanisms is
not possible. The first mechanism will be discussed in the next sec-
tion. The second mechanism is supported by the environmental
conditions of APB habitats. Indeed, anoxygenic alkaliphilic bacteria
live in highly saline soda environment (up to 5 gfL NaHCO3/Na,CO4
and 100 g/L NaCl) at pH around g_—lO which may locally rise to 11
in the diurnal cycle of photosynthesis [32]. At these conditions,
most micronutrients (anions B, 5i, V, Mo, and trace metals Cu, Zn,
Fe, Mn, Ni and Co} are present in the form of negatively charged
or neutral ions and hydroxyl, chloride, carbonate, sulfide and
hydrosulfide complexes. Electrostatic attraction of these com-
plexes to the cell surface will certainly be facilitated by decreasing
the negative surface potential as revealed by electrophoretic mea-
surements in this study.

4.3. Effect of calcium ions and cell protection from CaCQ; incrustation

Another possible explanation for zeta potential increase in alka-
line sclutions, linked to the metabolic maintenance of a positive
surface charge at alkaline pH, is protecting active cell against Ca
adsorption and subsequent calcite formation at their surfaces
[29]. Similarly, spectroscopic and microscopic observations sug-
gested that precipitation of an amorphous CaCOj3 layer within the
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external EPS sheaths of cyanobacteria could serve as a protection
mechanism against uncontrolled precipitation of a thermodynam-
ically stable phase calcite on their surface [53]. For APB live in lakes
of high pH and bicarbonate concentration, where CaCO; precipita-
tion is a common phenomenon, a permanently acting protection
mechanism may be as important as metabolic requirements for
nutrient uptake. The ability of studied APB to precipitate CaCO3
during their metabolism is demonstrated in laboratory kinetic
experiments, yielding calcite and vaterite precipitation in the
vicinity of live A-20s and 5-17-65 cells [54-57]. Experiments of
Ca adsorption allow quantification of the concentration of surface
centers capable of participating in this “protection” mechanism.
Indeed, “langmuirian” Ca adsorption isotherm at pH ~ 7 exhibits
up to 1.5-2 times lower surface Ca adsorption for live cells com-
pared to NaNs-inactivated cultures (Fig. 10). Concurrently, at high
surface loading (5-50 pmol Ca/gye:) and Ca concentration in solu-
tion above 20 umol/L, the adsorption density was very similar be-
tween live and NaNs-inactivated cells (Fig. 10). Therefore, the
number of surface sites participating in positive potential creation
that is capable to significantly affect Ca binding at the live cell sur-
faces is less than 3 pmol/g,.; biomass. In neutral solutions, this is
much smaller than the typical concentration of adsorbed Ca at the
conditions of our experiments {(e.g., 10-50 pmol/gy., see Figs. 9
and 10). As such, the active metabolic effect on Ca adsorption is
pronounced only in alkaline solutions and at very low Ca concen-
trations which were not extensively investigated in this study.

Taken together, results of the present study suggest clear met-
abolic control on less negative cell surface charge and zeta poten-
tial of anoxygenic phototrophic bacteria in alkaline solutions
which appears to be an intrinsic property of these microorganisms.
This feature may be tentatively linked to both physiological de-
mand of nutrients and cell protection from Ca adsorption and
CaC05 incrustation. The cell response to the change of solution
conditions could be Ca?*, HCO; concentration - induced or solution
saturation index LQCQCOSJ - induced phenomenon, but also perma-
nently operating reaction helping the cell to maintain less negative
surface potential. Molecular and physiclogical mechanisms
responsible for developments of this surface potential on APB in
alkaline solutions, by analogy with other gram-negative hacteria,
may be: (1) conformational changes in the S-layer protein arrange-
ment [9] producing positive electric potential (the APB are re-
ported to possess a regular S-layer on the outer surface [58]), Q]
lysine-rich protein production within the cytoplasmic membrane
[11] bringing about an excess of positive sites within the surface
layers._@) proton secretion by the APB cell wall via proton-pump-
ing [31] and {4) enhanced respiration under alkaline conditions
required to keep the proton gradient stable [42]. Further culture
growth, Ca adsorption and surface complexation modeling and
Ca carbonate precipitation experiments with APB are necessary
to better distinguish between these mechanism in order to
understand their role in nutrient acquisition and carbonate
biomineralization.

How unique are phototrophic bacteria in developing this posi-
tive (less negative) surface potential in basic solutions? Note that
we have not observed any significant zeta potential increase in
alkaline solution for live cyanobacteria Gloeocapsa sp. [17]. Unlike
unicellular APB or Synechococcus sp., Gloeocapsa sp. possess signif-
icant capsular envelope around several adjacent cells which prob-
ably precludes the active metabolic process of individual cells to be
recognized at the macroscopic scale of cell aggregates. It is also
possible that the zeta potential increase in alkaline solution will
not necessarily be detectable for all type of photosynthesizing
organisms because many bacteria possess a thick EPS layer bearing
significant amount of negatively-charged groups. The thick EPS
coating may prevent the detection of positive potential created
by metabolic process. This is confirmed by observations of marine

and freshwater diatoms. The freshwater peryphytic diatom Navic-
ula minima demonstrates a slight increase of electrophoretic
mobilities at pH around 9-10 in 0.1 mol/L NaCl where as marine
planktonic diatom Thalassiosira weisflogii, having much higher
proportion of organic coating on the cell surface, do not exhibit
an increase of electrophoretic mobilities at pH between 5 and 13
[14]. A recent compilation of isoelectric points of viruses, although
demonstrate the wide variety of pHjgp, from 1.9 to 8.4, does not
indicate the existence of less negative or positive zeta potentials
in alkaline solutions [59]. Therefore, this property may be intrinsic
to microorganisms having distinct cell wall.

5. Conclusions

We demonstrate, in a suite of electrophoretic and macroscopic
batch adsorption experiments, that anoxygenic phototrophic
bacteria {APB) are capable of regulating their electric surface
potential in alkaline solutions (pH ~ 10-10.5). This produces an
unusual, less negative zeta potential at these conditions, previously
non-reported for most bacteria except cyanobacteria. This effect is
absent for heat-killed and NaNs-inactivated cells and it is signifi-
cantly suppressed in the presence of 1-10 mM added bicarbonate
ions. The presence or not of light does not affect the zeta potential
increase in alkaline solutions.

Based on analogy with other bacteria, two parallel mechanisms
can be suggested to explain this novel feature of zeta potential in-
crease of APB in alkaline solutions linked to the appearance of less
negative zeta-potential: (i) enhancement of uptake of the micronu-
trients in the form of anions and {ii) Ca®" ions repelling from the
cell surface in order to protect the cells from CaCO; incrustation.
The latter mechanism is consistent with the results of Ca adsorp-
tion on the cell surface in the physiological range of solution com-
position. A slight difference between two studied bacterial strains
in the degree of zeta potential increase and Ca adsorption is com-
patible with difference in surface areas and optimal physiological
range of solution parameters.
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Résumé en francais

La biominéralisation des carbonates est considémame l'un des principaux
processus controlant les niveaux de,Qans I'atmosphere, aujourd’hui comme dans les
temps passés. Contrairement aux nombreux travads axr la calcification par les
cyanobactéries, la biominéralisation par les bagénoxygéeniques phototrophiques (APB)
est restée longtemps sous-estimée, malgré leupointiel important dans la précipitation
de CaCQ dans les biofilms. Ce chapitre rapporte les réasulobtenus lors de I'étude des
vitesses de précipitation de CagL@duite par deux types de bactéries anoxygéniques
phototrophiques RhodovulunsteppensA-20s haloalcaliphilique eéRhodovulunsp. S-17-65
neutrophilique halophilique, cultivées sur subst@paniques.

Afin de caractériser le lien entre le taux de @aixe bactérienne (production de
biomasse) et la vitesse apparente de précipitaoCaCQ, des expériences cinétiques en
présence de bactéries vivantes, mortes et inastioé® été menées dans des solutions
nutritives d’'une part et dans une solution d’élggte inerte (NaCl) dautre part. Les
précipités obtenus ont ensuite été examinés parobtiopie Electronique a Balayage (MEB)
et en Transmission (MET), ainsi que par spectrascde rayon X (XRD). Les résultats
obtenus montrent une corrélation positive entreitesse de précipitation des carbonates et

lindice de saturation initial de la calcit®(,.) pour les deux types de bactéri€sQt80 et

0.75 pour A-20s et S-17-65, respectivement). Cepatnddes analyses détaillées de la
dépendance de l'indice de saturation sur la vitegsprécipitation apparente de la calcite, a

Q constant, montrent que [DIC] et [Ca] seuls ne pativcontréler les vitesses de

calcite
précipitation de la calcite par les bactéries agéxyques phototrophique®hodovulum

steppensalophiliqgue A-20s vivante précipite de la calcteartir d'une solution initialement
sursaturée Q =40 a 100), ce qui induit parfois une augmentatier2 jusqu’a 100-

calcite calcite

120 juste avant la précipitation. En revanche, $4 halophilique neutrophilique augmente
toujours la sursaturation de 10-60 au début decdation a 100-140 aprés 5 a 7 jours de
réaction, permettant ainsi la précipitation massieeCaCQ. La quantité de précipité (en
mole) est directement liée a la biomassg)@vec une pente allant de 0.1 2a 0.8 et 0.1 2 0.5
pour A-20s et S-17-65, respectivement, en fonatierla composition initiale de la solution.
Pour les deux souches, seules les bactéries vivantmenant activement la photosynthése
sont capables de diminuer de maniére effectivemeentration de Ca et former CagLavec

des vitesses apparentes de précipitation allar@.@@l a 0.0150 mM/hr. Ces valeurs sont
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similaires a celles des cyanobactéries et des hecthétérotrophiques et deux ordres de
grandeur plus grandes que les taux de calcificatypques des algues corallines. Les
analyses au MEB et par XRD des précipités révetpum la phase calcite domine,
accompagnée d’'une certaine quantité de vatéritdeemono-hydro-calcite, formant des
spheres de diamétrelOOum. Par contre, les analyses au MET des sugpsnisactériennes
prélevées a la fin des expériences de précipitat@démontrent pas la présence de Ga&O
la surface ou a l'intérieur des cellules vivant€gci suggére l'existence d’'un processus
cellulaire de protection contre la précipitation crbonates. Etant donné l'efficacité des
bactéries anoxygéniques phototrophiques a preci@igcQ, leur role dans la calcification

des biofilms pourrait étre au moins aussi importprg celui des cyanobactéries.
Les résultats obtenus, en particulier le role irtgur de l'activité métabolique

microbienne (photosynthése) dans la précipitatienCACQ, sont décrits dans la section

suivante sous la forme d’'un manuscrit sountzhamical Geology
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Abstract

Carbonate biomineralization is considered as ondghef main natural processes
controlling CQ levels in the atmosphere both in the past andestent time. In contrast to
extensive studies of cyanobacterial calcificatiohiomineralization of anoxygenic
phototrophic bacteria (APB) remained largely undeneated, despite their potentially
important role on CaC&precipitation in the biomats. HaloalcaliphilRhodovulunsteppens
A-20s and halophilic neutrophiliBhodovulumsp. S-17-65 were examined with respect to
their ability to precipitate CaC{under controlled laboratory conditions.

To characterise the link between the rate of bedtgrowth (biomass production) and
the rate of CaC@precipitation, batch kinetic experiments with livdead and inactivated
bacteria both in nutrient solution and in inertcélelyte were performed and produced
precipitates were examined by SEM, TEM and XRD. fidsallts obtained show that there is a
positive correlation between carbonate precipitataie and the initial calcite saturation index
(Q ) for both bacterial species’( 0.80 and 0.75 for A-20s and S-17-65 respectjvely

calcite

Active haloalcaliphilic Rhodovulum steppen#-20s precipitated calcite from initially

supersaturated solution€ (.= 40 to 100) sometimes increasi@y,.,, to 100-120 before

the precipitation. In contrast, halophilic neutrdighS-17-65 always increased supersaturation
value from 10-60 at the beginning of reaction t®-140 after 5-7 days of reaction thus
promoting massive CaGQprecipitation. The amount of precipitated CaC@ole) was
directly linked to bacterial biomassykg produced with a slope of dependence ranging from
0.1 to 0.8 and 0.1 to 0.5 for A-20s and S-17-65peetively, depending on the initial solution
composition. For both bacterial strains, only laetively photosynthetizing bacteria were
capable of effectively decreasing Ca concentraod form CaC@ with apparent bulk
precipitation rates ranging from 0.001 to 0.0150atihr, similar to rates reported for other
bacteria. SEM and XRD analyses of precipitatesaktree dominance of calcite with some
amount of vaterite and monohydrocalcite formingesph up to 100 um diameter. In contrast,
TEM analysis of bacterial suspension at the endpmcipitation experiments did not
demonstrate the presence of CaCad the surface or in the vicinity of live cell$his
suggests the existence of certain cell protecti@chanism agains carbonate precipitation.
Given the efficiency of APB to precipitate Cag;@heir role in biomats calcification may be

as much important as that of cyanobacteria.
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1. Introduction

Microbial carbonate formation occurring for most Barth’s history was largely
controlled by mineral nucleation processes drivgnnficrobial metabolism (Bosak and
Newman, 2003). Numerous works have addressed palararbonate formation via
cyanobacterial activity (Thompson and Ferris, 198f@artley et al., 1995; Douglas and
Beveridge, 1998; Obst and Dittrich, 2006; Dittriahd Sibler, 2010; Kranz et al., 2010;
Martinez et al., 2010;), algal and coral (Ries, @0With a number of studies devoted to
mineral precipitation via sulphate-reducing (Vas®las et al., 1995; Warthmann et al., 2000;
Van Lith et al., 2003; Bontognali et al., 2008), th@nogenic archae (Kenward et al., 2009)
and heterotrophic ureolitic (Ferris et al., 2004tdfell and Ferris, 2005, Dupraz et al., 2009)
and aerobic halophilic (Sanchez-Roman et al., 2Qfikteria. Whereas these studies are
certainly helpful for understanding contemporarytisgs of microbial calcification, the
deciphering of past biocalcification processestilt & the very beginning. Indeed, modern
stromatolites are limited to a few tropical mariaed quasi-marine sites, and to extreme
environments, such as alkaline and hypersalineslakehermal springs (Riding at., 1991;
Lopez-Garcia et al.,, 2005; Papineau et al., 2003znkerczak and Kempe, 2006).
Precambrian stromatolites were formed by iterati@ecretive growth of microbial
communities that precipitated and/or entrappedganic materials (Dupraz et al., 2006).

Although anoxygenic photosynthesis does not doraimmimary production in the
modern stromatolites, this metabolism may have loeecial for the growth of Archean and
some Palaeoproterozoic stromatolites (Bosak et 261Q7). It has been suggested that
anoxygenic photosynthesis could determine primargdyctivity in shallow marine
environments before the rise of oxygenic photosssith and the widespread atmospheric
oxygenation (Olson and Blankenship, 2004). Thusyfilms formed by anoxygenic
photosynthetic microorganisms would have helpediding stromatolites even before
cyanobacteria became the dominant primary produceRrecambrian reefs (Bosak et al.,
2007). Even at present-proteobacteria anoxygenic phototrophs signifigactintribute to
genetic diversity, gross primary productivity anbetbiomass of the photosynthetic
community, as it was demonstrated in Hamelin Ptainsatolithes (Papineau et al., 2005).

Purple nonsulfur bacteria may play a previouslyaragpreciated role in CaG@ormation
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within some microbialites, particularly the micrabicommunity associated with modern
hypersaline stromatolites in Shark Bay (Bosak e28l07).

There is little doubt that present-day calcareousohialites are formed via action of
photosynthetic aerobic cyanobacteria that rise pid &ncrease CaCOsupersaturation.
However, there is a certain paradox concerningntaen processes responsible for massive
calcium carbonate formation within a microbial mBtevious field and recent laboratory
observations demonstrated that the mineral formaticcurs preferentially on dead than on
live cyanobacteria (Krumbein et al., 1977; Chafeted Buczynski, 1992; Martinez et al.,
2010), after the decomposition of exopolymeric maty the heterotrophic bacteria (e.g., Arp
et al.,, 1999a, b). In fact, live cyanobacteriallxere capable of protecting themselves to
CaCQ incrustation via shed off of mineralized S-layEh@mpson et al., 1997; Douglas and
Beveridge, 1998) and/or metabolically maintainingsiive surface potential to avoid Ca
adsorption (Martinez et al., 2008, 2010). Moreovextural observations indicate that most of
biocalcification in the biomats occur in the begnmn of aphotic layer where dead
cyanobacteria, heterotrophic bacteria and anoxggghototrophic bacteria (hereafter APB)
dominate. However, in contrast to numerous laboyatand field studies of CaGO
precipitation by cyanobacteria (e.g., Altermanmlet2006; Riding, 2006; Obst et al., 2009a,
b; Kranz et al., 2010), quantification of reacti@tes and characterization of mechanism of
biocalcification by APB are very limited. To our dwledge, only one study investigated
calcite precipitation by APB liquid cultures anaftiims (Bosak et al., 2007).

In order to better understand the processes andhanitns of calcium carbonate
precipitation by anoxygenic phototrophic bactewa, selected two purple nonsulfur bacteria
extracted from soda lake®Rhodovulum steppens&-20s and Rhodovulum spS-17-65
extracted from soda lake and hypersaline water ha$pectively (Kompantseva et al., 2007,
2009, 2010). Using laboratory modeling, we aimeesttblishing the relationship between
the growth rate of APB, environmental solution paegers and associated calcium carbonate

precipitation.
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2. Materials and Methods

2.1 Anoxygenic phototrophic bacteria (APB) cultures

Two distinct anoxygenic phototrophic bacteria (AP®gre used in this study:
Rhodovulum steppense A-20s (hereafter referred tA-20s) and strain Rhodovulum sp. S-
17-65 (hereafter referred to as S-17-65), whichoming to genotypic and phenotypic
characteristics of the genus Rhodovulum (Kompaiats@985). Haloalcaliphilic A-20s with
optimal growth conditions as a salinity of 10-5Q gWwas isolated from steppe soda lake in
southern Siberia (Kompantseva et al., 2010). Thephdic neutrophilic S-17-65 growing in
5-25% NaCl with optimum at 12 % was extracted frioypersaline water body in the Crimea
steppe (Gorlenko et al., 1984). Natural aquatidrenment of these APB is as follow: pH =
9.5, Dissolved Inorganic Carbon (DIC) = 0.1 mokhJinity = 40 g/L, T = 23-30°C for A-20s
(Kompantseva et al., 2009) and pH = 7-8, DIC = (vid/L, salinity = 20 g/L and T = 25-
35°C for S-17-65 (Gorlenko et al., 1984). Therefakaliphilic Rhodovulum steppense A-
20s grow in more alkaline, carbonate-bearing smhstibut at much lower salinity compared
to the neutrophilic halophilic Rhodovulum sp. S8%-By selecting these two contrasting
species, it was possible to encompass a largetyafienvironmental conditions pertinent to

modern and past biocalcification settings.

2.2. Growth and preparation of bacteria

Both APB were cultured in Pfenning growth mediumtloé following composition
(Pfenning and Lippert, 1966; Kompantseva et all,020KH,PQO, (330 mg/L), MgC}*6H,0
(330 mg/L), NHCI (330 mg/L), KCI (330 mg/L), N&O; (330 mg/L), CaCGl (50 mg/L),
NaHCQ; (5 g/L for A-20s, 0.5 g/L for S-17-65), NaCl (28.gor A-20s , 120 g/L for S-17-
65), sodium acetate (1 g/L), casamino acids (0L}, gkast extract (0.1 g/L),B(20 pg/L),
and trace elements solution (1 ml/L (Fe, Zn, Cu, Ko, Mo)). For S-17-65, N& (0.1 g/L)

and cysteine (0.3 g/L) were added as a sourcelfoir su
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Unlike cyanobacteria, studied APB do not use dissblCQ and HCQ during
photosynthesis in the presence of organic substidis was proven by measuring DIC
during bacterial growth without CaG@recipitation: no significant variations of DI&10%,
or 1-3 mM/L) were observed in experiments produciigl.5 g@n/L biomass.
Photolithoautotrophic growth of both strains is gibke with reduced sulfur compounds as
electron donors on mineral medium in the absencergénic matter (Kompantseva et al,
2010) but was not tested at experimental conditainhis study. Stock cultures of bacteria
were kept in sealed glass bottles in oxygen-fremitions at 23-30°C, under constant 2000 Ix
white fluorescent light, and placed on a rotataaksn at 10 rpm to grow for 1 week till the
stationary stage was reached. Note that the cdowefactors of wet to freeze-dried weight
applied for studied microorganisms were equal to7 1dnd 16.1 for A-20s and S-17-65,
respectively. Cell suspensions of metabolicallyvacf-20s or S-17-65 were used for kinetic
experiments. The cells were rinsed in 0.1 mol/L Na@l centrifuged twice at 10,000 rpm for
10 minutes at 20°C. Dead cells were preparatedubgckaving fresh bacterial suspension
during 20 min at 120°C. Although the heat-killingppedure can significantly modify the cell
surface structure, it still remains a widely useetimd for producing control alive material
(e.g. Ngwenya, 2007; Pokrovsky et al., 2008; Kewweir al., 2009; Martinez et al., 2008,
2010). Scanning electron microscopic examinatioows&u that heat-killed cells maintained
their integrity and shape after heat treatmentctlnated cells were prepared by rinsing part
of the fresh (live) biomass in 0.01 mol/L Nadluring 1-2 hrs. Sodium azide inhibits bacterial
growth by preventing cytochrome oxidase and is lyidesed for inactivating cells while
keeping the surfaces physically and chemicallycin{@lrrutia Mera et al., 1992; Johnson et
al., 2007; Hunter et al., 2010). Cell growth oflbotltures in the presence of 0.01 M Nah
nutrient solution was completely suppressed asgurav separate series of experiments.

The nutrient growth solution used for Cag@recipitation experiments was
slightly modified Pfenning media. Preliminary expeents on normal Pfenning media with
addition of CaCl and NaHCQ vyielded Ca phosphate as the main precipitate. ih,s
phosphate-free growth solution was used in kineiperiments. All manipulations were
carried out in a laminar hood box class A100.
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2.3. Experimental procedure and analyses.

All studied experimental conditions are listed iable 1. Kinetic experiments were
carried out with initial concentration of calciunmloride and sodium bicarbonate ranging
from 1 to 10 and 5 to 20 mM, respectively. All beoexperiments were performed with initial
biomass concentration between 1.6 and 3£8Lg Precipitation experiments were carried out
over a range of initial saturation indeRd,cod with respect to calcite varying between 8 and
230 for A-20s, and between 2 and 60 for S-17-65e TVariation of all experimental
parameters (pH, [¢4, [Alk] and biomass) as a function of time in eaufdividual
experiment is presented in the Appendix 3.

Kinetic experiments were performed at23°C in nutrient, CaG] NaHCQ-bearing
solution and in nutrient-free inert electrolyte (OM NaCl) with live, dead and NaN
inactivated cells. Experiments were conducted udiagontinuous batch mode in two to three
replicates. Mother suspension of cells in nutrientinert electrolyte solution was mixed
homogeneously and separated into 5-10 sealed 25tenile glass bottles without headspace.
The bottles were placed in a rotator mixer at 24 gnd under continuous light 2000 Ix.
Periodically, one whole bottle was sampled to nwnthe chemical and microbiological
evolution of the system. The concentration of baaitecells was estimated by measuring
optical density at a 650 nm wavelength. Values Hf \were measured using a Mettler
Toledo® combined electrode, with an accuracy of020units. Remaining solution was
filtered through a 0.22 um acetate cellulose menm#ta measure [Ca], [Alk] and Dissolved
Organic Carbon (DOC). DOC was analyzed with Shima8ZN Analyzer implying total
combustion at 800°C after acidification, and, fipainfrared detection with an uncertainty of
3% and detection limit of 8x10mM/L. Calcium concentration was determined usilagng
atomic absorption spectroscopy via a Perkin EIm&na&yst 400 Spectrophotometer with an
uncertainty of £2% and a detection limit of 0.5 Jfboln organic-free solutions, alkalinity
was determined following a standard HCI titratiologedure using automatic titration cell
TitroLine alpha TA10 plus (Schott Instruments®) lwén uncertainty of 2% and a detection
limit of 5107 M. In organic-rich nutrient solutions, total didsed inorganic carbon (DIC)
was measured using Shimadzu SCN Analyzer aftdoradiion of the instrument in a series of
standard solutions prepared by addition of pregmeunt of NaHC®into A-20s and S-17-65
carbonate-free organic-rich nutrient solution at$Bl.
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Table IV. 1. Initial experimental conditions of kinetic experiments.

APB strain A-20s.

Initial concentrations, mM Solution Bacterial EXxperiment number

Ne [CaCl,] | [NaHCO4] state Appendix 3
1 1 5 nutrient live 1

2 1 5 nutrient NaNs-inactivated 31
3 5 5 nutrient live 2

4 5 5 nutrient NaNs-inactivated 32
5 10 5 nutrient live 3,4
6 10 5 nutrient NaNs-inactivated 33,34
7 10 5 nutrient bacteria-free 59
8 10 5 nutrient Absent+NaN; 60
9 10 5 nutrient Dead (heat killed) 61
10* 10 5 nutrient live 62
11 1 10 nutrient live 56
12 1 10 nutrient NaNs-inactivated 35, 36
13 1 19 nutrient bacteria-free 63
14 5 10 nutrient live 7,8,9
15 5 10 nutrient NaNs-inactivated 37, 38
16 5 10 nutrient bacteria-free 64, 65, 66
17 10 10 nutrient live 10, 11
18 10 10 nutrient NaNs-inactivated 39, 40
19 10 10 nutrient bacteria-free 67
20 1 20 nutrient live 12, 13
21 1 20 nutrient NaNs-inactivated 41, 42
22 5 20 nutrient live 14
23 5 20 nutrient NaNs-inactivated 43
24 5 20 nutrient bacteria-free 68
25 10 20 nutrient live 15
26 10 20 nutrient NaNs-inactivated 44
27 0.3 40 nutrient live 16
28 0.3 40 nutrient NaNs-inactivated 45
29 15 5 inert electrolyte live 73
30 5 inert electrolyte live 74
31 5 inert electrolyte live 75
32 10 5 inert electrolyte live 76
33 15 5 inert electrolyte live 77
34 20 5 inert electrolyte live 78
35 3 5 inert electrolyte Dead (heat killed) 79
36 10 5 inert electrolyte Dead (heat killed) 80
37 20 5 inert electrolyte Dead (heat killed) 81
38 3 5 inert electrolyte bacteria-free 82
39 10 5 inert electrolyte bacteria-free 83
40 20 5 inert electrolyte bacteria-free 84
41 5 10 inert electrolyte bacteria-free 85
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Table IV. 1., continued. Initial experimental condtions of kinetic experiments.

APB strain S-17-65

Initial concentrations, mM Solution Bacterial Exgeriment number
Ne [CaCl,] | [NaHCO,] state 1n Appendix 3
42 1 5 nutrient live 17, 18, 30
43 1 5 nutrient NaNs-inactivated 46, 47, 58
44 5 5 nutrient live 19
45 5 5 nutrient NaNs-inactivated 48
46 10 5 nutrient live 20,21
47 10 5 nutrient NaNs-inactivated 49, 50
48 10 5 nutrient live 69
49 1 10 nutrient Live 22
50 1 10 nutrient NaNs-inactivated 51
51 5 10 nutrient Live 23,24, 25
52 5 10 nutrient NaNs-inactivated 52, 53
53 5 10 nutrient bacteria-free 70, 72
54 10 10 nutrient Live 26
55 10 10 nutrient NaNs-inactivated 54
56 10 10 nutrient Absent 71
57 1 20 nutrient Live 27
58 20 nutrient NaNs-inactivated 55
59 20 nutrient Live 28
60 20 nutrient NaNjs-inactivated 56
61 10 20 nutrient Live 29
62 10 20 nutrient NaNs-inactivated 57
63 3 5 inert electrolyte Live 89
64 7 inert electrolyte Live 90
65 15 inert electrolyte Live 91
66 5 10 inert electrolyte Live 86, 87
67 5 10 inert electrolyte NaNs-inactivated 88

Experiment conducted in the darkness

For this, an inorganic (DIC) detection mode wasdugseplying acidification, Ar

flushing and infrared detection without high-T camsbon. This yielded an uncertainty of
+10% and a detection limit of 4x70mM/L.

Mixtures of APB cells and precipitated mineral phagere subjected to digestion for

removing organic matter using 2-3 days treatmendi¢h HO, at the same solution pH as in

experimental samples. Resulted solid phases wesediin MilliQ water, frozen at -80°C and
freeze-dried. Selected samples were studied byy>Xfiffraction (INEL CPS 120, Gg, scan

speed 0.0%™) and microscopic examination was performed usidga JSM840a Scanning
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Electron Microscope (SEM) after carbon film coatidgposition on the sample surface.
Mineral-free bacterial cells and cell biomass wpttecipitated CaC®were also observed
using Transmission Electron Microscopy (TEM) witdEBOL JEM 12000 EX and JEOL JEM
2100F (equipped with a field emission gum (FEG) &@IT EDX detector) at 80 kV. Cell
suspension was first rinsed using sterile nutrsattition and MilliQ water then centrifuged
for about 2 min at 10 000 rpm. TEM samples for gsed were taken by immersing grids
coated with a carbon film for 10 s in prepared baat suspension. Dried grids were used for

TEM imaging.
2.4. Rate calculation

Anoxygenic phototrophic bacteria uptake organiarigs such as acetate or lactate (A-
20s) and also cysteine, sulfide and hydrosulfidd {$%5) at pH > 7.5, releasing Offbr
charge compensation therefore rising the pH ande@sing supersaturation degree. As a
result, calcium carbonate precipitation by APB ascwsimilar to other bacteria (Thompson
and Ferris, 1990; Dittrich and Obst, 2004; Dittraaid Sibler, 2005; Mitchel and Ferris, 2006;

Martinez et al., 2008) and according to the reactio

Cd*+ 2HCO, — CaCQ+ CO+ H,0 (1)

The rates of calcium carbonate formatioRcdcod were determined by fitting
numerically the calcium concentration evolution twtime using the integrated form of

carbonate precipitation rate equation given by M¢i983):

S| <.l I PN @)

dt
where keacozstands for the rate constant and {Taefers to the aqueous calcium
concentrationt designates timen denotes the reaction orde, cacos corresponds to the

solution saturation state defined by:

X
aCa2+ ac

_Ca"  Tcor 3)

QCaCQ = K°
cacq

+

where a2" and aos> represent the activity of the subscripted spedes, K%acos
refers to the equilibrium constant taken a&-4tor calcite at 25°C (Plummer and Busenberg,
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1982). In order to verify the correctness of our calcaatiof Q... using PHREEQC

(Parkhurst et al., 1999) in highly saline, orgamatr nutrient media, calcite solubility
experiments were performed in bacteria-free, stegibwth media. Results are presented in
the Electronic Supporting Information (ESM Table. Bor most solutions, satisfactory
agreement between calculated and measured catditbildy was found thus allowing us

using the modified PHREEQC database (Bénézeth.etnapreparation) for assessing the

Qcacq 1IN €Xperimental solutions.

The limited number of data points (typically 5-1) each individual experiment did
not allow rigorous quantification ok and n parameters (Egn. 2). However, apparent
precipitation ratesR)) were calculated from the first derivative of tflaid phase Ca
concentration with respect to time, using:
_dlcd]

o (4)

R

Resulting precipitation rates are presented ing abl

Table IV. 2. Rate of calcium carbonate precipitatio by APB.

Bacteria A-20s Bacteria S-17-65

Number in the Number in the

Table ESP 2 R mM/hrs Qcacite Table ESP 2 R mM/hrs Qcacite
1 0.0010 7.76 17 0.00005 44.7
2 0.0038 100 18 0.00000 70.8
3 0.0099 77.6 19 0.0120 123
4 0.0130 36.3 20 0.0110 132
5 0.00009 30.9 21 0.0120 91.2
6 0.0005 7.94 22 0.00000 61.7
7 0.0019 72.4 23 0.0020 30.9
8 0.0038 33.9 24 0.0030 33.1
9 0.0025 39.8 25 0.0060 104
10 0.0037 77.6 26 0.0080 155
11 0.0044 123 27 0.00000 53.7
12 0.0004 38.0 28 0.0260 25.7
13 0.0020 66.1 29 0.0130 151
14 0.0020 83.2
15 0.0088 239
76 0.0010 97.7
77 0.0010 102
78 0.0010 112
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3. Results and discussion

91 precipitation experiments were performed to stigate the influence of physical,
chemical and biological conditions on the nucleaind precipitation of CaGdy both APB
species (Table 1). These included 30 biotic expenisin growth medium, 28 experiments
with NaNs-inactivated bacteria and 14 abiotic experimentgrowth media (with heat-killed
bacteria, with live bacteria in the darkness, anthaut bacteria). Another 19 experiments
were conducted in the inert electrolyte (organeefelectrolyte) with live and dead bacteria.
About 30% of experiments were performed in dupéisadnd triplicates; typical experimental
reproducibility in terms of Ca and DIC concentrativas 10-20%. The list of conducted

experiments and the range of investigated conditaor given in Table 1.

3.1. Bacterial biomass development

Bacterial growth in the nutrient medium includedrf@onsecutive phases: i) the latent
phase when the bacteria adapt themselves to growigitions, ii) exponential phase
corresponding to active cell division, iii) stataoy phase when the growth rate slows down as
a result of nutrient depletion and accumulationtafic products and the biomass remains
constant, and iv) final death phase, marked byaedse of cell concentration. The growth
curves of APB A-20s and S-17-65 cultures in 10 mMHEQ; and different CaGl
concentrations and in 5 mM CaGind different NaHC@concentration are presented in Fig.
1. It can be seen from these figures that the drawtves are quite similar for different CacCl
and NaHCQ concentrations suggesting neither inhibition n@nmotion of the cell growth by
components of carbonate systems within the studiade of solution parameters. Note that
the growth of both cultures in 2 and 10 times @ilihutrient solution was not achieved; as
such, all kinetic experiments were conducted inmargrowth media but depleted in

phosphate to avoid Ca phosphate precipitation.
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Fig. IV. 1. Kinetic of APB A-20s (A, C) and S-17-6%B, D) growth in the nutrient
medium and in the kinetic experiments. Conditions bkinetic experiments: (A, B) 10
mM NaHCOg3, pH=7.7t09.1; (C, D) 5 mM CaCl, pH = 7.7 to 9.4.

3.2.

Ca incorporation by APB cells

There exist 3 possible sinks of Ca in bacteria htgm system: (1) metabolic

intracellular incorporation during growth, (2) resibdle adsorption at the cell surface, and (3)

calcium precipitation in the form of Ca@Oro characterize the Ca metabolic uptake by both

APB strains, Ca concentration evolution was folldwia the experiments with nutrient
solution, containing 0.3 and 1.0 mM Ca, for A-20&l &-17-65, respectively, where CagCO

precipitation did not occur. The results of thegpegiments are presented in Appendix 3

(Experiments 16, 17 and 30, hereinafter all expenit® numbers from Table in Appendix 3).

It can be seen from Table in Appendix 3 that theran increase of the biomass (up to 18

Owet/L) and pH (up to 9.1) during growth of both bawe At the same time, only small
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decrease of calcium concentration (< 0.1-0.2 mMiserved whereas the DIC concentration
remains constant or slightly increases, indicatithg absence of carbonate mineral
precipitation. We believe that observed Ca conedinitt decrease is due to Ca adsorption
plus intracellular incorporation; note that in NaiNactivated suspension, no [Ca] decrease
was observed (Experiments 45, 58). The maximal aoficalcium that active bacteria are
capable of uptake during their growth can be catea from the difference between the

initial and final Ca concentration normalized todi cell biomass:

[Ca]uptake: ([Ca}nitial - [Ca]final) / biomasffnal (5)

For A-20s and S-17-65 cultures, maximal incorporatf calcium in the cells at our

experimental conditions is equal to 12.7 + 0.3 &3Y + 0.34 umol Ca |{g; respectively.

3.3. Mineral precipitation in biotic and abiotic experiments

Calcium carbonate precipitation in nutrient mediwas evidenced by [Ca] decrease
and also supported by microscopic examination afiemal phases. A typical plot of Ca
concentration as a function of time in biotic atbo#ic experiments is presented in Fig. 2. It
can be seen from this figure that decrease of gue@us calcium concentration is observed
only in biotic experiment. No precipitation occudran abiotic experiments, including those
with heat-killed and Napinactivated bacteria, without bacteria, with libacteria in the
darkness, and with live bacteria in the inert etdgte. Three experiments with live culture A-
20s in the inert electrolyte (Experiments 76-7&pgbroduced Ca carbonate as follows from
Ca concentration evolution. This likely stem frofme tpresence of intracellular nutrient

resources that allowed bacteria to effectively ineliae and raisé2.,.,, even in nutrient-free

solutions.
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Fig. IV. 2. Temporal evolution of the aqueous calam concentration during biotic

and abiotic experiments withRhodovulumsteppense A-20s (A) an®hodovulumsp. S-

17-65 (B) in nutrient medium. Initial experimental conditions: 10 mM CaChk and 5 mM
N&HCOg.

3.4. Characterization of solid phases

In the course of experiments, visual precipitatesenformed on the glass walls of
reactors after 5-7 and 7-9 days for A-20s and $9,7respectively. The XRD analysis of
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biotic precipitates formed in nutrient-free ineleéarolyte yielded calcite and vaterite as the
main mineral phases of both APB species. The SERgesn of the crystals are illustrated in
Fig. 3A-D. Note that the mineral formation in theert electrolyte was observed only in
experiments with high initial biomass concentratigi® - 18 ge/L) with A-20s strain
(Experiments 73-78). Calcite supersaturation degreékese experiments decreases from 53-
135 at the beginning to 13-52 at the end of expemi During these experiments, no change
of the biomass concentration occurred indicating lck of bacterial development in the
absence of nutrients. Note that solution parame{fCa], alkalinity) in nutrient-free
experiments with low initial biomass (2 - dgass wdl-, Experiments 79-85, 86-87) remained

constant and no calcium carbonate precipitatiomiwed. Significant pH an®_,.,, decrease

(from 8.6-8.9 to 8.7-7.7 and 130-30 to 115&kspectively) were measured for these nutrient-
free experiments with both APB cultures.

Fig. IV. 3. SEM image of a precipitate collected fsm experiments performed in
inert electrolyte (0.1 M NacCl) with APB A-20s in tle presence of 5 mM NaHC@and 10
mM CaCl; (A, B) or 20 mM CaCl, (C, D). A and B: calcite (Experiment 76, Table 1)C
and D: vaterite (Experiment 78, Table 1).
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Significant increase of the biomass linked to acréase of pH and a decrease of
calcium and DIC concentrations was observed inienttrich biotic experiments with both
APB cultures (Experiments 1-30, Table 1). The SEMges of precipitates from experiments
7-11 and 23-26 are shown in Fig(A+-E).

Fig. IV. 4. SEM images of calcite formed in nutrieh solution in the experiment
with bacteria A-20s (A, B, E) and S-17-65 (C, D,)nitial experimental conditions: 5 mM
CaCl, and 10 mM NaHCG; (A, C, E; Experiments 7-9 and 24-25 respectivelyable 1);
10 mM CaCl, and 10 mM NaHCG; (B, D, Experiments 10-11 and 26 respectively, Tabl
1). (F): Typical EDX spectrum of precipitate formedin nutrient solution in the
experiment with bacteria A-20s (5 mM CaC} + 10 mM NaHCQO;3). The white cross in (C)
indicates the position and approximate extent of th EDX analyses shown in (F).

122



The elements detected by EDX (Fig. 4 F) on thegstals are mainly Ca, O and C
with insignificant amount of Mg, P, N and S. Thétda elements are likely to stem from
contamination by the nutrient solution of the cblbmass. The XRD analysis of all
precipitates showed only the presence of calcitdofwh APB species. The size and form of
the crystals differ between experiments and duttegcourse of the same experiment. There
is no clear relationship between the experimentalditions and the shape and mineralogy
(calcite vs. vaterite) of the crystals which is mideely linked to different rates of nucleation
and crystal growth, accompanied by different trarmefition rate vaterite» calcite. Most
precipitates range in size between 50 and 150 [avin@ globular or rhombohedra shape
with round edges and often associate in clustegs {E).

Several experiments conducted at lowest calciunteanation (1 mM) with A-20s

(Experiments 1, 5, 12, witl .., (initial) ~ 25) yielded monohydrocalcite as evidenced by

XRD analysis. The precipitates form spherical asges of 60-80 um overall size (Fig. 5A).
A B

Fig. IV. 5. (A) SEM images of monohydrocalcite fornad in nutrient solution in the
experiment with bacteria A-20s. Initial experimentd condition: 1 mM CaCl, + 10 mM
NaHCO3 (Experiments 5, 6, Table 1). (B) EDX image. The wie cross in (A) indicates

the position and approximate extent of the EDX angises shown in (B).
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However, the chemical analysis demonstrated thgepe of mainly C, O, P and S without
significant amount of Ca on the surface (Fig. 5B)is result suggests that the crystals of
monohydrocalcite are covered by organic matter fclextracellular polymeric substances
(EPS). This organic layer could preserve the maidst monohydrocalcite from
recrystallization into more stable calcite. Indetwt presence of organic polymers is known
to extend the lifetime of metastable amorphousiwaiacarbonate (DiMasi et al., 2006). In
bacterial experiments with extensive EPS productio® carbonate grains growing within the
EPS matrix lacked cleavage and angular surfacestdBoali et al., 2008). In addition,
viscous organic matrix and organic acids are kntovinfluence calcium carbonate crystal

morphology with a tendency to form round shapesi@ant et al., 2003).

TEM imaging and chemical analysis were performedAe20s and S-17-65 samples
to further explore the cell arrangement and surfaogohology linked to calcite precipitation.
TEM imaging and EDX analysis of active cells follogy their growth during 10 days in the
control (nutrient, mineral-free media) and cal@tgersaturated media are shown in Fig. 6
(A,B), 7(A,B) and Fig. 6 (C,D), 7(C,D). The elememtetected on these cells and around with
EDX are mainly C and O with some S, Si, P, Cl, &a No Ca was detected on these
surfaces. It can be seen from these figures tleaté remains intact and perfectly preserve
their shape and spatial organization. The surfe@ain clean, without traces of any mineral
precipitate, except the presence of dark organitemaf extracellular origin or as cell debris.
These observations suggest that calcium carbona¢s dot nucleate on live APB cell
surfaces. The absence of Ca in the vicinity of Ipfotosynthesizing cells was recently
evidenced during calcium carbonate precipitationcggnobacteriécynechococcusp. and
Plantotroxsp. (Martinez et al., 2010). This is also consisteith the result of Aloisi et al.
(2006) who observed calcium carbonate precipitatiorextracellular polymeric substances
(EPS) released by heterotrophic sulfur reducingdve rather than on the active cell surface
itself.

3.5. Three stages of CaC@precipitation by APB

In most experiments the precipitation process catioken down into three stages:

(1) initial pH-rise and Ca concentration decreasagd, (2) significant biomass production
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and massive precipitation reaction, and (3) a ststate phase of culture development and

solution equilibration with mineral. Examples oé#e stages are illustrated in Fig. 8.

Fig. IV. 6. TEM images of active A-20s in nutrien{CaCOs-free) solution (A,B)
and media supersaturated with respect to calcite (©) (Experiments 10, 11, 26). The
black scale bars are 0.5 um. No calcium carbonats observed on the cell surfaces and
around cells. Different cells color (C,D) indicataifferent stage of cells development.
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Fig. IV. 7. TEM images of active S-17-65 in nutriet (CaCO3-free) solution (A,B)
and media supersaturated with respect to calcite (©) (Experiments 10, 11, 26). The
black scale bars are 0.5 um. No calcium carbonatse observed on the cell surfaces and

around cells. The black substance in the vicinityfacells (C, D) is organic matter.
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The first period lasts 40-100 hrs and is charamteriby steady increase of bacterial
biomass and pH increase from ~7.5 — 8 to someicalivalue”, between 8.5 and 9.2. During
this period, Ca concentration slightly decreasegredis DIC concentration remains stable
(e.g., experiments 1, 13, 15-18, 20, 21, 28, I0ndicates that Ca removal from solution
likely stem from Ca adsorption on the surface trarellular uptake by live cells. The second
period lasts 50-150 hrs and corresponds to expahgritase of culture growth; the pH
increases to its maximal value (9.2-9.7 and 8.8#8r2A-20s and S-17-65, respectively),
calcium and DIC concentrations abruptly decreadeerd is much smaller relative [DIC]
decrease compared to [Ca] decrease (a factor of3) tluring experiments. The observed
non-stoichiometry can be explained by H@OO:* production by APB during their
metabolism or respiration. Overall, the evolutidnsolution composition strongly suggests
that massive calcium carbonate precipitation occuréng the second period. Finally, after
(160 hrs of reaction, calcium and DIC concentratja,and biomass achieve some steady-
state values.

We observe dramatically different evolution of sigad¢uration degree with time
between the two cultures (Fig. 9). In nutrient naedith live A-20s cultures (Fig. 9A), values
of Qc,cq decrease from 60-100 to 5-10. In the case of lowiial Q... (< 40), the

bacteria increase the saturation index to 100-IR0 then it decreases again to 20-40. In
nutrient media with inactivated A-20s or in therinelectrolyte with live strain, there is a

steady decrease d@.,., With time, mostly due to solution pH decrease.comtrast to
alkaliphilic strain A-20s, the neutrophilic straB17-65 always increase@.,., from c.a.

10-30 to 100-120 whereas in the inert electrolytd a the nutrient solution with NaN
inactivated cells, the supersaturation degree msnaery high over full duration of the
experiment, up to 80-120 (Fig. 9B).

Calcite supersaturation index is the result of comtiion of a number of solution
characteristics (pH, [Ca], [DIC], salinity, presenaf organic ligands). For the studied APB,

the main governing factor &, evolution during experiments is the initial pH (pi).

For bacteria A-20s and S-17-65 the;fadl is equal to 8.2+0.3 and 7.7+0.3, respectivelyaAs
result, at the same initial [Ca] and [DIC], i, for bacteria S-17-65 is significantly lower
than that for A-20s. Consequently, in most expenitmewith A-20s calcium carbonate
precipitation starts much earlier than that witd7S65 strain. The latter have to increase

Qcaicite to SOmMe critical value (around 100-150) to ingiaalcium carbonate precipitation.
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Fig. IV. 9. Qcacos dependence on elapsed time during biotic and abiot
experiments. Column (A) A-20s; column (B) S-17-65.

It can be seen from Fig. 8 that the maximal ratea€ium removal from solution

corresponds to the sharp increase of the biomassgdihe first 100 hrs before the stationary
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phase of culture development. This indicates tlatium carbonate formation is strongly
controlled by the concentration and activity of teai@l cells. Note again that this [Ca]
decrease is unlikely to be linked to Ca uptake agtérial surface. Indeed, with an overall
biomass increase of approximately 1R/t and typical Ca adsorption density of 20-30 pmol
Calgwet (Bundeleva et al., 2011), this yields 0.2-0.3 mlsl @crease, which is significantly
smaller than the overall Ca decrease in experin(gmgally from 1 to 10 mM). The amount
of Ca incorporated in the cells is on the orded@fpumol/g,.e: or maximum 0.1 mM at 10
owedL Of biomass (section 3.2).

Note that similar periods were observed in othgreemental studies on calcium
carbonate precipitation by green algae (Hartleal.etL995), cyanobacteria (Dittrich and Obst,
2004), and heterotrophic bacteria (Ferris et &Q42 Mitchell and Ferris, 2005). The rate of
pH increase varied from one species to anotherrdi¥pg on the relative growth rate of
bacterial. As a general trend, there was a coroeldietween the degree of pH increase and
the cell number in the suspension (Dittrich et aD04). For APB, we observe a clear
correlation between the absolute increase of hattbromass (ge) and the amount of
precipitated CaC® (mM) for both bacterial species illustrated. The slopedependence
ranges from 0.1 to 0.8 and 0.1 to 0.5 for A-20s 8nlbi7-65, respectively depending on the
CaCl and DIC concentrations. This dependence allowssadrder evolution of the quantity
of CaCQ as a function of bacterial productivity rate atdséd conditions.

3.6. Kinetics of calcium carbonate precipitation by APB.

We calculated apparent rates of CaQiecipitation from the experimental slope of
[Ca] vs. times at the second stage of reactionesponding to massive Cag@rmation
(zone 2 in Fig. 8). Apparent precipitation ratesaswged at 1560 hrs after the beginning of
experiment range between 0.001 and 0.010 mM/hr batdeen 0.005 and 0.015 mM/hr for
A-20s and S-17-65 APB cultures, respectively. Fomparison, the rate of CaGO
precipitation during bacterial ureolysis Bacillus pasteuriiis 0.011 mM/hr (Mitchell and
Ferris, 2005), and during photosynthesis of cyaoteaSynechococcus spandPlanktothrix
sp.is 0.030 and 0.036 mM/hr, respectively (Martinéale 2010). Noteworthy that bacterial
calcification rates are 2 to 3 orders of magnithager than those of microorganisms largely

responsible for CaCOformation on the Earth — calcareous algae suchHalmeda
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PenicillusandUdotea For these algae, typical calcification rates eabgtween 0.00005 and
0.0005 mM/hr (0.1 to 1.2 mg CaG@ay") (Ries, 2010).
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Fig. IV. 10. Dependence between the apparent rateglculated for period 2 in Fig.
6) of calcium carbonate precipitation by APB A-204A) and S-17-65 (B) and the
saturation index of calcite.

The dependence between calcium carbonate prewmpitedte and calcite saturation
state measured at the beginning of calcium coragorr decrease after (40-100 hrs of
reaction) is shown the Fig. 10. There is significeorrelation between these parameters for
both bacterial species?(F 0.80 and 0.75 for A-20s and S-17-65, respegtjveétor A-20s
culture, two experiments (Experiments 3 and 4) atevisignificantly from the linear
dependence (encircled in Fig. 10A). They show #ofagof 3 to 5 higher precipitation rate at

the same saturation degre@ (. (1) = 40-45). These two experiments were conduated

the same initial conditions ([Ca]=10 mM, [DIC]=5 mM-or S-17-65 strain, one experiments
(Experiment 19) performed at the same solution asiipon exhibit a factor of 10 higher
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apparent rates compared to the general trend. fOneyéhe saturation degree alone does not
control the overall precipitation rate. Apparentlige minimal NaHC®@ and maximal CaGl
concentrations are the optimal factors of bothgaaic precipitation and biological activity
(cell growth) creating sufficient number of nucieatsites. As an empirical rule, low [DIC]

(= 5 mM) is most favorable for significant pH arfel...., rise at the beginning of reaction

aCQo,
promoting fast massive Ca@@rmation. As such, CaC(precipitation in studied bacterial
systems is controlled by a complex interplay of bg-chemical and biological factors. In

particularly, detailed analysis @, - rate dependencies at constéht,., and various Ca

and DIC values demonstrate that [DIC] or [Ca] alcame not able to control overall
precipitation rates by the APB. Btltere is a pH value around 8.5 above which the deié
precipitate CaC@where as the dead and inactivated cells exhibit pezcipitation rate below
pH 8.5. It follows that the elevated pH is impottanerequisite for live APB to form CaGO
even at high supersaturation degrees.In fact, Bigh concentration precludes sufficient pH
rise during photosynthesis and hampers massive gpfeOipitation. This result corroborates
the observations of the lack of carbonate predipitain microbial mats in strongly alkaline
environments (e.g., Arp et al., 1999a, b). The pauxf CaCQ precipitation in solutions
having [DIC] = 20-40 mM provides important constrains on the jbidy of APB
calcification under early soda ocean scenario (Kemapd Kazmierzhak, 1990; Kempe and
Degens, 1985).

Overall, we can conclude that high rate of carb®natecipitation results from
combination of favorable inorganic and biologicahditions which are similar for both APB
species. Curiously, these conditions (5 mM DIC, i Ca) are the closest to modern
seawater composition (2.3 mM DIC, 10 mM Ca). Nib, similar to any other experimental
work on biocalcification with bacteria that use tbeganic substrates, the final chemical
composition of the media (pH and, therefore, sugiaration degree) depends on the nature of
initial organic compound. The use of acetate by A8vokes significant alcalinization of
the media and thus, massive Ca@@ecipitation. We believe that these conditionkicl are
necessary to provide sufficient biomass growth sndjuantify the rates, are nevertheless
applicable to natural settings of essentially afl@alenvironments of studied bacteria. The
similarity of apparent calcification rates betweet contrasting species further confirms the

validity of laboratory approach.

132



3.7. APB cell protection against CaCQ incrustation?

The first main result of the present study is ttie actively growing APB’s are
capable of increasing pH and supersaturation aftisol thus inducing calcium carbonate
precipitation. Dead (heat-killed) and metabolicalhactive bacteria are not capable of
precipitating CaC®@in the full range of studied conditions (pH of 7059.5; Ca of 0.3 to 10.7
mM, DIC of 4.5 to 45 mM) at comparable values®f,., (40 to 100). Some earlier works

(e.g., Braissant et al., 2003; Bosak and Newmaf52Gautret et al., 2006) suggested that
actively growing bacteria consume various nutrigrmsn solution, especially those capable
of inhibiting mineral precipitation such as phosgghaAs a result, precipitation in bacterial
culture may simply happen due to removal of Ca@@ibitor via cell metabolism. We do not
expect this mechanism to occur under the conditidrmair experiments. Indeed, there was no

measurable CaCOprecipitation in nutrient (inhibitor)-free solutie at Q.. values

comparable to those of nutrient-rich solutions {@@20) as illustrated in Fig. 9. Moreover,
results of this work unambiguously demonstrate ¢hpacity of live APB to precipitate
CaCQ during their growth, whereas inactivated and del$ could not appreciably decrease
Ca concentration at similar supersaturation delguééower pH in the nutrient media.

Plotted in Fig. 11 are the apparent bulk precijtatates as a function of solution pH
at the end of ¥ stage of CaC@precipitation (zone 2 in Fig. 8). It can be seeat there is a
“threshold” pH value around 8.5 above which thee lzell precipitate CaCOwhere as the
dead and inactivated cells exhibit zero preciptatiate below pH 8.5. It follows that the
elevated pH is important prerequisite for live ARB form CaCQ even at high
supersaturation degrees.

The possible presence of the EPS in the vicinitivefcell surfaces (as it is visible on
the TEM images of A-20s and S-17-65 strains, Fign@ Fig.7, respectively) does not seem
to be an inhibiting factor of CaGQprecipitation by both studieBhodovulumspecies, in
accord with recent results on other APB spedidgdopseudomonas palust(Bosak et al.,
2007).
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Fig. IV. 11. Apparent bulk precipitation rates as afunction of solution pH at the
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Interestingly the results shown in Fig. 10 do nemdnstrate existence of a plateau of

rate - Q..o dependence. What should be expected here is aadecof cell growth at

highest supersaturation due to progressive celugtation and decrease of nucleation center

concentration. This strongly suggest that whethere is a cell protection mechanisms of live
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calcifying APB, established recently for cyanobaetgMartinez et al., 2010) and some
heterotrophic sulfate reducing bacteria (Aloisiakt 2006; Bontognali et al., 2008) or the
precipitation of CaC@occurs at a certain distance from the cell surtaw the cells remain
intact as also supported by TEM images presentsddtion 3.4.

The possible presence of cell protection mecharfismAPB consisting of non-
precipitation of CaCe in the vicinity of live cells but only in the bulkolution is in
accordance with previous studies ®fnechococcusp. andPlanktothrix sp. cyanobacteria
demonstrating the metabolic maintenance of a pesiurface charge at alkaline pH for
protecting active cell against Ca adsorption anssequent calcite embedding (Martinez et
al., 2010). Similarly, spectroscopic and microscagbservations suggested that precipitation
of an amorphous CaGQayer within the external EPS sheaths of cyan@ectt a certain
distance from the cell wall could serve as a ptaiacmechanism against uncontrolled
precipitation of a thermodynamically stable phaaleite on their surface (Obst et al., 2009a).
Another well-documented mechanism allowing cyantdrécto calcify in continuous regime
is shed off of mineralized S-layers (Thompson et #397; Douglas and Beveridge, 1998).
Heterotrophic sulfate-reducing bacteria (SRB) desulfuricanswere also demonstrated to
avoid calcium carbonate encrustation with deadscéking more active promoters of
heterogeneous nucleation from strongly supersa&iraoblutions compared to live cells
(Bosak and Newman, 2003). Another SRBesulfovibrio brasiliensis exhibited a self-
preservation behavior against dolomite formatioma wecreting extracellular polymeric
substances that were responsible for mineral ntieieand growth at microscopic distances
from the cells (Bontognali et al., 2008). Similarbalcium carbonate formation initiated on
60-200 nm-size EPS globules formed near the céllDasulfonatrum lacustreSRB, but
calcify significantly only when released to thetaué medium (Aloisi et al., 2006).

Most previous works documented a cell-protectioncim@ism were conducted at
initially strongly saturated solutions when botieliand dead cells could serve as carbonate
nucleation centers. A straightforward applicatidrsch experiments to natural environments
is not warranted. In contrast, results of the preséudy demonstrate an unequivocal role of
live bacteria for raising the solution pH, creatthg supersaturatiorfX...., ) in the course of
bacterial growth (from 10-40 to 60-100) and thustédoing massive CaGQiucleation. Note
that the metabolic regulation of APB cell surfaesstnegative charge occurs at pH above 9.5

because there is an increase of zeta potentialanmiaximum value of -10 to -20 mV at a pH
of 9 to 10.5) (Bundeleva et al., 2011). These smiutonditions correspond to the period of
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massive mineral precipitation. Therefore, we canctale, that active APB can apparently
protect themselves from carbonate incrustation rfetong a more positive charge on their
surface at the pH of massive Caf@cleation. Note that in the microbial consoru&ls as
biomats, where cyanobacterial photosynthesis dafigntegulates then-situ pH above 10
(Jagrgensen and Revsbech, 1983; Visscher and varer@em 1991; Visscher and Stolz,
2005), the APB will certainly manifest their selfgpection properties against mineral

incrustation..

Conclusions

This study reports the first results on CaCg@ecipitation rates induced by two
contrasting strain anoxygenic phototrophic bactdréoalcaliphilicRhodovulum steppers
20s and neutrophilic halophiliehodovulunsp. S-17-65 growing on organic substrates. The
optimal initial precipitation conditions for botkrains were as following: Ca = 10 mM; DIC =

SmM, pH =8.1+0.1 an@,.,, = 70-100 At the main stage of massive Cag®ecipitation,

the bulk rates range between 0.001 and 0.010 mMfid,between 0.005 and 0.015 mM/hr
for A-20s and S-17-65 APB cultures, respectivslpilar to cyanobacteria and heterotrophic
bacteria and being 2 orders of magnitude highenm tigpical calcification rates of coralline
algae. Measured bulk precipitation rates are untdte within the experimental uncertainty of
10-20%, by Ca adsorption at the cell surface andninacellular Ca uptake during cell

growth. The rates are positively correlated Wi, ., , but detailed analysis d®,., - rate
dependencies at consta@f,., and various Ca and DIC values demonstrate thafDHe]

and [Ca] alone are not able to control overall jéation rates by APB. There is a pH value
around 8.5 above which the live cell precipitateCOa where as the dead and inactivated
cells exhibit zero precipitation rate below pH 8tSollows that the elevated pH is important
prerequisite for live APB to form CaG@ven at high supersaturation degrees.In caseaaf de
and inactivated cells in nutrient media and foreligultures in nutrient-free electrolyte
solution, precipitation of CaC{did not occur despite significant supersaturatiegree of

solution. The most plausible scenario of massive Ca@@cipitation in the presence of
growing APB is bulk solution pH raise due to baietermetabolism followed by

heterogeneous nucleation on cell debris and ERBeofive cells which serve as nucleation
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centers, once the required pH &g, are attained. TEM analyses of reaction products

does not demonstrate the presence of Gatgstals in the vicinity of live cells, yet caleit

and monohydrocalcite were identified as main picigs of the bulk solution. The results
presented in this study suggest the existencenéchanism preventing carbonate biomineral
formation by active APB, which can protect themnircarbonate incrustation by creating a

more positive charge on their surface at the phhagsive CaC@nucleation.
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ESM 1. Solubility of calcite in nutrient media of APB.

Experiments on calcite solubility in nutrient soduts were aimed at verifying the
correctness of ion activity product calculation dancorrespondently,Qcarcite USING
conventional equilibrium speciation code in expemtal solution containing high amount of
organic ligands (up to 1 g/L acetate for A-20sie);aand high ionic strength (up to 2 M NacCl
for S-17-65 strain).

Calcite (CaC@) dissolution experiments were carried out in tlesed batch reactors.
Altogether, three experiments (in duplicates) weeeformed: two experiments in nutrient
solution of A-20s strain, with and without organiigands addition (Exp. 1, and 2,
respectively of the ESM Table 1) and experimentutrient solution of S-17-65 strain with
organic ligands addition (Exp. 3 of ESM Table 1ptidal clear Iceland spar from Siberian
traps almost free of impurities (see Pokrovsky ket 2005) for analysis was used in
concentration of 50 g/L. Experiments were performad polypropylene flasks under

continuous shaking at 28.5°C.
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Reactive solutions of all experiments were reguladmpled, pH was measured and
solution was filtered (0.45 um) for analyses of pllcium, alkalinity and DIC concentrations
as described in section 2.3. These measured solp@oameters together with all other
components of the system were used for calculati@alcite saturation degree using Phreeqc
code with implemented Phreeqc Interactive 2.1310.dat) database (Bénézeth et al., 2011,
in preparation).

The evolution of calcite saturation index with réac time is demonstrated in Fig.
ESM-1 and measured experimental parameters agd listTable ESM-1. It can be seen from
this figure that after 15-20 days the.,ie Value is stable and equal to 1+0.5 for all
experiments. This result indicates that availablat®on speciation code is suitable for calcite
saturation degree calculation without additionajusiinent of the existing database with

respect to activity coefficient calculation or tBef* complexation with dissolved organic

ligands.
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ESM Fig. 1. The evolution of calcite supersaturatio degree with time during
representative experiments.
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ESM Table 1. Results of experiment on calcite solulty measurements in nutrient
media at 25+0.5°C.

Ne | t, days pH |pH* | [Ca], mM | [Ca], mM* | Alk /DIC, mM | AIK/DIC, mM* | Qcacite | Q*carcite

1 0 8.23 18.24] 0.090 0.083 45.67 45.13 1.2 1.0
6 8.37 1 8.35] 0.080 0.053 45.13 44.04 14 1.0
8 8.34 18.38]| 0.075 0.047 44.81 43.28 1.2 1.0
15 8.69 | 8.53] 0.032 0.042 45.13 45.67 1.0 1.0
20 8.62 | 8.48| 0.034 0.037 44.81 43.28 1.0 1.0

2%* 0 8.20 | 8.18| 0.084 0.073 45.13 45.13 2.6 2.2
6 7.78 | 7.75] 0.128 0.143 44.81 44.81 1.8 1.9
8 7.63 1757 0.166 0.190 45.13 43.28 1.7 1.7
15 7.75 1760 0.177 0.259 44.04 45.67 1.5 1.5
20 7.84 1782 0.136 0.196 45.67 43.28 1.1 1.2

i 0 8.22 18.23] 0.387 0.449 4.34 4.45 3.8 3.6
6 8.24 1829 0.476 0.432 4.92 4.34 3.9 3.6
8 7.14 1 7.72| 0.765 0.559 4.75 4.45 2.0 1.4
15 741 17.34 1.146 1.115 4.70 4.34 14 1.1
20 7.26 17.81 1.158 1.161 4.81 4.70 1.0 1.0
*Replicate

**DIC measurements.

139



Calcium carbonate precipitation by APB
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Chapter V

Experimental modeling of calcium
carbonate precipitation by
cyanobacteriaGloeocapsasp.
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Experimental modeling of calcium carbonate preaipin byGloeocapsasp.

142



Résumé en francais

Des expériences cinétiques en réacteurs fermés léssupa des analyses
microscopiques au MEB, MET et aux rayons-X aing das mesures d'adsorption de Ca a la
surface des cyanobactéries ont été menées afinetteenen évidence et de caractériser les
processus métaboliques qui protégent les cyanaiecté&loeocapsa sp. contre la
précipitation de minéraux carbonatés a leur surfaes expériences cinétiques ont éte
réalisées dans des solutions initialement sursegU¥5.1-147.9) par rapport a la calcite a pH
9.040.4 et 25°C, en présence de cyanobact&iliesocapsap. actives.

Les résultats suggerent gBéoeocapsasp. prend part a la précipitation de CaCles
observations au MEB démontrent la présence dereliffé types de cristaux. Ceci indique que
la précipitation se produit selon des processudérdifits: inorganiques (cristaux
rhomboédriques), typiques des processus abiotiqiebiologiques de par la présence de
cavités correspondantes Gloeocapsasp. a la surface des cristaux et de nano-globules
couverts de matiére organique. Les analyses MET/EBmXitrent la présence de Ca la
surface désloeocapsasp. active et de précipités de Ca@deur proximité. Les mesures par
électrophorése réalisées sur ces bactéries comfirquéil n'y a aucun potentiel de surface
positif a pH 8-10 (Pokrovsky et al., 2008), ce qarrespond temporellement a la phase de
nucléation de CaCfQO Ces observations mettent en évidence l'absenga diécanisme
meétaboligue de maintenance d’'une charge de sugdasiive a pH alcalin protégeant les
bactéries actives contre I'adsorption et la préaffun ultérieure de carbonates a leur surface.

Cette étude apporte de nouveaux résultats auxutkaweistants de Pokrovsky et al.
(2008). De plus, le couplage de notre étude a letimgipaux résultats permet de proposer un
modele de mécanisme de précipitation de Ca@®présence déloeocapsasp. active. En
particulier nous supposons que les macromolécuiasgées négativement a la surface de
Gloeocapsasp. et agissant comme site de nucléation, somtbéep de lier et d’'accumuler des
ions métalliques comme &aDans le microenvironnement proche de la membcahelaire
de la bactérie, le pH pourrait étre plus élevé dames la solution environnante a cause de la
libération d’ions OH par certaines cellules, consécutivement a la consation de HC@
durant la photosynthese (Dittrich et al., 2004ng\j la sursaturation de la couche de surface
autour de la cellule aurait tendance a surpasdkr de la phase aqueuse principale et la

précipitation de carbonate de calcium deviendmastsible, préférentiellement a cet endroit.
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Cette étude ainsi que les résultats obtenus, smnitsldans la section suivante sous la

forme d’'un manuscrit qui sera soumis dans le jduBbiology
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Abstract

Batch reactor kinetic experiments, SEM and TEM imggEDX and XRD analyses,
and measurements of calcium adsorption onto battetirface and Ca intracellular
assimilation were used to assess the existenceetdbmlic process responsible for calcium
carbonate mineralization dBloeocapsa spcyanobacteria surfaces. Carbonate precipitation
experiments were performed at initial pH of 9.0+@dd 25 C in supersaturated solutions
(Qcarcite = 15 to 150) in the presence of active cyanobecteglls During cyanobacterial
photosynthesis, solution pH increased up to 10.B-afier the first 10-20 days of growth, Ca
concentration decreased and the supersaturatioex iattained a maximum followed by
gradual decrease due to progressive Cag@€cipitation. Ca adsorption at the surface df liv
and inactivatedsloeocapsasp. cell and Ca intracellular assimilation during agibwth were
measured as a function of pH and Ca concentratigolution. Experiments under light and
in the darkness resulted in very similar adsorpédge and surface site densities in the wide
range of solution pH and Ca concentration. The TiEsging and EDX analysis indicated the
presence of Caon activeGloeocapsap. surfaces and CaG@recipitation in the vicinity of
bacterial cell surfaces. Scanning Electron Micrpgcanalyses demonstrated cyanobacterial
cell encrusting by CaC{precipitated in the form of nano-spheres adjat®tie cell surface.

In contrast to previously investigated calcifyingckeria, no cell protection mechanism
against C& adsorption and subsequent carbonate precipitétézmnbeen demonstrated for
studied cyanobacteria. As sudbloeocapsa spcyanobacteria exhibit significant calcifying

potential, both in the biofilm and in planktonidtcue.
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1. Introduction

Geochemical modeling and laboratory experimentsatestnated the importance of
physico-chemical mineral nucleation/precipitatiorogesses rather than specific metabolic
reactions, in overall microbially-induced Cag®iomineralization processes occurring for
most of Earth’s history (Bosak and Newman, 2008)ntthe early Proterozoic and certainly
since Precambrian-Cambrian boundary until the erdthe Cretaceous, -calcifying
cyanobacteria frequently occur in normal marineiremvnents (Ries, 2010). After the end of
the Cretaceous, however, they seem to be restriotemn-marine settings. At the present
time, calcification by cyanobacteria occurs almestlusively in freshwater, alkaline and
hypersaline or brackish water (Merz, 1992).

Various carbonate biomineralization mechanisms dase cyanobacteria cellular
metabolism and surface composition have been peap@derz et al., 1993; McConnaughey
and Whelan, 1997; Dittrich and Obst, 2004; Martimtzal., 2008; Obst et al., 2009 a,b).
Cyanobacteria are undoubtedly associated with vatr calcium carbonate
biomineralization; some attribute this link to <abinding to cyanobacteria surfaces
(Thompson and Ferris, 1990; Castanier et al., 198@&ich and Sibler, 2005, 2006). It has
also been postulated that cyanobacterial calcifinatesults from cell surface acidification
stemming from proton discharge and/or bicarbonatadnt assimilation (Merz et al., 1993;
McConnaughey and Whelan, 1997). Yet other stud@m¥cloded that calcium carbonate
nucleation is initiated on inert bacteriogenic ariganano-globules and exopolymeric
substances (Aloisi et al., 2006) and precipitabbamorphous CaC{within the extracellular
polymers of cyanobacteria could serve as a pratecthechanism against uncontrolled
precipitation of calcite at their surface (Obsakf 2009a). Indeed, microbial cell surface and
excreted extracellular polymeric substances (ERBigh carry a net negative electric charge
and have the capacity to bind aons, are frequently considered as sites of catson
nucleation (Dupraz et al., 2004). The role of plgtihetic cyanobacteria on carbonate
mineralization is, however, paradoxical, which wasted only recently (Martinez et al.,
2010). To successfully photosynthesize, these bacateust acquire aqueous bicarbonate ions.
Bicarbonate ion consumption generates hydroxide,igmcreasing pH and thus inducing
calcite supersaturation and precipitation (e.g.pnipson and Ferris, 1990; Merz, 1992;
Verrecchia et al., 1995). Different cyanobacterMaltinez et al., 2010) as well as
heterotrophic aerobic and anaerobic bacteria (Algisal., 2006; Bontognali et al., 2008)
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possess a self-protection mechanism against umtiectr CaCQ coating and live cell
embedding. FoBynechococcusndPlankothrixand anoxygenic phototrophic bacteria (APB),
this protection mechanism consists of maintainingoaitive surface potential in alkaline
solutions avoiding Ca adsorption at the cell swffdartinez et al., 2008; Bundeleva et al.,
2011). The surface potential regulation occurs wialtiple and still poorly identified
molecular and physiological mechanisms occurringhavicinity of cell membrane such as
conformational changes in the S-layer protein gyjeament (Rachel et al., 1997), lysine-rich
protein production within the cytoplasmic membraf@novieva et al., 1998), proton
secretion by the APB cell wall via proton-pumpimdgcConnaughey and Whelan, 1997) and
enhanced respiration under alkaline conditions irequto keep the proton gradient stable
(Bazant et al., 2009) .

A typical freshwater cyanobacteriur@joeocapsasp., is dramatically different from
other unicellular microorganisms studied so fartive sense that it possesses a thick
polysaccharidic capsule surrounding several celigclaed together. The presence of this
capsule increases the distance between the celdaceurmembrane and the external
environment. As a result, the electrostatic indiaidcell protection mechanisms may not be
recognized at the macroscopic scale of cell agtesgin this case, liv€loeocapsaells may
turn out to be extremely efficient calcifiers calgabf extensive CaCfOprecipitation in the
vicinity of the cells directly during their life cje, without necessary participation of dead
cells or heterotrophic bacteria as it is knowndtirer calcifying cultures.

The present work is aimed at verifying this hypsteeand assessing the rates and
mineralogical nature of CaG@recipitation duringsloeocapsghotosynthesis. Towards this
goal, carbonate precipitation experiments have lwesdlucted in closed-system reactors in
the presence of activ&loeocapsasp. under the light and in the dark. Complementary
observations were made using scanning and transmiséectron microscopy, coupled to
energy-dispersive X-ray spectroscopy for cell stgfanalysis (SEM and TEM/EDX), and
measurements of Ca adsorption and assimilatioiveyhcteria.
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2. Materials and Methods

2.1. Gloeocapsa sp. cultures

CyanobacteriunGloeocapsasp. f-6gl (from the culture collection of the Iliwste of
Microbiology RAS in Moscow, isolated from a warnrisig (30—40°C) in Kamchatka) used
in this study is represented by small number ofscgfouped within concentric mucilage
envelopes. The individual colonies are sphericatroscopic, and enclosed within larger
masses of mucilage.

The concentration of the bacterial cell suspensieas quantified by (1) measurement
of the optical density (O.D.) of suspensions usirgpectrophotometer at a wavelength of 750
nm; the calibration curve O.D. — humid weight wagdr up to 0.9 a.u.; (2) weighing the wet
centrifuged pellets (20 min at 50@); and, (3) freeze-drying the centrifuged pelléibe
conversion factor humid/dry (lyophilized) weight rfadGloeocapsasp. was 8.2 +0.4
(Pokrovsky et al., 2008). The biomass quantificatr@a light absorbance measurement could
be biased due to the presence of mineral pre@gitdthis wavelength (750 nm) was selected
after full spectra recording in the region 300-8@@® of both mineral-free live cells of
Gloeocapsasp. cyanobacteria and cell-free calcite suspessidime mineral suspension
exhibits no adsorption in the region 650-800 nm nehs the cyanobacterial cells exhibit a
distinct peak at 700-750 nm. The overall light abaace of mineral suspension is lower by a
factor of 10 than that of live biomass, when expeesper dry and wet weight. As a result, the
maximum uncertainty in optical biomass measuremienksced by the presence of minerals
via absorbance at 750 nm is no more than 10%, wisclwithin the experimental
reproducibility. The O.D. calibration curve — humigkight was linear up to 1.3 absorbance

units and the ratio between humid and freeze-dueidht ofGloeocapsap. was 10.a@ 2.0.

2.2. Growth and preparation of Gloeocapsa sp.

Gloeocapsasp. were cultured until stationary growth phase in @@acteria BG-11

Fresh-water Solution Medium (Sigma-Aldrich C3061}tte following composition: NaN©
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(150 g/L), KHPO*3H,O or KHPO, (40 g/L or 30 g/L), MgS@7H,O (75 g/L),
CaCb*2H,0 (36 g/L), Citric Acid (6 g/L, Ammonium Citrate (§/L), NaCO; (20 g/L),
Trace metal solution (1 ml/L) (composition of traogetal solution: BBOs; (2.86 g/L),
MnCl,*4H,O (1.81 g/L), ZnS@7H,O (0.222 g/L), NaMo@5H,0O (0.39 g/L),
CuSQ*5H,0 (0.079 g/L), Co(N@>*6H,0O (0.0494 g/L). Stock culture dbloeocapsasp.
were kept at 25 = 1°C under constant cool whiteréégcent light (2000 Ix) on a Ping-Pong
Fisher shaker.

The cultures for experiments were harvested atldlte exponential — stationary
growth stage by centrifugation at 10,000 rpm (7@@G@or 10 min at 20°C. The cells were
rinsed in 0.1 mol/L NaCl corresponding to optimalgiological conditions and centrifuged
twice at 10,000 rpm for 10 minutes. Finally, baetesuspension was washed in appropriate
electrolyte solution and centrifuged.

Inactivated cells were prepared by rinsing partthaf fresh (live) biomass in 0.01
mol/L sodium azide (Nad) during 1-2 hrs. Sodium azide suppresses bactac@ity by
inhibiting cytochrome oxidase and is widely used iftactivating cells while keeping the
surfaces physically and chemically intact (Hunt20,10). Cell growth ofGloeocapsa sp.
culture in the presence of 0.01 M NaM nutrient solution was completely suppressed as

proven in a separate series of experiments.

2.3. Experimental procedure and analyses

2.3.1. Ca adsorption on cell surfaces

In this study, two aspects of €adsorption process were characterizadsorption
at constant initial calcium concentration in saatias a function of pH (pH-dependent
adsorption edge) and) adsorption at constant pH as a function of calczoncentration in
solution (adsorption isotherm). All experiments sgrerformed in undersaturated solutions
with respect to any calcium carbonate phase asiecgty speciation calculations with the
MINTEQAZ2 computer code and corresponding datababsspn et al., 1991).

In experiments withGloeocapsasp. initial calcium concentration at variable pH
ranged between 2.3 and 17 pmol/L, whereas Ca ctratien at constant pH was between 4.2
and 25 pM/L (Table 1). The pH was adjusted by agldiiquots of NaOH (0.1 and 0.01
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mol/L) or HCI (1.0, 0.1 and 0.01 mol/L), wheredse tconstant pH of 7.6, 9.0 and 11.8 was
maintained by adding 5 mM HEPES (4-(2-hydroxyetiiyhiperazineethanesulfonic acid), 5
mM NaHCQ+NaCO; and 5 mM NaCO; buffers, respectively.

The effect of light on Cd adsorption onto surface dloeocapsasp. was also
investigated. For this, adsorption experiments wareunder light (2000 Ix light) or in the
darkness, by wrapping the vials with aluminum féidlsorption experiments were conducted
in 8 mL sterile polypropylene vials during 2.5, d8d 24+1 hrs at 25 + 0.2°C, in continuously
agitated bacteria suspension with an ionic strengfth0.1 mol/L NaCl. The biomass
concentration was kept constant at 1@/Q. Live, freshly harvested (stationary stage) sell
sodium azide-inactivated and heat-killed (autoala28 min at 120°C) bacteria were used in
the adsorption experiments. The cells were rinee@l1 mol/L NaCl and 0.01 mol/L EDTA
solutions for 12 minutes and again in 0.1 mol/L INaGlution prior the experiments. This
procedure allowed desorption of all possible?MdC&* ions from the cell’s surfaces that
might occurred during the cyanobacteria culture.

The adsorption of calcium on cell surfaces was tfiath by subtracting, at each
solution pH, the concentration of calcium remainiimy bacterial suspension from the
concentration of calcium added in the supernafdm. adsorption of calcium on reactor walls
and cellular Ca release from the biomass in therange of studied pH was negligible
(<10%) compared to the initial amount of Ca add€dis was routinely verified by Ca
analyses in the supernatant and in the zero-addedt€ll suspension experiments.
Nonetheless, the measured Ca concentrations i thiesk experiments (to the limit of
detection) were explicitly taken into account técoéate the adsorption isotherm.

All filtered (0.22 um) solutions were analyzed fagueous Ca concentration using
flame atomic absorption spectroscopy (Perkin Elda&nalyst 400) with an uncertainty of
+2% and a detection limit of 0.5 pmol/L. Dissolvedyanic carbon (DOC) was analyzed
using a Carbon Total Analyzer (Shimadzu SCN) withuacertainty of 3% and a detection
limit of 0.1 mg/L. The DOC concentration during agstion measurements remained quite
low, between 5 and 10 mg/L and did not vary with ghtl ionic strength in any systematic
manner, suggesting negligible cell lysis and deafiad in the full range of studied solution

conditions.

152



2.3.2. Ca and DIC uptake during cell growth

There are 3 possible sinks for Ca in bacterial ensjon: (1) metabolic intracellular
incorporation during growth, (2) reversible adsmnptat the cell surface, and (3) calcium
precipitation in the form of CaGO To characterize the Ca metabolic uptake by live
cyanobacteria, Ca concentration evolution was Wb in the experiments with nutrient
solution, containing 0.5 and 5 mM Ca where Ca@cipitation did not occur. Experiments
were performed in ventilated glass bottles shakedeu light at 25+ 1°C. Periodically,
aliquots of homogeneous suspension were sampledisedl for measurements of biomass,
pH, and, in <0.45 um filtered samples, of Ca arkaladity. Regular optical examination of
cyanobacterial cells demonstrated that they rendainict, preserving their envelopes and

structural organization in 2-4 cell associates withsingle capsule.

2.3.3. Mineral precipitation experiments

Kinetic experiments were performed in nutrient gitade-free solution and in inert
electrolyte (0.1 M NaCl) at 25+ 1 °C in closed 8it® 1L glass bottle reactors containing
800 mL of the initial solution. Preliminary expeemts in BG-11 containing normal
phosphate concentration enriched in Ca and bicatboyelded Ca phosphate as mineral
precipitates induced during cell photosynthesisaVoid phosphate mineral precipitation and
phosphate effect on CaGQprecipitation rates, all nutrient solution used fkinetic
experiments were exempt of orthophosphate.

Kinetic experiments were carried out with initimdncentration of calcium chloride
and sodium bicarbonate ranging from 1 to 50 and 3Q mM, respectively. All biotic
experiments were performed with initial biomassamontration between 0.04-0.66 (in nutrient
solution) and 1.5-1.7,g/L (in inert electrolyte). Precipitation experimentere carried out
over a range of initial saturation indeR{cit9 varying between 15 and 150 in the nutrient
solution and between 66 and 83 in the inert elgggoApproximately 20 % of experiments
were conducted in duplicates. Experimental conagimvestigated in this study are listed in
Table 2. Several experiments have been performéd atmospheric air bubbling but most
experiments were run in glass vessels with sterdatilated caps Biosilico® allowing

efficient gas exchange with the atmosphere.
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Temporal variation of all experimental parametergach individual experiment is
presented in the Appendix 4. Numbers of experimient@ble 2 correspond to the ones in the
Appendix 4.

Regularly, an aliquot of ~7 mL was removed from thesed-system reactor, using a
sterile syringe or pipette, to monitor the chemaradl microbiological evolution of the system
Approximately 2 mL of this aliquot were used toimsite the concentration of bacterial cells
in the reactor by measuring pH and optical dereditg 650 nm wavelength. The remaining 5
mL were filtered through a 0.3&n filter to remove biomass from the suspension. filtrate
was analyzed for alkalinity and calcium concentnati

The pH in each unfiltered sample was measured ugirfg§sher® pH combined
electrode, with an uncertainty of 0.01 units, poersly calibrated using pH 4.01, 6.86, 9.18,
and 10.01 buffer solutions at 25°C. Alkalinity waetermined through potentiometric
analysis, using a Schott autotitrator system (liiteoalpha plus, TA10plus). Ca concentration
was determined using flame atomic absorption spsotpy via a Perkin Elmer 5100 PC
Spectrophotometer with an uncertainty of +2% aetaction limit of 0.05 mg/L.

2.3.4. Solid phase’s analysis

Mixtures of Gloeocapsasp. cells and precipitated mineral phase wereestdy to
digestion for removing organic matter using 2-3 déngatment in 10% 4D, at the same
solution pH as in experimental samples. Resultdid phases were rinsed in MilliQ water,
frozen at -80°C and freeze-dried. Selected sampéze studied by X-ray diffraction (INEL
CPS 120, Cg, scan speed 0.82") and microscopic examination was performed usidga
JSM840a Scanning Electron Microscope (SEM) aftebaa film coating deposition on the
sample surface.

Aliquots of suspensions containing live bacterialtwes and precipitated mineral
were also examined using Transmission Electron ddmopy (TEM) with a JEOL JEM
12000 EX and JEOL JEM 2100F (equipped with a fiefdission gum and PGT EDX
detector) at 80 kV. Cell suspension was rinsedgustarile nutrient solution (without sodium
chloride addition) or MilliQ water, centrifuged 2imat 10 000 rpm. TEM samples for
analyses were taken by immersing grids coated wittarbon film for 10 s in prepared
bacterial suspension. Dried grids were used for Tdaslyses
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3. Results and discussion

3.1. Calcium adsorption

The pH-dependent adsorption edge &oeocapsa spperformed in 0.1 mol/L NaCl
and with a biomass of 1Q,g/L exposed for 3 hrs in the dark is illustratedrig. 1.

100
Gloeocapsa sp., 10 g wet/L,

380 0.1 M NaCl, 25<C; [Ca] , = 3.0 mg/L
°
Q
g 60 F & Gb-a, Ltiarkness, 3 hrs
.c% © G5-b, light, 24 hrs
c 40 F
O 28 o8&
S SR

20 | o tMREY
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Fig. 1. Percentage of adsorbed calcium as a funati@f pH for live Gloeocapsap.
culture in the darkness(blue diamonds) and under light (yellow diamonds).
Experimental conditions: 25°C, [Ca}, = 75 pmol/L, 10 ge: biomass/L in 0.1 M NaCl and
3 to 24 hours of exposure time. The error bars areithin the symbol size.

It can be seen from this figure that the adsorpigovery low at pH < 3, it increases to
25-30% at pH = 5-6 and gradually increase to 30-3&# further pH increase, up to 11.5.
There is no significant difference in the adsomptyeeld for cells kept in the darkness during
3 hrs and those exposed to light during 24 hrs.nirimal concentration of adsorbed Ca is 2
to 3 pumol/get.

Calcium adsorption isotherms recorded for li¥lmeocapsasp. at three constant pHs
(5.5, 5.9 and 6.7) and Ca concentrations from 100t pumol/L are illustrated in Fig. Zhe
adsorption is rather similar at all three studidd palues and the measured maximal
adsorption density is close to 2 pumaqligin accord with results of pH-dependent adsorption

edge.
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Fig. 2. Concentration of adsorbed calcium as a fution of calcium concentration in
solution (constant-pH adsorption isotherm) for liveGloeocapsap.. Experimental
conditions: 25°C, pH 7.6, 9.0 and 11.8, 1Q,g biomass/L in 0.1 M NaCl and 24 hour of
exposure time under light.

Experimental condition and range of all parametarsadsorption experiments are

shown in Table 1.

Table 1. Summary of Ca adsorptiorwith Gloeocapsasp.

Ne  durations,  biomass, Conditions [Ca] range, pH range
hrs mg wet/L uM/L

pH adge adsorption
1 25 10 0.1 M NaN@ 2.28-19.1 2.981-11.429
2 25 10 0.1 M NacCl 3.30-70.1 2.537-8.011
3 24 10 0.1 M NacCl 12.6-81.2 2.564-11.206
4 24 10 0.1 M NacCl 17.0-65.4 2.578-11.588
Langmurian adsorption
5 24 20 0.1 NaCl 24.5-50.0 7.74-7.89
6 19 10 6 ml 0.1 M NaCl+0.3 ml 0.1 M NaHGO 13.6-69.1 11.80-11.82
7 24 10 6 ml 0.1 M NaCl + 0.3 ml 0.1 M HEPES 13.7-93.6 .6077.62
8 24 10 6 ml 0.1 M NaCl + 0.3 ml 0.1 M HEPES 4.20-75.7 .9989.10
9 24 10 6 ml 0.1 M NaCl + 0.3 ml 0.1 M HEPES 5.25-718 5177.48
10 23 10 6 ml 0.1 M NaCl + 0.3 ml 0.1 M HEPES 6.80-727 .9567.56
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3.2. Ca and DIC uptake during bacterial growth

The results of Ca uptake during cyanobacterial gioave presented in Appendix 4
(Exp. 29-34) and illustrated in Fig. 3. Plottedtms figure are the biomass, pH, and Ca
concentration evolution in experiments that lagééddays It can be seen that there is an
increase of the biomass (up to 1.15t4) and pH (up to 11.4) during growth in the prese
of various Ca concentration. At the same time, @mhall decrease of calcium concentration
(< 0.11-0.46 mM) is observed whereas the DIC coimagan remains constant or slightly
increased, indicating the absence of carbonateralipeecipitation. We believe that observed
Ca concentration decrease is due to Ca adsorplas iptracellular incorporation. The
maximal amount of calcium that active bacteriaagable of uptake during their growth can
be calculated from the difference between theahénd final Ca concentration normalized to
final cell biomass:

[Caluptake™ ([Calnitiar - [Cakinai) / DioMasghal (1)

For Gloeocapsasp., the maximal incorporation of calcium in thellseat our
experimental conditions ranged from 86 to 430 pMalg.: L™, being significantly higher
than the experimental adsorption site dendity? (umol/g.;, see section 3.1). At the same
time, Ca incorporation in livésloeocapsacells is much higher than that in anoxygenic
phototrophic bacteria (13 to 8 pmol Cadd." seeChapter 4; Bundeleva et al., submitted).
Taken together, the maximal metabolic and passigerative Ca uptake by liv@loeocaopsa

sp. not linked to carbonate mineral precipitati®Ad30 pmol/ge. L™
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Fig. 3. Evolution of biomass (A), pH (B) and calcin concentration (C) in

experiments with live Gloeocapsa spwithout mineral precipitation at different initial Ca
concentration (Exp. 31-34). The error bars are witin the symbol size and represent the

average of two duplicates.

3.3. Kinetic of CaCOj3 precipitation in the presents ofGloeocapsap.

Three types of biotic kinetic experiments were aartdd (Table 2): with live culture
in inert electrolyte (0.1 M NaCl) and with live ¢ute with and without light in nutrient

phosphate-free solution.

In most experiments conducted in this work, thecipitation process can be broken

80

down into three stages: (1) initial pH-rise peri¢®), the actual massive precipitation reaction,
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and (3) an equilibration phase (Fig. 4). Calciumboaate precipitation was evidenced by Ca
concentration decrease and also supported by mapasexamination of produced mineral
phases. Typical plots of bacterial biomass, pH,],[Calkalinity] and Q as a function of
elapsed time in biotic experiments in nutrient solu with and without light are presented
Fig. 4. It can be seen from this figure that significantr@ase of calcium concentration is
observed in both types of biotic experiment. Thecymitation under light in biotic experiment
started earlier than that in the darkness althahghnitial calcite saturation index was similar
in both experimentsCcarciie = 23). Moreover, light experiments demonstratechiicant
increase of bacterial biomass which was accompdyeal dramatic increase in solution pH,
and, as a resulf.4cie iNcrease to 62, which coincided with the beginrohgnassive calcium
carbonate precipitation. In the absence of liftére were no increase of the biomass and pH,
Q values remained stable or increased insignifigafithese results suggest that the presence
of activeGloeocapsasp. crucially affect calcite precipitation ratesrgared to biotic controls
without light. This result corroborates that of ®bsal. (2009b) who reported little difference
in calcite nucleation rates measured in the presaricactive and inactive cyanobacteria
Synechococcus leopoliensisd that of Martinez et al. (2010), who observedamcement of
CaCQ precipitation rate in biotic experiments with twstrain of cyanobacteria

Synechococcusp. andPlanktotrixsp. compared to bacteria-free experiments.
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Table 2. Kinetic experiments withloeocapsap.: conditions, rates and mineralogy of precipgat

Ne duration, biomass range, pHrange [Alkalinity] rang€a]range precipitation rate, Q range [DOC], mineralogy
hrs g wet/L mM/L mM/L uM/hrs mM/L

Experiments in nutrient solution

1 624 0.62-1.46 9.56-9.01 2.84-3.36 2.77-2.74 3.06 89.9-54

2 624 0.68-1.22 9.10-8.71 2.44-2.98 5.80-7.73 0.00 70.8-58

3 408 0.18-1.92 9.00-9.07 4.56-2.66 2.75-1.47 6.48 69.9-30

4 408 0.14-2.62 8.83-9.46 4.53-1.49 4.83-3.47 9.12 79.4-50

5 408 0.14-2.7 8.69-9.10 1.43-1.89 9.19-7.46 19.2 30.8-61.

6 408 0.12-2.92 8.58-9.82 0.70-1.47 13.11-10.75 15.8 19.4-

7 408 0.12-2.76 8.44-9.45 3.75-1.03 20.60-18.82 25.0 34.9-

8 408 0.12-1.98 8.27-9.56 2.61-0.94 45.00-38.20 54.2 53.7-

9 356 0.15-1.22 9.37-9.49 10.00-7.95 1.00-0.09 2.57 758-6

10 356 0.15-1.74 8.79-9.19 10.00-2.53 5.00-0.24 22.1 180-9

11 168 0.15-0.9 8.17-9.51 10.00-0.5 10.00-2.13 65.6 83.8-1 calcite

12 356 0.10-1.52 7.71-8.54 10.00-0.31 20.00-9.26 53.5 -80.0 calcite

13 356 bacteria free 7.42-7.89 10.00-0.81 20.00-9.04 30.8 26.9-4.70

14* 264 0.15-1.88 9.37-9.73 10.00-4.40 1.00-0.87 7.64 7%0-8.

15° 264 0.15-3.16 8.51-9.10 10.00-4.85 5.00-0.46 21.2 93.2-18

16* 120 0.15-1.48 7.75-8.58 10.00-0.97 10.00-1.80 68.3 33.7-4 calcite

17 120 0.15-0.84 7.46-8.34 10.00-0.59 20.00-10.86 76.1 2R6- calcite+aragonite

18* 120 bacteria free 7.40-8.01 10.00-0.83 20.00-7.96 100 7-250 calcite

19* 284 0.04-1.98 8.86-9.14 4.27-2.80 1.80-0.13 14.2 38.0-6.3

20" 284 0.04-1.20 8.82-8.75 4.30-0.88 4.50-0.57 56.2 70.8-6.3

21* 284 0.04-2.28 8.73-8.62 4.96-0.77 9.00-2.69 135 107-12.3 alcite

27 284 bacteria free 8.60-7.89 4.47-0.80 9.00-5.45 12.5 -298
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Table 2. (Continued) Kinetic experiments witoeocapsap.: conditions, rates and mineralogy of precipgat

Ne duration, biomass range, pH range [Alkalinity] rangeCaJrange  precipitation rate, Q range [DOC], mineralogy
hrs g wet/L mM/L mM/L uM/hrs mM/L
23 3275 0.17-1.08 8.64-9.76 4.43-2.32 1.52-0.09 2.92 8%4- 0.81-2.96 calcite
24* 3275 0.08-0.17 8.37-9.17 4.91-2.68 1.52-0.12 2.44 230 0.17-0.44
25" 552 0.19-0.45 8.62-9.02 4.36-3.12 1.48-0.31 2.12 42.6-5.3
26 3275 0.17-1.02 8.66-9.75 17.53-6.63 0.77-0.07 6.48 -246 0.66 calcite
27* 3275 0.08-0.18 8.66-9.69 6.99-13.34 0.77-0.08 0.05 5-B480 0.21
28" 548 0.21-0.46 9.07-9.35 10.90-9.59 0.74-0.13 2.32 54.9-11
Experiments of Ca uptake during cyanobacterial gnaw nutrient solution
29 1518 0.08-1.308 9.32-10.15 0.008-0.000
30 1518 0.097-1.324 9.30-9.96 0.011-0.000
31 1518 0.074-1.159 9.15-9.82 0.53-0.42
32 1518 0.074-1.189 9.18-9.68 0.55-0.39
33 1518 0.074-1.055 8.37-8.72 5.33-4.87
34 1518 0;069-1.019 8.13-8.80 5.23-4.83
Experiments in inert electrolyte
35" 96 1.64-1.96 9.07-10.80 4.42-3.98 3.40-3.05 1.82 88@-
36" 96 1.66-2.00 8.96-10.92 4.95-2.93 3.45-2.59 9.68 6a.1-
37" 96 1.60-1.74 8.90-10.64 4.18-2.40 5.11-3.94 40.5 98B-
38" 96 1.50-1.80 8.84-10.73 4.62-2.08 6.52-5.49 12.0 834 -

experiments in the dark

experiments with bubbling
experiments with stirring
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Biotic precipitation experiments were conductedlifferent initial Qcacite (from 15 to
150). TheQcarcite €Volution with time exhibited similar pattern amodiferent experiments.
At the beginning of experiments we observed anemse 0fQ.,ite Until @ maximal value is
attained (70-150) which induced massive CaQ®ecipitation and subsequef2qcite
decrease. The duration of this increase and themahwalue ofQcacite Varied from one

experiment to the other depending on the initiglegimental conditions (Fig. 5).

A - -1 —a—2—a 3]

11

500

0 100 200 300 400 500
time, hrs

Fig. 5. Evolution of pH (A) andQcaicite (B) in biotic experiments in nutrient
solution. The numbers in the legend correspond tde following initial experimental
conditions: (1) 3 mM CaChk, 5 mM NaHCOs, biomass 0.14 ge/L (Exp.4); (2) 3 mM

CaCly, 5 mM NaHCOs, biomass 0.18 ge/L (Exp.3); (3) 13 mM CaCk, 9 mM NaHCO;,
biomass 0.12 g./L (Exp.6).

In contrast to biotic nutrient-rich experiments,biotic experiments performed in the
inert electrolyte, Ca concentration decrease washness pronounced (Fig. 6). During these
experiments, only insignificant increase of the nmigs (between 0.3 and 0.08,g/L)
occurred indicating the lack of bacterial developmi@ the absence of nutrients (Fig. 6A).
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Despite the lack of bacterial growth, there is gnsicant pH increase in all biotic
experiments performed in the inert electrolyter(fr8.9 at the beginning to 10.7 at the end of
experiment, Fig. 6B).

A 2 4—O—nutrient solution —s—inert electrolite ‘ B 11 O— nutrient solution —e— inert electrolite ‘_
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Fig. 6. Evolution of agueous solution parametersuding biotic experiments in
nutrient solution and inert electrolyte (Exp. 20 ard 37 respectively). Initial conditions: 5
mM CacCl; and 5 mM NaHCGO:s. (1) biomass development; (B) pH; (C) calcium
concentration; (D) Qcacite-

The increase of pH without active development aftéaal biomass in the experiment
in inert electrolyte may stem from on-going photastic bacterial activity due to sufficient
intracellular nutrient resources. As a result, itelsupersaturation degree increased from 66-
90 at the beginning to 110-120 at the end of expamis with a maximum of ~190 attained in
the first day of reaction.

Apparent precipitation rates; were calculated from the first derivative of tthad
phase Ca concentration with respect to time, using

d[ca]
T
This equation has been applied to each experimdatal series, typically at the stage

@)

2 (Fig. 4) when the largest change in Ca conceatratccurred. Resulting precipitation rates

are listed in Table 2. Due to paucity of experinaénfata points and low temporal resolution
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of long-term experiments, it was not possible tovjde the uncertainties attached to these

rate values but they are estimated to be 20-30%.

3.4. Solid phase characterization

In the course of experiments, visual white preates were formed on the glass walls
of reactors and in the bacterial suspension affédays of culture growth. Although calcium
carbonate precipitation was observed in biotic abidtic experiments, the shape and size of
precipitates was different. The SEM images of ¢altormed in abiotic nutrient-free, biotic
nutrient-free and biotic nutrient-rich solutiong ahown in Fig. 7, 8 and 9, respectively. The
XRD analysis identified calcite formations in aperiments except the experiment 17 (Table
2) in nutrient media with initial biomass 0.15@gL at Qinisiar 30 that produced aragonite.

Abiotic nutrient-free experiments produced typidadmobohedral calcite crystals 5 to

10 um in size, often associate in clusters (Fig. 7)

Fig. 7. Calcite precipitated in abiotic (cell-freeBG 11) experiment (initial
conditions: 20 mM CaCb, 10 mM NaHCOs) (Exp. 18).

The size and shape of the crystals formed in bm#cipitation in the inert electrolyte
and in nutrient solution are dramatically differeartd vary both in the course of the same
experiment and among different initial solution diions. First, there are large, 50 to 100 um
crystal associates without clear geometric forng.(BiA) or having spherical, rounded shape
of 5 to 15 um diameter (Fig. 8 B). In both assaaatrystals, rounded and elliptical holes 2 to
4 um in diameter most likely representing the imizriof Gloeocapsap. Bacteria, are visible
at the surface (Fig. 8 C, D). The same imprints ase visible at the surface of crystals
formed in nutrient-rich media (see below). Simifaorous” crystals have also been found in

experiments with CaCgJprecipitation by algae (Stabel, 1986), cyanob#&t®ynechococcus
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eukaryotic picoplanktoMychonastesp. andChlorella sp. (Dittrich et al., 2004). The second

possible type of precipitate is represented by thahcrystals with the longest facet of 10-15
pm (Fig. 8 E), similar to those formed in abiotiperiments. The rhombohedral crystals and
“porous” associates are often linked together, lothutrient-free and nutrient-rich solutions

(Fig. 8 D and 9 A, B). In addition, the rnombohéddnad spherical associates of 10-15 um in
diameter are often formed in experiment with lieiin the inert electrolyte (Fig. 8F)

Fig. 8. Calcite precipitated in biotic experimentswvith Gloeocapsasp. in inert
electrolyte. (A,B) Exp. 36; (C,D) Exp. 37; (E,F) ER. 38.
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The third type of formed crystals is nano-globwdasociates. They are often found in
biotic experiments in nutrient solution and repreed by small individual crystals associated
in large aggregates (Fig. 9 C), typically covergdobganic matter, probably in the form of
EPS (Fig. 9 D). The presence of organic matteroisfioned by the EDX analysis which

demonstrated very high C content at the surfa¢besfe crystals.
T ? , v y 3 o — e .

Fig. 9. Calcite precipitated in biotic experiment vith Gloeocapsasp. in nutrient
solution.(A) Exp. 15; (B, D) Exp. 26; (C) Exp. 23.

Overall, the obtained results imply strong parttipn of cyanobacteri&loeocapsa
sp.in CaCQ precipitation. The existence of different typescofstals in biotic experiments
suggests that CaGQ@recipitation is driven by different pathways: iiganic precipitation as
evidenced by the presence of rhombohedral crystgtscal for abiotic experiments and
biologically-affected precipitation evidenced byethresence th&loeocapsesize pores on
the surfaces of crystals and the nano-globulesredvey the organic matter.

Further insights on mechanisms of CaQ®@ecipitation were acquired using TEM
technique. Results of Transmission Electron Micopgcanalysis of active cells following
their presence in the control (nutrient, minerakfrmedia) and calcite-supersaturated
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solutions are shown in Fig. 10. The cells in nutrimedia appear intact without traces of
precipitation within the surface (Fig. 10 A). THeraents detected on and around live cells in
nutrient medium are mainly C and O with some SPSICI, and Na. No Ca was detected on
these surfaces. In contrast, it can be seen frgnlBi B that significant CaCG(precipitation
occurs in the vicinity of bacterial cell in calcisepersaturated medium Qe = 25. In
these experiments, Ca was detected in precipitatesged at the surface and at some distances
from Gloeocapsap.cells

A

bacterial cell

2Uum

Fig. 10. TEM images of cells of Gloeocapsa sp. () nutrient solution; (B) in
calcite-supersaturated media (1 mM CaGl 10 mM NaHCGQO;) (Exp. 26).

The TEM images of cyanobacterial cells with minegédbules and agglomerates
formed in precipitation experiment are furthershwated in Fig. 11. The size distribution of
the globules is irregular; a large number of glesuare in the 60-100 nm size range (small
globules). These small globules are mostly attacbdtie surface of bacterial cells (Fig. 11
A). Some cells may be completely covered by thédygjes so that the surface is not visible
(Fig. 11 B). There are also large globules (100-200 that occur in the extracellular space,
being separated from tli&@oeocapsap. cells (Fig. 11 C, D).
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169

Fig. 11. TEM image of
Gloeocapsasp. cells and globules of
calcium carbonate formed in calcite-
supersaturated media (1 mM CaCj, 10
mM NaHCO3). (A) General view of the
bacterial cells and CaCQ precipitated
in the vicinity of the cell surface and at
some distance; (B) Cell aggregate
completely covered by small CaC@
globules; (C) Extracellular globular
associates; (D) Detail of globular
associats with aggregates of small
globules (white rectangle) and large
globules (white oval). Aggregate of
small globules attached to the cell (not
shown in this picture) (Exp. 26).



4. Discussion: rates and mechanisms of calcium carbate
formation by Gloeocapsasp.

The typical decrease of Ca concentration at thgestd massive CaC{precipitation
is 1 to 4 mmol/L over the first 2-7 days, accompedniby the biomass increase of 0.2 to 0.5
owedL (Fig. 4, 6). This decrease, linked mainly to @a@recipitation (5 to 8 mmol{g,) is at
least an order of magnitude higher than that indumeCa adsorption at the cell surface and
intracellular assimilation during cyanobacteriab\gth (sections 3.1 and 3.2). As a result, the
rate of Ca scavenging during cyanobacterial cetisvth is largely due to extracellular CagO
precipitation rather than intracellular and surf&a uptake. Indeed, results of the present
work allowed establishing a direct relationshipwestn the amount of precipitated calcium

and the amount of biomass produced during culttoesty (Fig. 12).

A [Ca], mM/L

N w R Ul (o)) ~
T

A biomass, g /L

Fig. 12. Relationship between the amount of precifated Ca (mM/L) and increase
of the biomass (ge/L) in biotic experiments with Gloeocapsa sgn nutrient solution.
Experimental conditions: Q initia = 15-150; pH = 8.6-9.6.

Quantitative analysis of the amount of precipitat@deral (mole of Ca removed from
solution) as a function of biomass production yeeldh clear relationship with a slope of 2.0
following the relationship:

Carecipitated(Mmoles) = (2.0x Biomasgroduced(Gwed (3)
This finding corroborates reported linear relatlps between the amount of

hydromagnesite precipitated and the absolute bisnmasease in experiments of hydrous Mg
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carbonate precipitation due to photosynthetic dagtivof another cyanobacteria
(Synechoccocus gpielding the coefficient in Egn. 3 of 1.45+0.23 (#endix 1).

Despite this clear tendency of active cells to ipitste CaCQ, there is no
straightforward relationship between apparent tmalgdrecipitation rates and solution
supersaturation degree as shown in Fig. 13. Th& tikely stems from 1) microenvironment
of solution pH and supersaturation degree adjateactive photosynthesizing cells and 2)
processes of Oswald ripening consisting of initnalcleation of amorphous CaGr
monohydrocalcite at high supersaturation degreéhévicinity of cell surface, a€Qccite
values significantly higher than that of the butitugion, followed by rapid recrystallization of
metastable phases to aragonite and, finally, ealdihe existence of aragonite as final
precipitates in some experiments (Exp. 17 in Té&jleonducted afiniiay ~ 30, indirectly
witnesses the existence of such transformationticees; also demonstrated in previous
experiments with anoxygenic phototrophic bacteBiandeleva et al., 2011, Chapter 3 of this
thesis).

CaCQ precipitation by cyanobacteri@loeocapsasp. includes several consecutive
stages. In the first step, metal ions present enatjueous surroundings of the cell interact
electrostatically with negatively charged groupscell surface and capsulase( Douglas &
Beveridge, 1998) and cell exopolysaccharides whiety act as nucleation sites capable to
accumulate significant quantities of 4Dittrich et al., 2004, 2010). Once Ca is bourd, i
attracts the carbonate ion, given that cyanobattemetabolism increases the
microenvironmental pH facilitating transformatioh@IC into COs*".

120 & Biotic, in nutrient O Biotic, in inert electrolite
A No bacteria, in nutrien @ Biotic, in nutrient, withou light
100 p A
80 p
*
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3 ¢ .
= 60 P . *
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0 20 40 60 80 100 120 140
Q calcite

Fig. 13. Plot of apparent Ca precipitation rates as function of calcite
supersaturation degree in the bulk solution.

171



This mechanism is driven by HGOuptake into the cell and its conversion by
carbonic anhydrase to G@nd OH (Miller and Colman, 1980). The G@s incorporated into
the cell biomass while OHons are released into the cell's microenvironngbtilier et al,
1990) and getting concentrated around the cell,asnal result around and within the capsules.
Indeed,Gloeocapsasp. grown under the light is capable of increasialgition pH from 8.5-
8.6 to 9.5-9.6 within 48 h. This hypothesis is lert confirmed by the TEM and SEM
analyses: in calcite-supersaturated media, abur@da@GQ} precipitation is observed around
bacterial cells (Fig. 10B, 11A) with some cells amll associates being completely encrusted
by calcite (Fig. 8 A, B and C). Additional mechani®f cyanobacterial biomineralization,
suggested first by Douglas and Beveridge (199&has cyanobacteria continuously shed off
patches of mineralized S-layer which is rapidlylaepd by new material. The quantitative
contribution of this mechanism to biocalcificatiohGloeocapsasp. cannot be determined in
this study; however, given that precipitated Cg@Qocated not only adjacent to the cells but
also at some micron-scale distance from the calfese (Fig. 10B and 11 A, C and D), such
an exopolysaccharidic shed-off pathway is certgudysible.

Noteworthy is the typical spatial organization ganobacterial carbonate precipitates
presented as honeycomb, highly porous calcite arystsociates, inheriting the capsules
associates of bacteria (Fig. 8). The TEM imagesetif — CaCQ precipitates demonstrated
the tight link between the cell surface and theonglobules of precipitated CaGCSimilar
nano-spheres and globules were found during calcicanbonate precipitation by
heterotrophic sulfate reducing bacteria (Aloisakt 2006). In their study, calcium carbonate
precipitation was observed on extracellular polymesubstances (EPS) and near the
microbial cell wall in the form of nano-globules.mumber of recent studies with other types
of anaerobic and aerobic heterotrophic bacterig, (Bontognali et al., 2008, Spadafora et al.,
2010) also confirmed the governing role of mineraho-globules in microbially-induced Ca
and Mg carbonate formation.

The absence of self-protection mechanisms agaaS&incrustation inGloeocapsa
sp. cyanobacteria sheds new light on mechanisms capacities of photosynthetizing
organisms to form carbonate mineral deposits.dtbeen earlier argued that the sole action of
cyanobacteria, notably in the biomats is insuffitieo provide massive calcium carbonate
deposition. Numerous field observation and modeergeriments (Krumbein et al., 1977;
Chafetz and Buczynski, 1992) demonstrated thatigitaion of calcium carbonate occurs

predominantly within the mats in the aphotic zonethe deeper parts of the mats where the
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degradation of organic compounds by heterotroplactdsia occurs. In modern Ca-Mg
carbonate stromatolites, formed in association wiilcrobial mats in hypersaline coastal
lagoons, degradation of organic matter of soft nhedsls to the development of lithified Ca-
Mg carbonate laminate via sub-micron polyhedrastalyformation of high-Mg calcite and/or
Ca dolomite as a result of the coalescence of cateonano-globules around degraded
organic matter nuclei (Spadafora et al., 2010)tHeumore, dead cyanobacteria were coated
with calcium carbonate quicker and to a greateergxthan live cyanobacteria (Chafetz and
Buczynski, 1992) in agreement with the earlier obaton that CaCe@ precipitation within
the mats is governed by the degradation of orgaanibon compounds by bacteria (Krumbein
et al., 1977). In addition to well-established $elashed off (Thompson et al., 1997), this
observation may be linked to metabolic maintenawicpositive surface potential and self-
protection of live cyanobacterial cells from therimstation (Martinez et al., 2008, 2010).
Another mechanism of bacteria self-protection agfaimncontrolled encrustation is
extracellular polymeric substances (EPS) secrejeth® microbial community as it is the
case forDesulfovibrio brasiliensiswhose cells are predominantly located outsidthefEPS
aggregates where mineral growth takes place. Asaltr they remain mobile and are rarely
entombed within the mineral (Bontognali et al., 200Similarly, another SRB bacterium,
Desulfonatronum lacustrgoroduces individual globules 6-20 nm in diamebat originates
from the cell surface but calcify significantly gniwhen released to the culture medium
(Aloisi et al., 2006). The idea that EPS of cyaraeda serve as effective €auffers, thus
preventing seed crystal nucleation even in a highlpersaturated macroenvironment has
been also suggested from numerous field studieso@fms in alkaline salt lakese(g, Arp et
al., 1999a, b).

In this regard, the ability of cyanobacte@doeocapsasp. to efficiently calcify, even
in life cell culture, is most likely linked to itgnique cellular organization. Indeed, several
Gloeocapsasp. cells are usually grouped together in a siagternal capsule having essential
polysaccharidic composition. In addition, the magarface functional groups @loeocapsa
sp. cells are carboxylate, amine, phosphoryl/phodigster and hydroxyl stemmed from the
presence of protein, lipid and carbohydrate comptmen the external envelopes of cells and
cell associates such as capsules (Pokrovsky &0&I8).

In contrast to other cyanobacteria suchSgmechococcusp. andPlanktothrix sp.
(Martinez et al., 2010) and anoxygenic phototropbacteria (Bundeleva et al., 2011), the
Gloeocapsasp. cells do not increase their zeta-potentid gtpH < 11 (Pokrovsky et al.,

2008). This result, together with massive cell istation by CaC@and mineral formation in
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the vicinity of the cell walls, microscopically cinmed in the present study, suggest the
absence of specific “cell protection mechanism’igfacells incrustation during active phase
of CaCQ nucleation.

5. Conclusions

This study presents the first step towards the tfication of CaCQ precipitation by
live photosynthetizing cyanobacterf@loeocapsasp., having untypical cellular organization.
Biotic experiments performed in strongly supersateot solutions yielded different type of
crystals reflecting that CaGQrecipitation in these experiments can be driverdifferent
mechanisms: inorganic precipitation producing rhombcalcite crystals, typical for abiotic
experiments, and cell-induced precipitation prodgdhe porous crystals with honeycomb —
like structure bearing the imprints Glloeocapsasp. cell associates. Detailed TEM analyses
revealed the presence of nano-globules coveredr@ggn matter in the vicinity of cell
surface but also at some micron-scale distance fthen cells. Overall, microscopic
examination of reaction products obtained in vasia@nvironmental conditions does not
suggest the existence of any self-protection mashmanagainst uncontrolled CaGO
encrustation of liveGloeocapsasp. cells, in contrast to that established eaffoerother
cyanobacteria, anoxygenic phototrophic bacteria lagtegrotrophic anaerobic bacteria. The
lack of this self-protection mechanism, also supgabiby electrostatic surface properties of
Gloeocapsasp. cell capsular associates, and high laboratalgification rates measured at
relatively low biomass produced during bacteriavgih, place these bacteria among the most
efficient bacterial calcifies on Earth. Indeed, agmt bulk rates of CaG@recipitation due to
Gloeocapsasp. photosynthesis (0.01-0.100 mM/h) are simikahigher than those reported
for capsule-free cyanobacteri&ynechococcus s@and Planktothrix sp.(0.03-0.04 mM/hr,
Martinez et al., 2010), aerobic ureolithic bact€fidd1 mM/hr, Micthel and Ferris, 2005) and
anoxygenic phototrophic bacteria (0.001-0.0150 mMBundeleva et al., 2011, Chapter 3).
The absence of direct correlation between the app&aCQ precipitation rates and calcite
supersaturation degree or other solution chemioahposition parameters is most likely
linked to specific microenvironments, non deteataint the bulk solution, adjacent to

cyanobacterial cell due to intensive photosynthatitvity and OHions release.
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Experimental modeling of CaG@recipitation by cyanobacterdloeocapsasp.
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Experimental modeling of CaG@recipitation by cyanobacterdloeocapsasp.
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Conclusions and perspectives







Résumé en francais de la conclusion

La présente étude décrit une approche conjointplueurs techniques destinée a
caractériser la précipitation de carbonate de walcinduite par deux types de souches
bactériennes anoxygéniques phototrophiques (APBhodovulum steppense A-20s
haloalcaliphilique eRhodovulunsp. S-17-65 neutrophilique halophilique, se déwedmt sur
des substrats organiques; ainsi que par une salécbganobactéries d’eau dousmeocapsa
sp..

Dans le premier article publié nous avons décris Imesures de mobilité
électrophorétique et d’adsorption de Ca a la sarides APB A-20s et S-17-65 vivantes,
inactive et mortes qui ont été effectuées afin éerniner le degré pour lequel ces bactéries
contrélent métaboliquement leur potentiel de serfadous avons montré en particulier que
ces APB sont capable de réguler leur potentielutiase en solution alcaline (pH~10-10.5).
Cela entraine un potentiel zeta inhabituellemeninsoégatif, alors jamais reporté pour la
plupart des bactéries, a I'exception des cyanohiastéCet effet n’est pas observé pour les
cellules mortes et celles inhibées par Blai il est significativement réduit aprés I'ajalg 1
a 10 mM d’ions bicarbonates.

Par analogie avec d'autres bactéries, deux mécanidonctionnant en parallele
peuvent étre mis en avant pour expliquer ce noupegnomene d’augmentation du potentiel
zeta en présence d’APB en solution alcaling :I'extension de la consommation de
micronutriments sous forme d’anionsii¢tla répulsion des ions €apar la surface cellulaire,
la protégeant ainsi de l'incrustation de CaCOe dernier mécanisme est en accord avec les
résultats d’adsorption de calcium a la surfaceutate dans la gamme physiologique de
composition de la solution. Une légére difféerenaadle degré d’augmentation du potentiel
zeta et d’adsorption de Ca a été observée entrdeles souches APB étudiées ce qui est
compatible avec leurs difféerences de surface eethil effective et leurs gammes de
compositions optimales de la solution.

Dans le second article, soumis, nous présentoréssiers résultats de précipitation
de CaCQ par des bactéries anoxygéniques phototrophiques. donditions optimales
initiales de précipitation pour les deux souchesitstes suivantes: [Ca]=10mM ;

[DIC]=5mM, pH=8.1+0.1 etQ.,., =70-100. Au stade de précipitation massive de GaCO

les vitesses apparentes varient entre 0.001 et0O On@¥/heure, et entre 0.005 et 0.015
mM/heure pour les cultures A-20s et S-17-65, resmoent. Ces valeurs sont similaires a

celles reportées auparavant pour les cyanobacgrries bactéries hétérotrophes, étant déja
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deux ordres de grandeur plus importantes que lesda calcification typiques des algues
corallines. Les vitesses apparentes de précipitatiesurées ne sont pas affectées, a 10-20%
pres, par I'adsorption de Ca a la surface desleslet par la consommation intracellulaire de
Ca pendant la croissance de celle-ci. Les vitesgmsarentes de précipitation sont

positivement corrélées avée . , mais il existe un seuil de pH (~8.5) au dessugidlles

cellules vivantes précipitent Cag@lors que les cellules mortes et inactives ne reant
aucune précipitation. |l apparait ainsi qu’'un ptévél est un prérequis important pour la
précipitation de CaC{par des APB vivantes, méme pour des taux de suatian élevés.

Des analyses par microscopie électronique en tigsgm (MET) ne montrent aucune
présence de CaGQ@ lintérieur des cellules vivantes. Cependantdkite et le monohydro-
calcite ont été identifiés par microscopie éledtyoa a balayage (MEB) et par diffraction de
rayons X (XRD) comme étant les principales phasescdrbonate de calcium ayant
précipitées dans la solution. Ces résultats suggdoetement I'existence d’un mécanisme
prévenant la biominéralisation de carbonates an des cellules vivantes des APB, qui
peuvent ainsi se protéger d’incrustations incoag®l Ce mécanisme consisterait
principalement en la création de charges plus ipesita leur surface, pour des pH
correspondant a la nucléation massive de GaCO

La troisieme partie de I'étude, également sous éodfarticle, visait a analyser le role
des cyanobactérieSsloeocapsasp. dans la précipitation de CagC@ar des modeles
expérimentaux en laboratoire. Afin de définir leenli entre la croissance bactérienne
(production de biomasse) et les vitesses de ptatign de CaCg) des expériences cinétiques
de précipitation avec les deux souches de APB wtcy@nobactérie§Sloeocapsasp. en
solution nutritive et d’électrolyte inerte ont étéenées. Les phases solides précipitées ont été
examinées par MEB, MET et XRD. Ces observationgasaopiques ont permis de mettre en
évidence différents mécanismes de précipitatiolCd€Q en présence déloeocapsasp.:
inorganique, produisant de la calcite rhomboédritymque d’expériences abiotiques, et
biologiques. Ce dernier processus est mis en ésgdpar I'apparition de cristaux poreux et
par des empreintes sur les cristaux rhomboédrigesur les nano-globules de calcite
précipitée recouverts de matiére organique. Lelysegmmicroscopiques montrent la présence
de carbonate de calcium directement sur la membcatialaire et au sein des cellules
vivantes des bactéries. Les expériences menéeSlgseocapsasp. ne montrent aucun lien
entre la vitesse de précipitation apparente eelgélde sursaturation par rapport a CaCO

Ceci est plutét lie a I'existence de microenviromeats (pH, [DIC],Qcacod autour des
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cellules réalisant la photosynthése, qui ne sost gieectement liés et/ou identiques a la

composition globale de la solution.

L’ensemble des résultats de précipitation de CaBG@us permet ainsi d’identifier
deux types différents de biominéralisation en larec la photosynthése bactérienhe.
premier est qualifié de nucléation suivie de prétgpion passive en dehors de la membrane
cellulaire pour les APB etle second de nucléation directe liée a la surfa@s aellules pour
Gloeocapsa spDans le premier cas, le scénario le plus plaegiel précipitation de CaGO
consiste en 'augmentation du pH et du degré dea#n environnant par les APB au cours
de leur métabolisme, entrainant un changement clarge de la solution. Il est peu probable
gue les cellules vivantes des APB puissent servisites de nucléation pour les carbonates,
car selon nos observations, elles se protégeriindeulstation par les précipités en créant un
potentiel de surface positif a un pH typique deplatosynthése et durant la phase de
nucléation massive de carbonates. En revanchesefaie d'un mécanisme de protection
semblable pour les cyanobactér@®eocapsasp., due a une organisation spatiale différente
de leurs cellules, entraine une calcification eifie des dites cellules. Elles peuvent dans ce
cas servir de site de nucléation de part la chaégative présente a la surface des capsules de
Gloeocapsap., qui peuvent alors lier et accumuler les imésalliques comme G4 De plus,
au sein du microenvironnement proche des parolsl@ieés bactériennes, le pH peut étre
plus élevé que celui de la solution a cause dé&ehise photosynthese qui s’y déroule. Cette
composition tres variable de la solution a la stefdes bactéries ne permet pas I'observation
d’une relation directe entre le degré de sursaturate la solution et la vitesse apparente de
précipitation de CaCg£en présence deloeocapsap. réalisant la photosynthése.

Enfin, les deux derniers articles consignés datte teese (Annexes 1 et 2) présentent
'étude de la formation de carbonates magnésiendrabds et leurs fractionnements
isotopiques associés en présence de bactériedesvadalisant la photosynthés&ldeocapsa
sp. et Synechoccocusp.). Nous avons ainsi montré, lors d’'une sériexgériences et
d’observations en milieu naturel, que les Mg-cadtes hydratés peuvent apparaitre a la suite
de photosynthése cyanobactérienne dans les edaggjeet que le fractionnement isotopique
du magnésium entre le solide et la solutibfP¥lgssid-solutio) ASSOCIE & ce processus se situe
entre -0.8 et -1.5%. Il ny a pas de différence nfigative entre les facteurs de
fractionnement biotiques et abiotiques. La fornratiee Mg-carbonates hydratés se produit

via un processus en cascade de cristallisatiorgtallisation : nesquehonite, dypingite —
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hydromagnésite initié par la nucléation de nandgles au sein et a la surface de cellules

vivantes.

Ce travail représente les premiers pas vers uneatian quantitative du phénomene
de biominéralisation bactérienne en cultures imlliglles en solutions aqueuses. L’émergence
de nouvelles techniques de mesures : chimiquesurds haute résolution, spectroscopiques
et d'observations a I'échelle microscopique et msoopique, actuellement employées par
différents groupes de recherche dans le monde,rgent conduire a une nouvelle
compréhension, sur le plan qualitatif, des réastieh associations d’interactions minéral-
cellule bactérienne, et de I'appliquer non seuldnaen cultures individuelles mais aussi aux

consortia de cellules, a la fois en conditionsab®tatoire et en environnement naturel.
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Conclusions and perspectives

This study describes a concerted multi-technicadr@gch to characterize calcium
carbonate precipitation induced by two contrastsigains of anoxygenic phototrophic
bacteria (APB), haloalcaliphilidcRhodovulum steppen&-20s and neutrophilic halophilic
Rhodovulumsp. S-17-65 growing on organic substrates as waslltypical freshwater
cyanobacteri&loeocapsasp.

In the first paper of this work, electrophoretic mobility measuents and surface
adsorption of Ca on living, inactivated, and heide# A-20s and S-17-65 APB cell surfaces
were performed to determine the degree to whickethmacteria metabolically control their
surface potential equilibria. We demonstrate, isuée of electrophoretic and macroscopic
batch adsorption experiments, that these APB gralta of regulating their electric surface
potential in alkaline solutions (pH ~ 10-10.5). §lgroduces an unusual, less negative zeta
potential at these conditions, previously non-régbfor most bacteria except cyanobacteria.
This effect is absent for heat-killed and NaNactivated cells and it is significantly
suppressed in the presence of 1-10 mM added bicardaons.

Based on analogy with other bacteria, two paratiechanisms can be suggested to
explain this novel feature of zeta potential inseeaf APB in alkaline solutions linked to the
appearance of less-negative zeta-potenjianhancement of uptake of the micronutrients in
the form of anions aniil) C&* ions repelling from the cell surface in order totpct the cells
from CaCQ incrustation. The latter mechanism is consistéttt the results of Ca adsorption
on the cell surface in the physiological range a@tison composition. A slight difference in
the degree of zeta-potential increase and Ca atitsorpas observed between the two studied
APB strains, which is compatible with their diffaces in surface areas and optimal
physiological range of solution parameters.

In the secondpaper of this work, we reported the first resoisCaCQ precipitation
by anoxygenic phototrophic bacteria. The optimaliah precipitation conditions for both
strains were as following: Ca = 10 mM; DIC = 5 miH = 8.1+0.1 and ., = 70-100.At

the main stage of massive Cag®ecipitation, the bulk rates range between 0#%d 0.010

mM/hr, and between 0.005 and 0.015 mM/hr for A-20sd S-17-65 APB cultures,
respectively. These values are similar to thoseorted earlier for cyanobacteria and
heterotrophic bacteria, being 2 orders of magnitbidgéer than typical calcification rates of

coralline algae. Measured bulk precipitation raaes unaffected, within the experimental
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uncertainty of 10-20%, by Ca adsorption at the salface and by intracellular Ca uptake

during cell growth. The rates are positively catetl withQ_,.,, , but there is a threshold pH

value around 8.5 above which the live cells preéatpi CaC@ whereas the dead and
inactivated cells exhibit zero precipitation ragddw pH 8.5. It follows that the elevated pH is
an important prerequisite for live APB to form Cagx¥en at high supersaturation degrees.

TEM analyses of reaction products does not dematestthe presence of CagO
crystals in the vicinity of live cells, yet calcisnd monohydrocalcite were identified using
SEM and XRD techniques as main precipitates ofbihi& solution. These results strongly
suggest the existence of a mechanism preventingocate biomineral formation in the
vicinity of live APB cells, which can protect thefrom uncontrolled carbonate incrustation.
This mechanism most likely consists in creatingaerpositive charge on their surface at pH
corresponding to massive Cagucleation.

Thethird paper of this study analyzed the effect of cyantédyaa Gloeocapsa spon
CaCQ precipitation via experimental laboratory modelii@ characterise the link between
bacterial growth (biomass production) and the rate CaCQ precipitation, and the
precipitation process batch kinetic experimentshwhoth strain of APB and with
cyanobacteri&loeocapsasp. in nutrient solution and in inert electrolytere performed and
produced precipitates were examined by SEM, TEM ¥R techniques. The TEM and
SEM analyses demonstrated the presence of difféypets of crystals formed in the biotic
experiments. It follows that CaG@recipitation in the presence Gloeocapsa spcan be
driven by different mechanisms: inorganic precipita (producing rhombohedral calcite,
typical for abiotic experiments), and biologicalepipitation witnessed by appearance of
porous crystals and imprints of cell associatesaitite rhombohedra as well as the nano-
globules covered by organic matter. Microscopiclysis showed the presence of calcium
carbonate directly on the cell membrane in thenitigiof live bacterial cells. Experiments on
Gloeocapsasp. demonstrated the absence of relationship leetwee apparent precipitation
rates and the supersaturation degree with respea€Q. This is most likely linked to the
existence of microenvironments (pH, DIQcacod around the photosynthetizing cells, not
directly related to the bulk solution composition.

Taken together, results of Cag@recipitation allowed identification of two diffent
types of biomineralization related to bacterial foisgnthesis, namelynspecific passive
nucleation and precipitation outside of the cell mérane for APBanddirect, cell-surface

related nucleation for Gloeocapsa sp-or APB, the most plausible scenario of CgCO
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precipitation consists in increasing the pH of tgk solution during bacterial metabolism.
The role of APB in precipitation is restricted teetchange of bulk aqueous solution chemistry
via increasing solution pH and saturation degrees. uinlikely that live APB cells may serve
as nucleation sites for carbonate precipitatiorgabse they apparently protect themselves
from carbonate incrustation by creating a positiserface potential at the pH of
photosynthesis and during the phase of massive gaG&eation. In contrast, the absence of
cell protection mechanism for cyanobactefoeocapsasp. due to different spatial
organization of their cells allow them to efficigntalcify via direct embedding of cells by
calcite. The cells in this case may serve as ntioleaenters due to negative charge present
on the surface dbloeocapsasp. capsules which can therefore bind and accuentile metal
ions such as G4 In addition, in the microenvironment close to Haeterial cell wall the pH
might be higher than that in the bulk solution doentense photosynthesis. This extremely
variable solution composition in the vicinity of licsurface does not allow observing a
straightforward relationship between the bulk solutsupersaturation degree and apparent
CaCQ crystallization rates in the presence of photdsstieingGloeocapsa sp.

Finally, the last two papers of this thesis (Apgignl and 2) present a study of
hydrous Mg carbonate formation in the presence ieé Iphotosynthetizing bacteria
(Gloeocapsap. andSynechoccocusp.). We have shown, in a suite of laboratory @rpents
and natural observations, that hydrous Mg carbomaeipitation may occur due to
cyanobacterial photosynthesis in the lake water thatl Mg isotope fractionation between
solid and solution&*®Mgsoig-soutio) linked to this process ranges from -0.8 to -1.5Pkere
is no significant difference between biotic andodbi fractionation factors. Formation of
hydrous Mg carbonate occurs via stepwise crystdibn/recrystallization process
nesquehonite- dypingite - hydromagnesite initiated by the nucleation of roloules in

the vicinity and on the live cell surfaces.

This work opens a number of perspectives for furthesearch on bacterial
biomineralization.
. Towards a better understanding of initial crystallion phenomena, cyanobacterial
cell surface and EPS interaction with Ca and Mg @mesidered as important governing
factors of mineral nucleation kinetics and thusettes a separate study. Towards this goal, a

multidisciplinary macroscopic/microscopic and spestopic approach can be envisaged.
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. The present study, performed in batch reactors,odstrated the difficulties of
guantifying the rates of mineral growth and nugteatin closed system with continuously
increasing biomass. Therefore, for rigorous assessnof crystallization rates and
identification of governing parameters, continuflogy, open-system biological reactors
similar to those elaborated for mineral dissolut{erg., Shirokova et al., 2011, submitted)
have to be used. Such reactors will allow maint@gnconstant bacterial biomass (at the
exponential or stationary stage) and constant isolytarameters (pH, [Ca], [Mg], [DIC],
[DOC])) including supersaturation degr€racosz While continuously evacuating growthing
biomass and mineral precipitation products.

. The ultimate goal of multidisciplinary physico-chieal study of bacterial
biomineralization phenomena should be a constmaifoquantitative (and predictive) model
that link the primary productivity (PP, or biomag®wth) and the amount and mineralogy of
precipitated mineral. A straightforward relationslhietween the amount of produced biomass
and the moles of precipitated hydrous Mg carborfatablished for Synechoccocus sp.
cyanobacteria of the Salda Lake water) providesla €mpirical background for such a
model. Ideally, this model should incorporate thiéecential equations linking the PP of a
single APB or cyanobacterial cell and the spatisfridbution of pH, DIC, Ca(Mg) an@ in
the diffuse layer adjacent to bacterial surfacee (B example, Pokrovsky and Savenko
1995a,b). Based on available nucleation and crygtaith rate models (constructed from
independent abiotic experiments), a kinetic equatay carbonate precursor nucleation and
metastable phase crystal growth in the vicinitycell surface should be constructed. These
relationships will be used to assess the time seacgdo form the first mineral precursor
(nesquehonite, monohydrocalcite, amorphous GaCdepending on the intensity of
photosynthesis and initial chemical compositiontted media. The next step in this model
should be a prediction of mineral transformatioact®ns in the sequence of classical Oswald
ripening:

CaCQ(amorp) - monohydrocalcite- vaterite » aragonite— calcite, and Nesquehonite
dypingite — hydromagnesite,

which occur under continuous photosynthesis lepdon the increase of pH and and
decrease of [DIC] and [Ca]([Mg]). Again, the tramshation (recrystallization) reaction rate
driven essentially by physico-chemical inorganicenal dissolution/precipitation reactions

should be based on results of independent abiggieranents.
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Finally, this model should incorporate, at all gmgf mineral growth and dissolution, the
effect of cellular exometabolites and various exdad both on Ca(Mg) speciation in solution
and on the mineral(nucleus) surface. Again, thasetik and thermodynamic coefficients can
be evaluated only from independent physico-chenggpkriments with bacterially-produced
dissolved and colloidal organic matter. Overalisianticipated that such a model, applied for
the first time to bacterial monoculture, will alloguantitative reconstruction of the amount
and nature of carbonate minerals formed duringteaghic bacterial activity both in the past
and present aquatic environments.

. Despite a highly sophisticated physico-chemical mnctoscopic approach used in the
present study to characterize the processes obrard biomineralization induced by axenic
bacterial cultures, the direct extrapolation ofsthaesults to natural environments is not
possible because of the dominance of microbial adtias (autotrophic and heterotrophic
aerobic and anaerobic bacteria). The main differeraf these consortia experiments from
monocultural approach ar@: chemical gradients linked to PP and respiraticn different
and exhibit clear diurnal and much more heterogemespatial pattern and) cellular
exometabolites and dead cells are not freely adaileo participate in mineral carbonation
process, being essentially consumed by heterotopbiivity. Towards approaching the
natural environment, a coupled (double) culturethe liquid media of autotrophic and
heterotrophic bacteria should be developed. In sucticrobial reactor, simultaneous control
of both heterotrophic bacteria and cyanobactermaicentration, primary productivity and
respiration together with all usuall solution paedens should be provided and the mineral
precipitation rates may be assessed following treeptual scheme described above for the
monoculture reactor.

. An efficient way to address both spatial heteroggrand species-species relationship
in a complex microbial consortia is to use gel-ldal growth and mineral crystallization
media thus approaching the cyanobacterial biofibtmdttions typical for microbial mats or
stromatolites. Although numerous previous studie®duagar media for Ca(Mg)GO
crystallization in the presence of heterotrophicteaa, the main shortcoming of these works
was the lack of rigorous characterization of thensital composition of the media. To
overcome this barrier, Raman or confocal-basediigales allowing high-resolution imaging
of chemical profiles around growing cells and ppéating mineral aggregates are envisaged.
Additional powerful technique allowing efficientating of specific biological, metabolic and
physico-chemical (abiotic) processes of carbonateeral formation is the measurement of

stable isotope fractionation. Although the lasttgdrthis study failed to prove the specific
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biological Mg isotope fractionation mechanism (mseripts presented in Appendix 1 and 2),
linked to Mg hydrous carbonate precipitation byroyaacteria, the potential of using C, Ca
and Mg isotopes but also traces such as B, Fesifetaeach of the reaction sequence step of
the general model described in the third perspest{presented above) is just at the beginning

of its exploration.

Overall, this work represents only the first stegvdrds quantitative assessment of
bacterial biomineralization phenomena in individuallltures in aqueous solutions.
Appearance of novel, in-situ high resolution trgcaihemical, spectroscopic, microscopic but
also macroscopic techniques, being currently agplig different research groups in the
world, will allow achieving new qualitative undeasding of mineral — bacterial cell
interaction reaction and associations applied tlividual cultures but also to cell consortia,

both in laboratory conditions and in natural enmiment.
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Abstract

Lake Salda (SE Turkey) is one of the few modernirenments in Earth’s surface
where hydrous Mg-carbonates are the dominant ptatig minerals. Stromatolites
consisting mainly of hydromagnesite formed by cymawterial activity are abundant in this
aguatic ecosystem. Mg isotope analyses were pegfbon samples of incoming streams and
groundwaters, lake waters and stromatolites/sedsneomposed of hydromagnesite.
Laboratory modeling experiments of Mg hydrous cadie precipitation were conducted on
purified Salda lake cyanobacteria Ghroococalesfamily (close toSynechococcusp.)
isolated from the lake water. The hydrous magnesicarbonates, nesquehonite
(MgCOs-3H,0) and dypingite (MgCOs3)4(OH).*5(H.0)), were precipitated in batch reactors
from aqueous solutions containing 0.05 M NaHCG@d 0.025 M MgGl and natural Salda
Lake water in the presence and absence of liveophiothesizingSynechococcusp. Bulk
precipitation rates are not affected by the presaidacteria in case of air bubbling through
solution. However, bacterial photosynthesis allowedquehonite precipitation in stirred non
bubbled reactors, under conditions more similanatural settings. In bacteria-free systems
without air bubbling mineral precipitation did notcur despite similar or higher solution
supersaturation degree. Mg isotope fractionatinf®Mgsoiid-soutio) between mineral and
solution in the abiotic experiments is identicalithm uncertainty, to that measured in
cyanobacteria-bearing experiments and range froftel-0.7%.. The isotopic shift between
the inflowing streams (and the groundwaters) fegdie lake §°Mg ~ -1.1 to -1.4 %o DSM-
3) and the lake water samplegyig ~ 0.0 to 0.1 % DSM-3) might be explained by the
formation of hydromagnesite in the lake water vitfMg ~ -0.8 to -1.1 %o. This is consistent
with results of laboratory experiments in this stwhd previous works oloeocapsasp.
cyanobacteria.

1. INTRODUCTION

In contrast to significant research efforts aimed ekucidating biogeochemical
processes in lakes using traditional isotopic tephes (eg. C, O, N, S, B; Peterson and Fry,
1987; Pentecost and Spiro, 1990) new less-comnaiesisotopes of metals such as Ca, Cu,
Fe, Li, Mg, Zn are just at the beginning of thetillization by limnologists. Among new

isotopic couples, Mg provides a very promising prdxecause 1) it is a major ionic
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component of the lake water; 2) it is directly itwed in chlorophyla of aquatic
microorganisms (Black et al., 2006, 2007); 3) itapable forming individual minerals in the
lake sediments (Castanier et al., 1993; Power..e2@0D9) and 4) its stable isotopes are proven
to fractionate more significantly compared to othkkaline earth metal such Ca and Sr (Galy
et al., 2002; Tipper et al., 2006; Higgins and 8gh2010; Li et al., 2011; Schauble, 2011).

One of the most important processes controllingdachemical cycle of calcium and
magnesium in continental waters is carbonate biemalization (Lowenstum and Weiner,
1989; Dove, 2010). Cyanobacteria-induced mineratinaoccurred in both ancient and
modern environments since the Precambrian (KempeKazmierczak, 1990; Knoll et al.,
1993; Brady et al., 2009; Planavsky et al, 2009yelRaand Giordano, 2009; Riding, 2000;
Ries, 2010). The majority of modern freshwater ojmatteria-dominated carbonate
formations are observed in alkaline aquatic envirents with high calcium to magnesium
ratios (Scholl and Taft, 1964; Miuller et al., 19T2suki and Wetzel, 1974; Kelts and Hs,
1978; Pentecost, 1978; Stabel, 1986; Thompson andsfF1990; Pedone and Folk, 1996;
Ferris et al., 1997; Thompson et al.,, 1997; Kazazak and Kempe, 2006; Dupraz et al.,
2009; Power et al., 2011) producing various forfeabcium carbonate minerals. In contrast,
the formation of Mg-rich carbonate minerals by aylaacteria occurs only in specific Earth
surface environments, such as Lake Salda in Turlych is fed by ultramafic rock
weathering products (e.g. Braithwaite and Zede®4)9alkaline lakes such as those in British
Columbia (Renaut, 1990; Power et al., 2007, 200@) some saline lake sediments (Renaut
and Long, 1989; Renaut and Douglas, 1990; Quetadl.e 1997). The interest to these
Mg(HCOs), -dominated lakes has been recently stimulateddmnodery of Mg carbonates on
the surface of the Mars which may witness the erist of some Mg-rich waters precipitated
hydrous Mg carbonates (Calvin et al., 1994; Russtlhl.,, 1999; Edwards et al., 2005;
Palomba et al., 2009).

Compared to relatively good knowledge of reactiates and mechanisms of calcium
carbonate precipitation associated with cyanob@att@ctivity, both in liquid suspension
(Hartley et al., 1995, Obst and Dittrich, 2006; ©Obsal., 2009; Dittrich and Sibler, 2010;
Kranz et al., 2010) and in biofilms (Jorgensenlet1®83; Cox et al., 1989; Hartley et al.,
1996), the understanding of main biological andgutgrchemical factors controlling hydrous
Mg carbonate precipitation and Mg isotope fracttmrain natural waters is still at the very
beginning.

In this regard, alkaline Lake Salda (SW Turkey)respnts an excellent natural

laboratory where contemporary Mg carbonate preatipih occurs. Previous studies allowed
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comprehensive understanding of its geology, lithglobiology and processes of mineral
precipitation occurring in the lake basin (Braiti@aand Zedef, 1994, 1996). It is believed
that hydromagnesite (M@H),(C0Ozs)3-3H0O) microbialites (stromatolites) developed along
the lake coast are formed via cyanobacterial agal alctivity (Braithwaite and Zedef, 1994).
In this work, we sampled lake waters, sediments asmdmatolites and we performed
laboratory modeling experiments in order to asfiessange and characterize the mechanisms
of Mg isotope fractionation in lacustrine environtheThis allowed us providing first
quantitative experimental and field calibrationM§ isotope fractionation between aqueous
solution and biotically and abiotically formed hgds magnesium carbonates under
conditions similar to the lake water. It is antetigd that obtained results should provide a
firm basis for quantitative use of magnesium isesps proxies for tracing biomineralization

processes in past and contemporary continentatiaggrevironments.

2. MATERIALS AND METHODS

2.1. Site description

Salda Géli (lake in turkish), located in SW Turkiegis an area close to 45 %and an
average depth of 80 m with a maximal reported deptB00 m (Fig. 1A). This lake was
earlier extensively studied from limnological, gagical and geochemical point of view
(Schmid, 1987; Braithwaite and Zedef, 1994, 1996s4ell et al., 1999; Zedef et al., 2000;
Kazanchi et al., 2004). It represents an ideal rahtoase of C@ sequestration because
meteoric waters feeding the lake dissolve adjaceittamafic rocks and precipitate
hydromagnesite in shallow littoral zones, similarwhat is recently described in British
Columbia playas (Power et al., 2009). The lake imsutlet and the water level is varying
from one year to another, being largely controbgdgrecipitation/evaporation regime.

Contemporary hydromagnesite stromatolites are dpeel in the littoral of SW part of
the lake (Kocaadalar Burnu) where they form thigd, 20 to 30 m islands about 50 m
offshore risingCl0 m from the lake bottom and reaching within 3-éfthe surface. Similar
to Braithwaite and Zedef (1994, 1996), we defineehfter the modern, actively grown
microbialite structures as stromatolites. Underwdteing examination of the deepest part of
these islands at the end of the littoral did nddenced any stromatolite presence at depth
more than 6-10 m. Smaller, up to 1.5-3 m stromi@®lare also found in other parts of the
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lake within 10-20 m from the shoreline (Fig. 1B)nd&lly, at the littoral of the N side of the
lake, most submerged stones are covered by activelying, non-solidified stromatolites
(Fig. 1C) having the same texture as that constguhe large islands (Fig. 1B)

Detailed underwater examination of the surface todnsatolites demonstrated that
they are alive and actively growing. The minerafate is covered by a layer of green algae,
diatoms and cyanobacteria with oxygen bubbles adjao the surface of the microbial mats
(Fig. 1D).

2.2. Sampling of lake water and minerals

We sampled all inflowing streams and the lake r@tazone for dissolved load in
February 2008 and 2010 and in September 2010. Massiomatolite islands of Kocaadalar
Burnu and lake water column up to 70 m depth inrthedle of the lake were sampled in
September 2010 from a PVC boat.

Various pieces of air-exposed stromatolite islandswell as parts of stromatolites
collected from 4-5 m depth were also investigaiath mold, external surface and internal
parts of stromatolites have been sampled (Fig.dLBGQ). We also sampled hydromagnesite
sand from the beach and carbonate mineral coatirsybbmerged branches and grasses.

For bacterial culture in laboratory, large volunwssurface water filtered on-site
using sterile Nalgene disposable filter unit (paljmonate 0.22 um) and sterile polypropylene
flacons and stored at 5°C during transport to dbetatory.

For the water column sampling, horizontal polycawdie water sampler (Aquatic
Research Co) was used, applying ultraclean sampjimgcedures throughout all
manipulations in the field (Shirokova et al., 2010he water samples were immediately
filtered through sterile, single-use Minisafitter units (Sartorius, acetate cellulose filterth
pore sizes of 0.45 um. The first 100ml of the dilér was systematically discarded. Dissolved
oxygen, pH and temperature were measured on-diteaniuncertainty of 5%, 0.02 units, and
0.5°C, respectively. Concentrations of dissolvegaaic carbon (DOC), CI, SQalkalinity
(Alk), cations and trace element (TE) were measuredur laboratory using methods
routinely applied for analysis of lake and riverterasamples (Pokrovsky et al., 2010, 2011;
Shirokova et al., 2010; Vasyukova et al., 2010).
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2.3. Culture and characterization of cyanobacteria

A culture of family Chroococales cyanobacteria was isolated from the surface of
coastal stromatolites sampled in February 2008 ftbendepth of 1 m at 50 m from the
shoreline of the Salda Lake, SW Turkey. Similaaiss Chroococcus turgidyslankothrix,
Anabaenaand Microcystig were reported to occur in adjacent Mg(H{ich alkaline lake
Burdur, SW Turkey (Girgin et al., 2004). The cuétwas purified on the agar BG-11 or Pratt
media and individual colonies were grown in synthetyanobacteria BG-11 Freshwater
Solution for 3 weeks until the stationary growthapl was reached. Continuous illumination
at 2000 Ix was provided from fluorescent lamps. ri@mcteriumSynechoccocugypically
consists of isolated elongated cells, without gigant amount of mucilage.

Their phylogenetic affiliation was performed by DNAxtracting (UltraCleah
Microbial DNA Isolation Kit MO BIO) and 16S RNA genamplifying (bacterial-specific
primers 27F (5-AGAGTTTGATCCTGGCTCAG) and prokamyetpecific reverse primers
1492R (5-GGTTACCTTGTTACGACTT), see Gerard et &02 for the condition of PCR
amplification) and sequencing (Cogenics, Beckmanl©€b Genomics). The sequence was
then identified by BLAST against the NCBI non-redant nucleotides database. We found
that purified culture an@ynechoccocus PCC X&lready reported to occur in alkaline lakes
and notably lake Salda (Girgin et al., 2004), siv&%identity at the level of their 16S RNA
genes. The concentration of the bacterial cell sasipns was quantified via optical density
(O.D.) using a spectrophotometer at a wavelengtii5& nm (Hu et al., 2000; Sarcina and
Mullineaux, 2000).The O.D. calibration curve - wet weight was linearto 1.3 absorbance
units and the ratio between wet and freeze-driegdwef Synechoccocusp. was 8.62.0.

Very similar cyanobacteria culture was also isalateom the interior part of the
examined stromatolite and from the algal coatingtle submerged branches in inflowing
stream. Therefore, it can be considered as the mosimon and easily culturable
cyanobacteria representative for Salda lake petgphyote that other cyanobacterial species
like Gloeocapsasp. were also reported to occur in the Salda Ekematolites and water
column. As such, several experiments were performigidl model Gloeocapsasp. culture
described previously (Pokrovsky et al., 2008; Mavatis et al., 2011)

2.4. Laboratory Precipitation Experiments

Precipitation experiments were aimed at reprodubigghydrous carbonate formation

in the presence of cyanobacterial cultures extdafrtem the Salda lake stromatolites under
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controlled laboratory conditions. Experiments weeeformed in 1000 ml sterile borosilicate
glass reactors containing either the low-phospkEd&6 of normal content, 50 uM) BG-11
growth medium, or the cell supernatant (sterileeféd BG-11 media after 14-30 days of
culture growth on the stationary phase), into whizf25-0.03 M MgCGl and ~0.05 M
NaHCQ; were added. In addition, sterile Salda lake w#&@914 M Mg, 0.03 M DIC)
amended with low-phosphate BG-11 nutrient compajewas used for bacterial growth
experiments. Details of all experiments perfornrethis study are given in Table 1.

Several distinct types of biotic experiments wesefgrmed at 25 + 2°C. Experiments
S-Bio-2, S-Bio-5 and S-Bio-7 were performed in teex that were continuously stirred with
a magnet stir bar and bubbled with sterile humidwaih an average flow rate of 1.5 £ 0.3
L/min. Experiments S-Bio-1, S-Bio-3, S-Bio-4 andB#®-6 were performed in reactors that
were stirred but without air bubbling. Salda lakatev amended with components of BG-11
(S-Bio-3, 4) or without addition of BG-11 (S-Bio-&% well as artificial solutions of different
composition (0.025 M MgGl+ 0.05 M NaHCQ, S-Bio-1, S-Bio-2, S-Bio-5) and 0.05 M
MgCl, + 0.005 M NaHCQ (S-Bio-7) were used as growth media. ExperimenBios8, 9
and 10 (0.025 M MgGl+ 0.05 M NaHCQ amended with BG-11) were run without shaking
and bubbling. Each of these experiments was peddramder continuous fluorescent light of
30 pmol photon A s*.

Abiotic cell-free control experiments were alsofpened at a variety of conditions.
S-Abio-1 experiment was performed with stirring aadbubbling in the presence of a sterile
supernatant of th&ynechoccocusp. cyanobacteria containing 50 + 10 mg/L of dissdl
organic carbon (DOC) in the form of cell exometatiesl in which MgCj and NaHCQ were
added in concentrations similar to those of thdidiexperiments. The supernatant solution
used in these abiotic experiments was generated @htrifugation and filtration through a
0.22 um sterile filter of theSynechoccocusp. culture collected ~20 days after attainment of
the stationary phase. Abiotic control experimen#&bi-2, 5 and 6 were performed without
air bubbling in sterile Salda lake water amendeth Wow-phosphate BG-11 culture media.
Experiment S-Abio-4 was performed also without ilbbling in solution having elevated
concentrations of Mg and DIC (0.05 M MgCt 0.1 M NaHCQ). All abiotic experiments
were performed in the presence of 0.01 M kla&dNprevent possible microbial growth.

One additional experiment, S-f, was run to assegs dgnsumption and isotopic
fractionation by Synechoccocussp. without carbonate precipitation. This experimen

performed in the absence of dissolved Mg&ild NaHCQ andSynechoccocusp. was grown
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in BG-11 medium. The fluid phase and biomass ia &xperiment was sampled after 5 days
and 3 months of growth.

2.5. Sampling and Analyses

30-50 ml aliquots of homogeneous suspension (auntaithe solution, precipitated
mineral phase, and cells if present) were sampétbgically from the reactors in a sterile
laminar hood box during each experiment. Opticalsitg and pH were measured in liquid
sub-samples, whilst the solution supernatants wetelly filtered (< 0.22 pum) and later
processed for alkalinity, DOC, and Mg concentratineasurements. Trace elements were
measured without preconcentration by the ICP-M#&wWihg procedure routinely used in our
laboratory for lake and river water analyses (ePgkrovsky et al., 2010, 2011). Alkalinity
was determined following a standard HCI titratioroqgedure using an automatic Schott
TitroLine alpha TA18" titrator with an uncertainty of +2% and a deteatlmmit of 5x10°
M. Dissolved Organic Carbon (DOC) was analyzed gisih Shimadzu TOC-6000 SCN
Carbon Total Analyzer with an uncertainty of 3% andetection limit of 40 uM. Magnesium
concentrations were measured by flame atomic absorgpectroscopy using a Perkin Elmer
AAnalyst 400 with an uncertainty of +2% and a dateclimit of 0.2 uM. pH was measured
using a Mettler Toledo combined electrode, withracgion of £0.01. The uncertainty of
biomass concentration determination via opticakdgns estimated at £10%.

Prior to sample characterization by scanning eectmicroscopy (SEM), organic
matter was removed by treating sampled solid phagbsl0% HO, for 2-3 days at the same
pH as the experimental fluids. The residual sohdges were then thoroughly rinsed with de-
ionized water and freeze dried at -55°C. The min@nases were characterized by SEM using
a Jeol JSM840a, and by X-ray diffraction using &l CPS 120 Cg, with a scan speed of
0.02s™. Untreated solids were kept for chemical analgsislescribed below.

Transmission Electron Microscopy (TEM) analysis wasformed using TEMSCAN
facilities of the University of Toulouse, with a OE JEM 2100F unit equipped with a field
emission gun (FEG) source and a PGT EDX detect&M Tsamples for analyses were
prepared by immersing 200 mesh copper grids coattda carbon film for 10 seconds in
solutions containing live bacteria taken from theeximents that either produced or not
mineral precipitates. To minimize the potentialeetfof crystallization from salts present in

reactor solution on TEM/EDX measurements, aliquadt20 mL were centrifuged at 4000
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rpm for 10 minutes and washed twice with sterildlidiwater. Grids were dried and covered
with a 20 nm carbon layer prior to TEM analysis.

2.6. Magnesium Isotope Analyses

Mg isotope compositions of liquid and solid samptaslected in the field and
produced during the experimental part of the prestudy, were analyzed following the
procedure given in Mavromatis et al. (2011). Magmesisotopic ratios were measured using
a Thermo-Finnigan ‘Neptune’ Multi Collector Industly Coupled Plasma Mass
Spectrometer (MC-ICP-MS) at GET (Toulouse, Frande$trumental mass fractionation
effects were corrected via sample-standard brauketind all results are presented in delta

notation with respect to the DSM-3 internationdrence material (Galy et al., 2001):

XMg

24Mg sample
)

24Mg DSM3

where x refers to the Mg mass of interest. Compatibility results between the

5*Mg = ~1|11000 (1)

Neptune and Nu Instrument MC-ICP-MS used in thisdgtwas confirmed by replicate
analyses of three international Mg reference statsdéDSM, CAM-1 and OUMg), and by
duplicate analyses of the carbonate standard J-Dbhé *®Mg reproducibility of these
standards was typically <0.08 %o.

The isotopic offset between the Mg in the fluid ahdt incorporated into the solid
phase is defined as:
A**Msolic-iquid = 8°Msolid - 8 Mgiiquid (2)

This value was determined for all samples wheré boe fluid and solid phases were

collected in the present study.
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3. RESULTS

3.1. Chemical and Mg isotopic composition of Saldake water and minerals

3.1.1. Hydrochemistry

Concentrations of Mg, Alk and pH values measuredSelda lake waters and
inflowing streams are in general in agreement wélues reported by Braithwaite and Zedef
(1994, 1996) and Kazanci et al. (2004) over the fvas decades. The chemical composition
of major and trace elements in collected samplefisied in the electronic supporting
information (ESM-1). In February 2008 and 2010 face water temperature was around 8-
10°C whereas in September 2010, it varied from°Z7 & the surface to 13°C at 70 m depth.
The summer period corresponds to the most signifiggrowth of stromatolites (e.g.
Braithwaite and Zedef, 1996) and as such, detaiteanical and isotopic analysis of the lake
water composition was performed in water sampléeaed during September 2010. During
this period, pH decreased from 9.20+0.05 at théasarto 9.03+0.03 at the bottom layer;
[DOC] ranged from 4.1-4.5 to 3.5 mg/L, and Alk, M@a and CI concentrations remained
constant in the water column and were equal to2Zx0®01 M, 390+5 mg/L, 4.0£0.1 mg/L
and 19515 mg/L, respectively. Solution saturati@gree 2) with respect to nesquehonite,
the first precipitating mineral (e.g., Mavromatisa¢, 2011 and this study) ranged from 1.6-
1.85 at the surface to 0.76 at the bottom layeerdiore, precipitation of hydrous magnesium
carbonates in the Salda lake water during summiénited to the upper 20 meters. The Mg
concentration of incoming streams and groundwaites about 3 times lower compared to
the lake water (e.g., 72 — 120 mg/L, see also Bnaiite and Zedef, 1996) and they were
strongly undersaturated with respect to nesquei@#esquenonite= 0.03-0.12).

3.1.2. Mineralogy of stromatolites

Collected stromatolites are dominated by hydromsigme&s shown by XRD analysis
of multiple spots of a 20 cm-thick representatitterasatolite sample and littoral sediments.
The carbonate sand on the littoral zone of the [akate coastal deposits Fig. 1A) is also
composed of hydromagnesite as it essentially catgs from the wave abrasion of growing
stromatolites (Braithwaite and Zedef, 1996). Théemal stromatolite surface has a typical
honeycomb-like structure (Fig. 2A, B) probably faendue to heterotrophic degradation of
cyanobacteria cell which are mineralized withinitlePS layers (e.g., Dupraz et al., 2004). In
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the deeper (interior) part of stromatolites, plkitelof hydromagnesite are clearly seen (Fig.
2D) and similar needle-like habits occur on hydrgnesite covering the submerged solid
support as tree branches (Fig. 2C). These thrastgpcrystal forms were found to be highly
reproducible and frequently found in all investeghthydromagnesite samples. The imprints
of Pyrogira green algae are often seen by the SEM on thecauoffiastromatolites (not shown)
as this algae efficiency to colonize active straiiegt surfaces forming visible air bubbles
(Fig. 1D).

3.1.3. Mg isotopes

In September 2010, magnesium isotopic composi®fMg) of the lake water was
very homogeneous and did not vary among differéets son the littoral zone, with and
without stromatolite presence, and along the wawérmn down to the bottom (70 m), being
equal in average to 0.118+0.043 (kable 2). The coastal lake water in February 2808
2010 hadd**Mg of -0.005 and -0.02 %The incoming spring and ground water are much
lighter in Mg havingd*®Mg between -1.4 and -0.8%.. The internal and extepaats of

stromatolites and the littoral sand exhibit simffalg isotope signature of -0.99 + 0.07 %o.

3.2. Experimental modeling of hydrous Mg carbonat@recipitation in laboratory

The measured chemical composition of the reactivield and the mineralogy of
precipitated solid phases are listed in the Eledtr&upplementary Material (Table ESM-2
(as file ESM.pdf made of “Total compilation Saldargbacteria-March-2011.xls” filpand are described

in detail below.

3.2.1. Solid phases

X-ray diffraction results demonstrate the precijpita of nesquehonite (MgG&BH,0)
and dypingite (MgCQs)4(OH),#5H,0) at distinct times during the experiments.
Nesquehonite precipitation is limited to the fil2-23 days of experiments S-Bio-2 and S-
Bio-5, but it is present after 48 days in experitr@rAbio-4 performed in solutions two times
more enriched in Mg and DIC (Fig. 2I). Two biotians (S-Bio-1 and S-Bio-2) yielded
brucite at the end of experiment (Fig. 2G) with queshonite followed by dypingite at the
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beginning. For the majority of abiotic (S-Abio-1;ABio-3) and some biotic experiments (S-
Bio-2, 3 and 5), dypingite or mixtures of dypingiéemd hydromagnesite were the main
mineral phases at the end of experiment. Experigngatformed on Salda lake water without
air bubbling often yielded the presence of hydronesife. Scanning electron microscopy
images, such as shown in Fig. 2, reveal that nésouke exhibits a needle-like habit, whilst
the dypingite is present as rosette-like aggregaiés?2 to 10 pum diameter. The
hydromagnesite was characterized by rounded eledgaystals of 0.5 - 1 um size forming
large associates (Fig. 2K). Overall, the sequerigeezipitation and recrystallization events
seems as: nesquehonite (needles 20-120 um lon§, idHarge)— dypingite (rosettes 5-15
um)— hydromagnesite (aggregates 20-40 um).

It is important noting that the hydromagnesite talyassociates formed in solutions
with Gloeocapsasp. cyanobacteria (Fig. 2F, Exp H2) are surprigirsigilar to the external
surface of Salda lake stromatolites (Fig. 2A) whsrdhe rosette-like dypingite and
hydromagnesite aggregates obtained in experimeitks Synechoccocusp. cyanobacteria
(Fig. 2E, Exp S-Bio-10; Fig. 2J, K, Exp S-Bio-3kaalso similar to natural hydromagnesite
coatings of submerged surfaces in the Salda lakg @C). Finally, the “platellets” of
hydromagnesite precipitated in biotic experimer®i&-3 (Fig. 2K, L) resemble the interior
part of natural stromatolite (Fig. 2D). Note theagl of hydromagnesite crystals formed in
this experiment is similar to that of coccoBynechoccocusp. cyanobacteria (Fig. 3A)
suggesting some embedding of the cells. Such areddiry of cells and cell associates is
clearly seen in experiment witBloeocapsasp. cyanobacteria cultured during 100 days in
Mg, HCOs-enriched BG-11 media (Exp No H-5", S-Bio-11) aihds likely to be responsible
for typical honeycomb structure of Mg hydrous cavdtes formed in the presence of
cyanobacteria (Fig. 2E) as well as in natural satmiites (Fig. 2A, B)

The TEM examination of bacteria grown during 2 wseek hydromagnesite-
supersaturation low-phosphate BG-11 nutrient mediataining initially 0.025 M MgGl +
0.05 M NaHCQ demonstrated the presence of nanometer-size diphemystals assembled
in network-like associates of 1-2 um size, usuatlyacent to the very surface of live cells
(Fig. 3A, D, E). In addition, mineral coating ofettwhole cell surfaces (Fig. 3C) or cell
sheaths (Fig. 3B) was frequently observed. Celtlsvgrin Mg, HCQ' low nutrient media
remained clean, without any mineral precipitatiortloe surface (Fig. 3F).
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3.2.2. Chemical Composition of the Fluid Phase

The temporal evolution of Mg concentration and pHalll experiments and the
temporal evolution of alkalinity and biomass cortcation during representative experiments
are illustrated in Fig. 4. The Mg concentration akklinity of the reactive fluids tend to
decrease and the pH tends to increase with timeaglail biotic experiments, notably those
with air bubbling (Fig. 4A, C, E). In the biotic dmbiotic experiments, the reactive fluid Mg
concentration and alkalinity decreased during tre¢ 10+5 days, becoming almost constant
thereafter, suggesting the attainment of near-dgwim conditions with most insoluble Mg
carbonate phase, hydromagnesite or dypingite. Abistirred experiments without air
bubbling did not produce measurable [Mg] and [Adldcrease although slight pH increase
was observed (Fig. 4B, D, F). Biotic stirred expents with and without air bubbling
demonstrated very similar pattern of pH, [Mg] ardlk] dependence on time (Fig. 4),
although the biomass production was a factor of ivgher in experiments with air bubbling
(Fig. 5). The amendment of Salda lake water withrieot BG-11 components exhibit
significant effect on biomass production and Mg oy carbonate precipitation as follows
from Mg concentration decrease (Fig. 6).

Quantitative analysis of the amount of precipitatederal (mole of Mg removed from
solution) as a function of biomass production yaelé clear relationship with a slope of 7.1 +
0.9 following the relationship

Mprecipitatedmoles) = (7.10.9% Biomassroduced Gwel) (3)

or, converting mole of Mg into mole of precipitatedheral (Fig. 7):

Hydromagnesite (mol) = (1.45+0.28)Biomassgoduced Gwet) 4)

Given the large variety of investigated conditigB&-11 media, Salda lake water, air
bubbling and no-bubbling regime), we consider ttépendence as universal suitable for
guantitative prediction (£25%) of the amount of gp&tated Mg hydrous carbonate in the
presence of photosynthesizing cyanobacteria. Amoitin@ortant conclusion that may be
drawn from this dependence is that the mineraldydtie to microbial photosynthesis and,
thus, mineral precipitation rates, are very simdarong experiments with different solution
conditions (Mg, DIC concentration and pH), duratiand biomass concentration, and air

bubbling or no-bubbling regime.

The speciation and saturation state of the readhinds with respect to potentially

precipitating mineral phases for all experimentss walculated using PHREEQC together
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with its MINTEQAZ2 database (Parkhurst and Appel99) after adding to it thermodynamic
properties for nesquehonite and hydromagnesitertegppdoy Cheng and Li (2010a,b). The
calculated aqueous speciation of Mg is reportetaible ESM-3 (file Total compilation 2011
Avril.exl). The speciation of agueous Mg during #eriments was dominated by aqueous
Mg?*, but also contained 30-50% Mgegy and MgHCQ°. Reactive fluids were
undersaturatedY = 0.2-0.4) with respect to, first precipitatinggsle, nesquehonite, found to
be near to equilibrium with respect to nesquehoafter 5-10 days of reaction, during the
beginning of massive precipitation, and unders&tdravith respect to nesquehonite and
hydromagnesite at the end of each experiment. dtugagion state of these fluids with respect
to dypingite was not calculated owing to lack dévant thermodynamic data. The evolution
of the saturation state of the fluids of biotic aaloiotic experiments with and without air
bubbling is illustrated in Fig. 8A and B, respeetix The initial supersaturation degree with
respect to nesquehonite, the first precipitatingsgh ranged from 0.2 to 0.6, at the beginning
of the experiments, to 0.8 - 1.6 in the middleezation, before massive mineral precipitation
and finally decreased to 0.1 - 0.3. Experiment$ witver concentrations of HGOand thus
lower supersaturation degree(.3) failed to produce sufficient mineral precipion.

Note that the abiotic experiments yielded minerakcjpitation only at the conditions
of air bubbling, where as stirred unbubbled expents failed to precipitate any detectable
quantity of hydrous Mg carbonate, despite the fla@tQnesquenonitdvas similar or even higher
than that in biotic experiments (Fig. 8B). Simijarlexperiments with Salda lake water
amended (S-Bio-4) and not amended (S-Bio-6) with-BGyielded similar precipitation
indices after 5 and 20 days of experiment (Fig.; 8@wever, no mineral precipitation was
observed in nutrient-free Salda lake water.

Apparent precipitation rates; were calculated from the first derivative of tthad
phase Mg concentration with respect to time, fromdnset of precipitation to the attainment
of constant fluid Mg concentrations using

r _ g
odt

(4)

where Cmg stands for the concentration of Mg in the reacfived andt designates

time. All experiments performed in the presencstefile humid air bubbling attained steady-
state Mg concentrations over shorter time periddstd days) and exhibit approximately
twice higher apparent precipitation rates compaedubbling-free experiments. Under

similar environmental conditions (Mg, DIC, bubblinegime), the precipitation rate measured
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in biotic (S-Bio-2) experiment is significantly ligr than that measured in abiotic experiment
(S-Abio-1): -1.22 and -0.50 mmol Mg dayrespectively.

3.2.3 Magnesium Isotopic Composition

Mg-isotope analyses were performed on selected Isanap experiments S-Bio-1, S-
Bio-2, S-Abio-1, 4 and 5 where nesquehonite andindye were the main precipitated
mineral phases except the last sample of S-Bio-Zwjielded brucite as the main phase.
The Mg isotope compositions of all analyzed samplesgiven in Table 2 and the temporal
evolution of A*®Mgseig-sotion (EQN. 2) during experiments is plotted in Fig. 1Al
experiments exhibited mass-dependent fractionatetween the fluid and the solid phase.
The precipitated hydrous Mg carbonates h&\Blg compositions that are 0.5-1.4 %o lighter
than their liquid counterparts. Precipitated breicgt only 0.1-0.2 %o lighter than the aqueous
solution. Isotopic composition @dynechoccocusp. cells from the mineral-free experiment
was 0.15 %o enriched in heavier Mg isotopic compasitompared to the growth medium.

There is no statistically significant correlatioatlveen the extent of Mg fractionation
and the reactive fluid pH, IARiomagnesite Mg, alkalinity and biomass concentrations (not
shown) as also follows from data on other cyanaactof the familyChroococcales
Gloeocapsasp. (Mavromatis et al., 2011). Generally, witHie tourse of experiments with a
single mineral hydrous Mg carbonate phase presEnt$-Bio-5, S-Abio-1), tha?®Mgsoiid-
iquid Values are almost constant as a function of etapsee (Fig. 10A) or the fraction of Mg
remaining in solution (Fig. 10B) and consistenthwiiosed system equilibrium exchange

between the fluid and solid phase.

4. DISCUSSION

4.1. Mineralogy of Salda lake sediments and laboraty precipitates.

Although the stromatolites of the Salda lake wetemsively studied in the past, the
present study confirms the dominance of hydromatmémMgs(COs)4(OH)*4H,0) as the
main mineral of these microbialites. The externaface of stromatolite is extremely porous,
void-like, honeycomb-like structure bearing the smmce of bacterial associates or
cyanobacterial colonies. The persistence of hydgmasite both in the lake littoral sediments

and in live microbialites confirms its ultimate tpterm stability at the conditions of lake
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water temperature and pH. This is also in accotti véports on hydromagnesite dominance
in alkaline playas of British Columbia (Power et, a2009) and the hydromagnesite
persistence in other alkaline lake sediments (Resradi Long, 1989; Queralt et al., 1997).
The bottom waters of the lake and incoming strearasindersaturated with respect to
hydromagnesite and nesquehonite which suggest niporiance of bothi) microbial
photosynthetic activity andi) surface temperature in creating sufficient suggerstion

degree favorable fan-situ mineral formation.

In contrast to natural samples, experimental pr&tipn both in biotic and abiotic
systems yielded mainly nesquehonite and dypingh&hough the transformation of
nesquehonite into hydromagnesite is relatively, fastthe order of weeks, it has only been
studied at elevated temperatures (Davies and Bub@¥8; Hopkinson et al., 2008). The same
authors also suggested that dypingite £{@§s3)s(OH)*5(H,O0) may represent an
intermediate metastable phase during the transttfamesquehonite to hydromagnesite. This
observation, together with the results of our leergn experiments (100 days; S-Bio-8, 9 and
10) were hydromagnesite was formed, may explainptiesence of less stable intermediate
phases (nesquehonite and dypingite) in experimemisat room temperature for relatively
short period of time (2 to 6 weeks). Similar to oesults, Power et al. (2007), working with
microbial consortia isolated from Atlin Playas, tigih Columbia, Canada, reported dypingite
formation in biotic mesocosm experiments, and nelquoite formation in abiotic control
experiments at a pH of ~9.5

A striking similarity is observed between Mg hydsazarbonate forming at the surface
of live stromatolites in the Salda lake (Fig. 2Byl@hose precipitating in long-term laboratory
experiments wittGloeocapsasp. (Fig. 2F) as well as in numerous field obsgova (see Fig.
9c and Fig. 11 in Dupraz et al., 2004). Duprazl.et2®09) observed that discontinuous EPS
calcification generates a micropeloidal structuesuiting from the presence of clusters of
coccoid or remnants of flamentous bacteria. Funtioee the same authors report that no
precipitation is observed in or on the sheathsyahobacteria, and only a negligible amount
of precipitation is directly associated with the IMmgganized and active filamentous
cyanobacteria (in deeper layers of the mat). lustéee precipitation occurs at the uppermost
layer of the mat, which is composed of EPS, emjamentous bacteria and coccoids

(Gloeocapsaspp.). Results of the present study corrobordtesrtechanism of honeycomb -
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like structures formation for hydrous Mg carbonatiee to the presence of EPS and cell
capsules evidenced earlier only for biocalcificatghenomena.

4.2. Physico-chemical mechanisms of Mg carbonate gmipitation in the presence
of cyanobacteria

Carbonate mineral formation in the presence of gawithetic bacteria may be
attributed to the alkaline environment produced ttueelease of hydroxyl ions as a result of
photosynthesis (Thompson and Ferris, 1990; DowgtdsBeveridge, 1998). pH was observed
to increase in all experiments although this inseeaas much smaller in abiotic experiments
without air bubbling. In abiotic experiments, tinsrease originates from the degassing of the
initial reactive fluid which contained 3x802 mol/kg NaHCQ at pH ~ 8.2-9.2. Owing to this
high aqueous bicarbonate content, these initiadislinave a pCOof ~(0.3-10%10%° atm,
supersaturated with respect to the atmospherebilibieling of sterile humid air liberates €O
from the reactive fluid leading to both an increas@H and degree of supersaturation with
respect to Mg carbonate minerals. In biotic expernits, this pC@decrease was accompanied
by additional pH increase due to photosynthetiakgif HCQ ions and OHrelease.

In contrast, the lack of precipitation in abiotign-bubbling experiments may stem
from insufficient local supersaturation occurrimgthe vicinity of cells during photosynthesis
(Pokrovsky and Savenko, 1994). This micro-environimgupersaturation well known for
microbial mats and stemmed from local pH rise (8osgn and Revsbech, 1983) are
necessary to initiate nesquehonite precipitatiooweder, it may not be detectable in the plot
of bulk solutionQ versus time (Fig. 8). Therefore, at the experimecdnditions investigated
in this work, the live photosynthesizing cells &g nucleation centers due to high local
supersaturation, not occurring in abiotic, no-buliblexperiments. The contrast between
bubbling and non-bubbling regime should be moraigant in non-stirred experiments;
however, given the low pertinence of such an expenial setup to highly agitated coastal
zones of the Salda Lake subjected to wave abraiese experiments were not conducted.

Results of the experiments in axenic culture peméat in the present study suggest
that the role of studied cyanobacteria is bothnicreasing pH of the bulk solution capable
directly controlling crystallization process andproviding specific organic template and EPS
for nucleation. Given the presence of microcrystalimineral precipitates at the vicinity of
the cell walls and directly at the cell surfaceg(R3) we suggest that the role of cyanobacterial
polysaccharides in Mg hydrous carbonate precipitais significant as also established for
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calcium carbonate (e.g., Braissant et al., 20087 2Dittrich and Sibler, 2010). This is further
confirmed by the similarity of Mg hydrous carbonateystals observed in natural
microbialites and that in laboratory cultures (R and 2F). The demonstrated capacity of
one single culture to precipitate carbonate crgstaly similar in shape to those of microbial
consortia of Salda lake stromatolites may have mambd consequences on the mechanisms of
Mg-rich carbonates formation in the past, befoeedppearance of massive Ca@@rmation

in the ocean. If the presence of live cyanobacteriaapable of inducing hydromagnesite
precipitation simply by increasing pH and supenssdtan and without specific action of other
bacteria, then the formation of Mg-rich stromatsiin Precambrian period could occur via
the simplest life form. This may question the neitgsof important control by postmortem
decomposition of cyanobacterial sheaths by pretipit-inducing heterotrophic bacteria as

suggested for ancient dendritic reef structuresdlLat al., 2000).

At the present time, it is widely accepted thatvaty metabolizing microbial cells are
capable of avoiding calcium carbonate mineral estetion and cell entombment (Thompson
et al., 1997; Aloisi et al., 2006; Bontognali et, &008; Martinez et al., 2010) via various
mechanisms of cell electric potential regulationlayger formation and extracellular EPS
generation as evidenced from numerous laboratgpgraxents and field observations (e.g.,
Krumbein et al.,, 1977; Chafetz and Buczynski, 1982p et al., 1999a, b). Unlike in
experiments and observations on biocalcificationfiaz et al., 2009; Martinez et al., 2010),
hydrous Mg carbonate formation does not triggeelapgrotection mechanism. The presence
of nanoclusters of hydrous Mg carbonates at thg sarface of live cells detectable in the
TEM images (Fig. 3A, D, E) and complete cell entatisn by precipitated mineral seen by
the SEM (Fig. 2F, N, O) unequivocally supports thajor role of cell surface in governing
Mg mineral formation in the presence of cyanobaateells.

In addition to different but still unknown requiremts (pH, pC@ EPS concentration)
of calcite and hydrous Mg carbonate nucleationhat \ticinity of photosynthesizing cells,
another reason for this difference may be the iffesize of forming crystals. Unlike calcite
or dolomite submicron nano-globulles (e.g. Aloisi a&., 2006; Bontognall et al., 2008;
Spadafora et al., 2010), the first precipitated royd Mg carbonate, nesquehonite, is
represented by crystals of 50 to 200 um length. (Eigand as such it can not embed the
small Synechoccocusp. cells. Similarly, rosette-like dypingite cryiséggregates (Fig. 2E, J
and M) formed at the second stage of experimenal®@too large to cover completely the

cyanobacterial cells at the beginning of incrustatiOnly at the stage of hydromagnesite
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formation at the end of experiment (Fig. 2K, 2L) tae end of experiments, massive
embedding and encrusting becomes possible diestoall size of hydromagnesite platelets,
andii) the presence of dead cells which are easier nenmaiize (e.g., Chafetz and Buczynski,
1992; Martinez et al., 2010)

4.3. Fractionation of Mg isotopes

Mg isotope fractionation between cells and aquemlistions A*®Mgsgid-solutio) linked
to adsorption by cyanobacterial cell surface amcallular uptake durin§ynechoccocusp.
growth, assessed in mineral-free bacterial growgfeements (S-f), is equal to 0.152 %o. This
is in agreement with previous results @loeocapsasp. cyanobacteria (0.05-0.2 %o,
Mavromatis et al., 2011). At the same time, Blatlkale (2006) reported that chlorophyl
isolated from cyanobacteriu®. elongatupreferentially incorporates light Mg isotopes with
a fractionation factor of -0.71 to -0.53 %o depemgdon the growth stage. The chlorophyll
represents small fraction of total cell Mg pooliqmared to the cytoplasm. As such, there may
be significant variation of Mg isotopic ratio infidirent cell pools, with cytoplasm being
much "heavier" than the chlorophyll. Note that,ikmlother essential metals, Kigis not
exchanged during a cell division cycle, but ondeetaby the cells, remains inside them
(Silver and Walderhaug, 1992). This explains thesigeence of light Mg isotope composition
in mineral-free biomass, collected after 5 days &hdmonths (-0.82 and -1.18 %o,
respectively).

During the abiotic experiment S-Abio-1 in the pms® of air bubbling, the
precipitated dypingite exhibits &°Mgsoiid-solutionValue between -1.4%. and -1. 25%o, whereas
abiotic experiment S-Abio-4 without bubbling proddconly nesquehonite with*®Mgsgiic-
soluion = -0.47%0. In contrast, the biotic experiment wibubbling (S-Bio-5) vyielded
nesquehonite slightly lighter than the abiotic denpart and depleted ffMg compared to
fluid with A*®Mgsoiig-solution€qual to -0.7%o to -1.0 %o. Finally, biotic experimg with brucite
precipitation hadA?®Mgsoiig-solution = -0.2%o to -0.1%o. Therefore, we observe a syst@mat
enrichment of mineral solid phase by light isotopethe order brucite < nesquehonite <
dypingite with maximal fractionation factors of 70to -1.4 %o similar to that reported for
hydrous Mg carbonates formation in the presealoeocapsap. cyanobacteria (Mavromatis
et al., 2011). Overall, the depletion of heavyapas in our samples is also coherent with the
results of previous studies on Mg isotope fractimmabetween aqueous fluids and biogenic
skeletal carbonates (Chang et al., 2004; Buhl .et2807; Hippler et al., 2009), abiotically
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precipitated low Mg-calcite (Galy et al., 2002; Irantauser et al., 2010), dolomite (Higgins
and Schrag, 2010), and magnesite (Pearce et @D).20

The nearly constarmZGMgsond_"quid values for a given dominant mineral phase are
consistent with a closed-system fractionation éguiim model suggesting a continuous
isotopic exchange/equilibration between the préamipd hydrous Mg-carbonates and the
reactive fluid (Criss, 1999). Taking into accouatler results for dypingite (Mavromatis et
al., 2011) and for other hydrous Mg carbonatess (&hork), it can be assumed that hydrous
Mg-carbonate minerals are in a continuous isotamailibrium when present in aquatic
environments. The exchange does not seem to apphecaffected by physicochemical
factors such as pH, bubbling, Mg and DIC conceluinadr the biological activity.

The isotopic shift between solid and solution obedrin the laboratory is in
reasonable agreement with that found in the Salklea €cosystem. In the latter, an offset of
1.0-1.4 %o between the incoming streams and groutetw/drom the one hand and the lake
water from the other hand is consistent with fororatof 1.0-1.4 %o isotopically lighter
hydromagnesite via cyanobacterial activity in thrersatolites. It is important to note that the
presence of biofilms and other, heterotrophic b&ctén the microbial community of
stromatolites apparently, have no significant dffec overall isotopic fractionation factor
compared to laboratory monocultures of cyanobacte@iven that abiotic precipitation
experiments yielded similar fractionation factdre tuse of Mg isotopes for tracing the role of

microbial activity in Mg hydrous carbonate formatis unwarranted.

5. CONCLUSIONS

The hydrochemistry of the Salda lake system anld fdservations suggest strong
microbial control on hydrous Mg carbonates formaiio the upper layers of the lake surface.
Laboratory experiments with cyanobacteria cult@roococalessp. isolated from live
stromatolite yielded the precipitation of hydrousgnesium carbonates, nesquehonite and
dypingite under varying laboratory conditions. Wescdvered a universal dependence
between the amount of precipitated Mg carbonatebaaterial biomass production which can
be used for reconstructing paleoproductivity basedthe amount of accumulated Mg
carbonates. All experiments yielded similar bullegipitation rates, although the pH of
reactive fluid was 0.5-1.0 units higher in biotiongpared to abiotic experiments. Taken
together these observations suggest that the mesércyanobacteria is necessary to increase
solution pH and therefore, supersaturation degneet@ provide the sites for nucleation at the

microenvironments of the cell surface. No cell potibn mechanisms known for
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biocalcification phenomena have been evidenced asecof hydrous Mg carbonate
precipitation. The difference between mineral (metmnite and dypingite) and solutitivig
isotope ratio AzeMgso"d_uquid) obtained from abiotic experiments are similar hivit the
uncertainty of those obtained in the presenc8yofechoccocusp. and earlieGloeocapsasp.

cyanobacteria.
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Table 1: Experimental conditions during the experimentsqrened in this study. All abiotic experiments weonducted in the presence of 0.01

M NaNs.
Experiment Medium Duration conditions Biomass pHrange Mgrange DOC, Rate (Mg slope)
(days) range, gyedL (mM) mg/L mmol day * Solid phase

S-BIO-1 BG-11 43 0.1-3.1 8.7-10.6 17-62 -0.86

H-10 Stirring, no bubblin 25.6-2.. Dypingite+brucite
S-BIO-2 BG-11 30 0.2-3.7 8.2-10.5 60 Nesquehonite,

H-16 Stirring, bubbling 30.8-4.1 -1.22 Dypingite, brucite
S-BIO-3 BG-11 on Salda lak 34 0.2-2.2 9.2-10.8 7-18

H-46 water Stirring, no bubblin 15-2.¢ -0.38** Dypingite, hydromagnesite
S-BIO-4 BG-11 on Salda lak 36 0.1-3.0 9.3-10.8 14-3 9-17

H-50 water Stirring, no bubbling -0.435** Dypingite, hydromagnesite
S-BIO-5 BG-11 30 Stirring, bubbling 0.4-28 82-104 31-7 23-29

H-20 -0.71 Nesquehonite, dypingite
S-BIO-6 Salda lake water w; 34 Stirring, no bubbling 0.2-0.9 9.2-9.6 9.5-12 No precipitation

H-47 BG-11
S-BIO-7 0.05 M MgCI2+0.005 31 Stirring, bubbling 0.05-3.0 8.1-10.0 52-40 Nogipéation
S-BIO-8* BG-11:0.025 M MgC} + 100 No stirring, no bubbling 0.05-40 84-104 255 20-120 N.D. Hydromagnesite

H-2* 0.036 M NaHCQ@
S-BIO-9 BG-11:0.025M MgC} + 100 No stirring, bubbling 0.05-35 84-10.7 25-5 10-65 N.D. Hydromagnesite

H-3 0.036 M NaHCQ@
S-BIO-10 BG-11:0.025 M MgC} + 100 No stirring, no bubbling 0.05-3.5 8.5-10.8 25-5 0-4D N.D. Hydromagnesite

H-4 0.036 M NaHCQ@
S-BIO-11* BG-11:0.025M MgC} + 40 Stirring, no bubbling 0.2-2.2 8.7-10.6 25-4 6.2-90 N.D. Dypingite, brucite

H-5* 0.05 M NaHCQ
S-ABIO-1 Supernatant 25 Stirring, bubbling 8.15-9.3 23-9 90-30

H-18 -0.50
S-ABIO-2 BG-11 on Salda lak 35 Stirring, no bubblinh 0 9.2-9.39 13-12 7.4  No precipitation

H-49 water
S-ABIO-3 Supernatant 25 Stirring, no bubbling 0 81-9.25 37-13 30 Dypingite

H-22 -1.39
S-ABIO-4 0.05M MgCI2 + 0.1 48 Stirring, no bubbling 0 8.33-8.90 52-27

H-27 M NaHCO3 -0.67 Nesguehonite, dypingite
S-ABIO-5 BG-11 on Salda lak 35 Stirring, no bubblinh 0 8.2-9.46 21-22 No precipitation

H-48 water
S-ABIO-6 BG-11on Saldalak  407? Stirring, no bubbling 0 9.3-94 13.1-1338 No precipitation

H-51 water

* Gloeocapsa sp. Culture; ** The rates are significantly lower due to lower initial Mg concentration
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Sample Time LIQUIDS SOLIDS
Expt. .
No. (Days)  &wMg 2sd.  &Mg 2sd. | Mg 2sd. Mg 2sd. A*Mg solid-liguid Mineralogy
Laboratory samples
1 0 -0.2699 0.0343 -0.5235 0.0504
S-Bio-1 (H-10) 8 13 0.0477 0.0599 -0.0172 0.0561
13 37 -0.0905 0.0546 -0.4620 0.0258] -0.0501 0.0708 -0.5666 0.0052 -0.105 Brucite
S-Bio-2 (H-16) 6 7 -0.07978 0.0589 -0.16762 0.1025]-0.80708 0.0318 -1.57317 0.0161 -1.406 Nesquehonite
10 15 -0.4093 0.0716 -0.75737 0.1207 |-0.56523 0.0396 -1.06708 0.0356 -0.310 Dypingite
14 26 -0.2328 0.0500 -0.4472 0.0264] -0.3658 0.0096 -0.6992 0.0408 -0.252 dypingite+brucite
S-ABIO-1 (H-18) 4 6 -0.074 0.041 -0.103 0.033 -0.738 0.016 -1.428 0.005 -1.325 Dypingite
8 13 0.1130 0.0356 0.2129 0.0114| -0.5905 0.0321 -1.1911 0.0197 -1.404 Dypingite
13 25 0.0900 0.0277 0.1949 0.0314 ] -0.5554 0.0226 -1.0608 0.0295 -1.256 Dypingite
-1.328
S-BIO-5 (H20) 4 10 -0.0677 0.0677 -0.16521 0.1025] -0.4668 0.0168 -0.96494 0.0548 -0.800 nesguehonite
9 20 -0.02475 0.0300 -0.10091 0.0505] -0.3676 0.0021 -0.76927 0.1294 -0.668 nesguehonite
11 26 0.18442 0.0299 0.36078 0.0728]-0.33207 0.0507 -0.70502 0.0874 -1.066 nesquehonite
-0.845
S-ABIO-4 (H-27) 10 40 -0.2059 0.0257 -0.38161 0.0630] -0.4176 0.0446 -0.84917 0.0936 -0.468 nesguehonite
S-f-5 culture 5 days 5 -0.47447 0.0462 -0.97307 0.0525]-0.38499 0.0525 -0.82143 0.0667 0.152
3 months -0.582 0.0046 -1.18436 0.0187 -0.211
Natural samples
T3 Salda Lake coast and stromatholites 0.1337 0.0162 0.2569 0.0721] -0.3648 0.0477 -0.6955 0.0357 -0.952 Hydromagnesite
Salda coastal water & Sand on the beach -0.0637 0.0772 -0.1360 0.1509| -0.5040 0.0665 -0.9933 0.1537 -0.857 Hydromagnesite
Stromatolite - Interior part -0.5324 0.0407 -1.0384 0.0315 -1.118* Hydromagnesite
Stromatolite - Exterior part -0.4794 0.0037 -0.9378 0.0225 -1.018* Hydromagnesite
Salda-Water February 2010 -0.0053 0.0077 -0.0208 0.0046
Live stromatolites + bacteria -0.3953 0.0260 -0.7541 0.0178
Lake depth profile:
TO7-0 0 0.075 0.017 0.150 0.010
T07-20 20 0.035 0.044 0.094 0.049
T07-40 40 0.100 0.031 0.167 0.031
T07-60 60 0.040 0.034 0.117  0.080
T07-70 70 0.079 0.011  0.137 0.063
T08, Stromatolite islands 0.050 0.024 0.084 0.027
T11, 1.5 m depth, fragm. stromatolites 0.045 0.024 0.080 0.042
0.118
T09, Incoming spring -0.733 0.042 -1.402 0.053
T10, Spring under mountain, Yuoruk MZL -0.535 0.101 -1.010 0.107
T1, Coastal lake water, Feb 2008 -0.019 0.046 -0.005 0.070
T2 Incoming spring, Feb 2008 -0.384 0.049 -0.759 0.028
Epsomite deposits at the wood 0.1000 -0.1830 0.0226 -0.3401 0.0466 -0.4401 Epsomite

* Assuming &°°Mg in Salda lake water of 0.08%o

Table 2. Mg isotopic composition in natural and labratory samples
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Figure 1. (A): View of the Salda lake coast. The lte and light blue layers at the
littoral zone represent the hydromagnesite sand foned due to modern and
paleostromatolites wave abrasion. (B): Modern stromatolite formations in the littoral
zone. (C): stromatolite coating of the peridote rdc debris from 1-1.5 depth in the littoral
zone. (D): surface of active stromatolite coveredybPyrogira algae and diatoms with
oxygen bubbles illustrating active on-going photosyhesis.
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Figure 2. SEM images of natural stromatolites and>@erimentally precipitated
minerals
(A): sample T3-1 of the coastal zone, representirige external surface of
stromatolite with a zoom (B). (C): Scratch of 2-10nm thick mineral coating on grasses
and tree branches in the littoral zone water. (D) Deep interior part of the microbialite.
EDS analyses demonstrated o the presence of onlyMg, and O in all natural samples
(A-D).

E-N: Laboratory precipitates of Experiment S-Bio-10with dypingite (E), S-Bio-8
with hydromagnesite (F), S-Bio-2 with dypingite + bucite (G), S-Abio-4 with
nesquhonite + dypingite (1), S-Bio-3 with dypingiteJ), S-Bio-3 with hydromagnesite (K,
L), S-Abio-1 with dypingite (M), and S-Bio-11 withdypingite and hydromagnesite (N,
0).
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Figure 3. TEM images of hydrous Mg carbonate prapitation after 14 days in 0.025 M MgC} + 0.05 M NaHCGO; (A-E) and
Synechococcus sgrowth during 14 days in BG-11 media without mineal precipitation (F).




Figure 4. Reactive fluid evolution during experimeis performed in this study.
Temporal evolution of pH (A, B), Mg concentration C, D), and Alkalinity concentration
(E, F) during experiments in continuously stirred reactors with air bubbling (left panel,

A, C, E) and without air bubbling (right panel, B, D, F). The symbol size is within the
uncertainty of the analyses.
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Figure 5. The biomass evolution during experiments stirred reactors with
bubbling (S-Bio-2, circles) and without air bubbling (S-Bio-3, 4, diamonds and triangles)
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Figure 6. Magnesium and biomass concentration evdion during experiments in
stirred reactors with Salda lake water amended witrBG-11 components (S-Bio-4,
squares) and without BG-11 (S-Bio-6, squares)
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Figure 7. Relationship between the amount of precifated hydromagnesite (mmol)
and the increase of the biomass (g, in different biotic experiments.
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Figure 8. Temporal evolution of degree of saturatio of nesquehonite Qnesquenonitd
of the reactive fluids in stirred experiments. A: During biotic (S-Bio-2) and abiotic (S-
Abio-1) experiments with air bubbling; B: During biotic and abiotic experiments
without air bubbling; C: During biotic experiments with Salda lake water amended with
BG-11 components (S-Bio-4, squares) and without BG (S-Bio-6, squares)
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Figure 9. Mg isotopic composition in Salda lake wat (blue diamonds), inflowing
springs (pink squares), stromatolites and sedimeniyellow triangles).
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Figure 10. Temporal evolution of3*®Mg in the liquid and solid samples collected
during experiments Bio-A and Abio-A plotted as a function of elapsed time (A) and
fraction of Mg remaining in solution (B). The sizeof the symbols incorporates the
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Appendix 2

Magnesium isotope fractionation
during hydrous magnesium
carbonate precipitation with and
without cyanobacteria
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Abstract

The hydrous magnesium carbonates, nesquehonite @y88,0) and dypingite
(Mgs(COs)4(OH),-5(H0)), were precipitated in batch reactors from agsesolutions
containing 0.05 M NaHC@®and 0.025 M MgGCl and in the presence and absence of live
photosynthesizingGloeocapsasp. cyanobacteria at various conditions (i.e.risgr and
bubbling, continuous light, darkness, day/night leyc Bulk precipitation rates are not
affected by the presence of bacteria although thiatisn pH and the degree of fluid
supersaturation with respect to magnesium carbsiatecase due to photosynthesis.. Lighter
Mg isotopes are preferentially incorporated inte phecipitated solids in all experiments. Mg
isotope fractionation between mineral and solufiorthe abiotic experiments is identical,
within uncertainty, to that measured in cyanobaateearing experiments; measu@&iMg
ranges from -1.54 to -1.16 %o in all experiments. lgope fractionation is also found to be
independent of reactive solution pH and Mg, :£Gind biomass concentrations. Taken
together, these observations suggest@@atocapsap. cyanobacterium does not appreciably
affect the magnesium isotope fractionation betwaagreous solution and hydrous magnesium
carbonates both in laboratory and natural conditiorhese results may have significant
implications for past environmental reconstructioh hydrous magnesium carbonates

precipitation in the cyanobacterial mats.
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1. INTRODUCTION

Biomineralization is the most important carbonat@eral formation mechanism in
the hydrosphere (Lowenstum and Weiner, 1989; Chafetl Buczynski, 1992; Ferris et al.,
1997; Douglas and Beveridge 1998; Dove, 2010). Glacteria induced mineralization
occurred in both ancient and modern environmentadBet al., 2009; Planavsky et al, 2009;
Raven and Giordano, 2009); cyanobacteria-dominat@tbonate formation occurred in
oceans, lakes, springs, and soils during the Prgcam (Riding, 2000), whilst modern
cyanobacteria-dominated carbonate formation odoungghly alkaline aquatic environments
(Thompson and Ferris, 1990; Braithwaite and Zeti@d4; Dupraz et al., 2009; Power et al.,
2009). The formation of Mg-rich carbonates by cyzawieria occurs only in specific Earth
surface environments, such as Lake Salda in Turkéych is fed by ultramafic rock
weathering products (e.g. Braithwaite and Zede§4)9and alkaline lakes such as those in
British Columbia (Power et al., 2007, 2009).

The chemical and isotopic composition of bio-préated minerals is routinely used
to reconstruct past environmental conditions (Ati@nn et al., 2006), with particular
emphasis on carbon and oxygen fractionation inaaates (e.g. Pentecost and Spiro, 1990;
Power et al., 2007). Until recently, little attemtihas been paid to the possibility of isotopic
fractionation of the major divalent cations withearbonate minerals (i.e. Ca, Mg and Sr)
owing to the more complex analytical proceduresiireg to quantify these effects (Chang et
al., 2003; Young and Galy, 2004). The importancéIgfin biogeochemical cycles, and the
~8% mass difference betwe&iMg and?®Mg suggest that Mg isotopes are potentially useful
for resolving mass fractionation mechanisms dudadponate precipitation. The potential for
magnesium isotope fractionation in carbonate miadras been recently documented for Mg-
bearing carbonates (Chang et al., 2004; Buhl e2807; Hippler et al., 2009) and may be
significant in cyanobacterial induced mineralizat{@lack et al., 2006).

In this study the rates and magnitude of Mg isotibpetionation has been determined
during the abiotic anGloeocapsasp. induced precipitation of hydrous Mg-carbonaldgese
results 1) enable the quantitative calibration af Motope fractionation between aqueous

solutions and biotically and abiotically formed magium carbonates at Earth surface
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conditions, and 2) allow assessment of the possiike of cyanobacteria on Mg isotope

fractionation during carbonate biomineralization.

2. MATERIALS AND METHODS

2.1. Culture and Characterization of Cyanobacteria

An axenic culture of mesophiliGloeocapsasp. f-6gl cyanobacteria was obtained
from the Institute of Microbiology RAS (Moscow). iBhculture was originally isolated from
a thermal spring having a temperature ranging f8@nto 40°C in Kamchatka (Russia). The
bacterium was grown in synthetic, low-phosphate ¥4®f normal content) cyanobacteria
BG-11 Freshwater Solution for 3 weeks until thetisteary growth phase was reached
(Martinez et al., 2008). Cyanobacteriioeocapsasp. typically consists of a small number
of spherical individual colonies, containing 3 t0 &ells enclosed within larger masses of
mucilage. The concentration of the bacterial celspensions was quantified via optical
density (O.D.) using a spectrophotometer at a vesngh of 750 nm. This wavelength was
selected after full spectra recording in the re@66-800 nm of both mineral-free live cells of
Gloeocapsasp. cyanobacteria and cell-free dypingite suspessiThe mineral suspension
exhibits no adsorption in the region 650-800 nm nehe the cyanobacterial cells exhibit a
distinct peak at 700-750 nm. The overall light abaace of mineral suspension is lower by a
factor of 10 than that of live biomass, when exgeésper dry and wet weight. As a result, the
maximum uncertainty in optical biomass measuremehgced by the presence of minerals
via absorbance at 750 nm is no more than 10%, winsclwithin the experimental
reproducibility. The O.D. calibration curve — humigtight was linear up to 1.3 absorbance
units and the ratio between humid and freeze-dueidht ofGloeocapsap. was 10.& 2.0.

Although the experiments were conducted under fsligrile conditions, possible
reactor contamination by other cyanobacterial gseavas assessed by detailed optical
microscopic examination of bacterial culture durgrgwth, approximately once a week. The
same periodicity was employed for monitoring contation by culturable aerobic
heterotrophic bacteria after inoculation on agaatgd. In both cases, no detectable

contamination was observed even during long-terpegments.
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2.2. Precipitation Experiments

Precipitation experiments were performed in 100Gtatile borosilicate glass reactors
containing either the low-phosphate BG-11 growttdim@ (10% of normal content, 50 uM),
or the cell supernatant, into which 25-30 mM Mg&hd ~50 mM NaHC@were added.
These conditions were found to be the most suitdileMg carbonate precipitation and
correspond closely to conditions found in natuedtisgs where hydromagnesite precipitation
has been reported (Braithwaite and Zedef, 1994 éPetval., 2007). Experiments with lower
concentrations of Mg and HCQ failed to produce sufficient precipitation for &sis,
whereas higher concentrations led to rapid and ningited hydrous Mg carbonate
precipitation. The bacteria used in the experimamse pre-cultured in BG-11 media before
being placed in the reactors. The bacteria contintee grow while mineral precipitation
occurred; biomass typically increased by a factbrl® during the first 2-4 weeks then
increased less rapidly for the rest of the expeniméetails of all experiments performed in
this study are given in Table 1.

Several distinct types of biotic experiments weeefgrmed at 25 + 2°C. All biotic
experiments were initiated by adding a known quari previously grownGloeocapsasp.
cyanobacteria to the reactors. Experiments Bio-é RBin-B were performed in reactors that
were continuously stirred and bubbled with stehibenid air with an average flow rate of 1.5
+ 0.3 L/min. Experiments Bio-C and Bio-F were penfied in reactors that were neither
stirred nor bubbled with air. Experiment Bio-D wabkaken continuous using a Fisher
PingPong 400 shaker, whereas experiment Bio-E weemintious stirred but both were
performed in the absence of bubbling. Each of thegeeriments was performed under
continuous fluorescent light of 30 pmol photof &t. In addition, experiment Bio-G was run
under a normal day/night cycle without stirring abdbbling and experiment Bio-I was
shaken and run in complete darkness without bupbkarthermore, experiments Bio-G and
Bio-I run for 143 days to allow for i) achievemeonit end of stationary growth phase and
beginning of the cell death phase and ii) to actdanlong-term mineral transformation
reactions. This allowed for a better approximatwdmatural conditions and a more rigorous
characterization of mineral transformation reaction

All abiotic experiments performed at 25 ¥2but at various conditions. Experiments
Abio-A, Abio-B, Abio-C, and Abio-E were performed the presence of a sterile supernatant
of the Gloeocapsasp. cyanobacteria to which were added Mgtld NaHCQ in similar

concentrations to those of the biotic experimemd 80 + 10 mg/L of dissolved organic
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carbon (DOC) in the form of cell exometabolites.t&lthat by cell exometabolites we mean
dissolved (< 0.22 um) organic substances of undéfstructure and chemical composition,
largely dominated by exopolysaccharides. Furtheemorphytoplankton-originated
exopolymeric substances represent the major poaltafchtonous organic matter in natural
waters, including the lakes where hydrous Mg caab®precipitation occurs. The amount of
Mg initially present in the supernatant was alwkegs than 5% of that added in the form of
MgCl, The concentration of DOC used in these experimisrgsnilar to that measured in the
experiments containing the liv@loeocapsasp. The supernatant solution for these abiotic
experiments was generated by centrifugation am@tiibn through a 0.2g@m sterile filter of
Gloeocapsasp. culture collected ~20 days after attainmenthef stationary phase. Abiotic
control Abio-D1 and Abio-D2 experiments were pemfied in sterile low-phosphate (10 % of
normal content) and normal BG-11 culture mediaeespely. Experiments Abio-A, Abio-B,
Abio-D1, Abio-D2 and Abio-E were bubbled with sterhumid air at similar flow rates as
that of experiments Bio-A and Bio-B. All abiotic gariments were performed in the presence
of 0.01 M NaN to prevent possible microbial contamination.

One additional experiment, P-f, was run to assegs dgnsumption and isotopic
fractionation byGloeocapsasp. in the absence of carbonate precipitations Experiment
was performed in the absence of dissolved M@@id NaHCQ and Gloeocapsasp. was
grown in BG-11 medium. The fluid phase and biomadhis experiment were sampled after
11 and 44 days of growth.

2.3. Sampling and Analyses

30-50 ml aliquots of homogeneous suspension (aantaithe solution, precipitated
mineral phase, and cells if present) were sampétbgically from the reactors in a sterile
laminar hood box during each experiment (see TESIM-1). Optical density and pH were
measured in liquid sub-samples, whilst the solutsuwpernatants were filtered using
MilliPore 0.22 um cellulose acetate filters, thesed for alkalinity, DOC, and Mg
concentration measurements. Alkalinity was deteechifollowing a standard HCI titration
procedure using an automatic Schott TitroLine alpAa0”"s titrator with an uncertainty of +
2% and a detection limit of 5x10M. Dissolved Organic Carbon (DOC) was analyzedgsi
a Shimadzu TOC-6000 Carbon Total Analyzer with aceuntainty of 3% and a detection
limit of 0.1 mg/L. Magnesium concentrations wereasiwed by flame atomic absorption

spectroscopy using a Perkin Elmer AAnalyst 400 aithuncertainty of £2% and a detection
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limit of 0.0002 mM. pH was measured using a Metfletedo combined electrode, with a
precision of +£0.001. The uncertainty of biomass camtration determination via optical
density is estimated at £10%.

Organic matter was removed from the surfaces afbset of the recovered minerals
prior to their surface characterization by treatthgm with 10% HO, for 2-3 days at the
same pH as the experimental fluids. The residua phases were then thoroughly rinsed in
de-ionized water and freeze dried at -55°C. Thaltieg mineral phases were characterized
by scanning electron microscopy (SEM) using a J&W840a, and by X-ray diffraction
using an INEL CPS 120 G with a scan speed of 002", Mineral-free bacterial cells and
cell biomass with precipitated MgGQvere also observed using Transmission Electron
Microscopy (TEM) with a JEOL JEM 12000 EX and JEQEM 2100F (equipped with a
field emission gum (FEG) and PGT EDX detector)@k8. TEM samples were prepared by
first rinsing cell suspension with sterile nutriesatiution and MilliQ water then centrifuging
them for about 2 min at 10000 rpm. TEM analysesewken performed on grids coated with

a carbon film that was submerged in the preparetehbal suspension for 10 s then dried.
2.4. Magnesium Isotope Analyses

Mg isotope compositions of both filtered fluids asalid phases were measured. The
Mg composition of the solids were made before argrtpeatment; as such resulting Mg
compositions reflect contributions of the precifth mineral and some organic material,
including cells of cyanobacteria and chloropayBecause precipitation was performed under
controlled conditions, the potential for isobanmterferences from double charged ions (e.g.
Beg, BTizt, 2oTi%, v, %cr** and *’Cr*Y) was minimal. Galy et al. (2001), however,
demonstrated that the presence of Biad other species within the sample matrix coldd a
result in mass bias effects. Consequently all sasnplere chemically purified prior to Mg
isotopes analysis via cation exchange chromatograpfitered acidified fluids were
evaporated to dryness and re-diluted in 1 M HN#hile the freeze-dried solid samples and
mineral-free organic samples obtained from P-f @rpent were digested in 16 M HNO
before being evaporated and re-dissolved in 1 M BN separation was achieved using
the protocol of Teng et al. (2007), with the AG 50842 exchange resin held in a 10 ml Bio-
Rad poly-prep column. Complete recovery of Mg frtime columns, which is essential to
avoid isotopic fractionation (Chang et al., 2008ng et al., 2007) was confirmed by replicate

passes of samples with different matrices through gurification procedure (Pearce et al.
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2009). A single pass was generally sufficient tduce the cation/Mg ratio in the sample to
<0.05, thereby avoiding potential interferencesrdumass spectrometry analysis (Galy et al.,
2001).

Magnesium isotopic ratios were measured using anmitvéinnigan ‘Neptune’ Multi
Collector Inductively Coupled Plasma Mass Specttem@MC-ICP-MS) at both the LMTG
(Toulouse, France) and at The Open University @ilKeynes, UK). All solutions were
prepared in 0.32 M HN©Oand were introduced into the Ar plasma using adsted spray
chamber. Instrumental mass fractionation effectseweorrected via sample-standard
bracketing, and all results are presented in deltgation with respect to the DSM3

international reference material (Galy et al., 2001

( : ]Sall[)e

wherex refers to the Mg mass of interest. Compatibilifyresults between the two

5*Mg = ~1(1000 (1)

MC-ICP-MS used in this study was confirmed by reguie analyses of three international Mg
reference standards (DSM, CAM-1 and OUMg), and bplidate analyses of the carbonate
standard J-Do 1. Th¥°Mg reproducibility of these standards was typicaify07 %o.

The isotopic offset between the Mg in the fluid ahdt incorporated into the solid
phase can be defined as:
A**Msolic-iquid = 8°Msolid - 8 “Mgiiquid (2)
This value was determined for all samples wheré b fluid and solid phases were
collected in the present study.

The evolution of the Mg isotopic composition of ti®lid phase &°Mgsoid)
precipitating at equilibrium in a closed system ekpent can be calculated from mass
balance constraints using (Criss, 1999):

5°Mgsolid = 8*°Minitial + A(A*M0soiic-iquid-1)-10° (3)
where A stands for the percent of Mg precipitated from tlgid phase, and

5**Mginitial refers to the isotopic composition of the inifiaid phase.
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3. RESULTS

The measured chemical composition of the reactiuds (e.g. the fluid phase in the
reactor during the experiments) and the mineratifigyrecipitated solid phases in all samples
are listed in the Electronic Supplementary Infoloratable ESM-1 (file ESM.pdf) and are

described in detail below.

3.1. Mineralogy of the Precipitated Phases

Examples of X-ray diffraction patterns of the soptiases precipitated during the
experiments are shown in Fig. 1. X-ray diffracti@sults demonstrate the precipitation of
nesquehonite (MgC{£BH,0) and dypingite (MgCOs)4(OH), 5H,0) at distinct times during
the experiments. Nesquehonite precipitation istéohio the first hours of experiments Bio-A
and Abio-A. After ~100 hours of reaction time, dygite was the only mineral phase present
in these experiments. Experiments Bio-C, Bio-D &imo-D2 exhibit dypingite formation
whereas experiments Bio-F, Bio-G, Bio-l, Abio-B, i8kC, Abio-D1 and Abio-E exhibit
nesquehonite formation. Co-existence of both mingnases was observed only in the final
solid sample collected from experiment Bio-E. Imegel, all the collected nesquehonite XRD
patters exhibited close agreement with correspanceference patterns (see Fig. 1B), whilst
the collected XRD patterns of collected dypingitibit some minor difference compared to
their corresponding reference patterns (see Fig. No clear connection between the
mineralogy of the precipitated phase and the ewpmral/ physical conditions of the
experiment is evident. Scanning electron microscappages, reveal that nesquehonite
exhibits a needle-like habit with needles rangirgrf 5 to 15um in length (see Fig. 2A),
whilst the dypingite is present as rosette-likeraggtes of 2 to 8 um diameter (see Fig. 2B
and 2C). Transmission electron microscopy demotestréhe presence of nanometer size
mineral precipitates in the vicinity of cell surégcin solutions supersaturated with respect to
hydrous Mg carbonates (see Fig. 3A) suggestingegtdink between the bacteria and some

precipitates. Such precipitates around cells wbseit in control media (see Fig. 3B).

3.2. Chemical Composition of the Fluid Phase

The temporal evolution of Mg concentration and pHall experiments as well as

alkalinity and biomass concentration during repnésieve experiments are illustrated in Fig.
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4. The Mg concentration and alkalinity of the r@axfluids tend to decrease and the pH tends
to increase with time during all biotic experimer&®me significant differences, however, are
evident among these biotic experiments. For exanaplenitial latent stage lasting ~4 days is
observed in experiments Bio-A, Bio-B, Bio-E, Biowhere the reactive fluid exhibits a slight
increase in Mg concentration and alkalinity. Thateht stage is followed by a rapid decrease
in reactive fluid Mg concentration and alkalinityurthg the next 10-15 days, before
attainment of a quasi-stationary state. Experim&sC, Bio-D, Bio-G, and Bio-I exhibit
similar temporal Mg concentration and pH variatical$hough a pH drop accompanied by an
increase in the Mg concentration and alkalinity @oserved after 40-60 days. For all of these
biotic experiments other than Bio-I, this final miHop is concurrent with a decrease of fluid
optical density suggesting that this observati@mst from cyanobacterial death. A decrease
in photosynthetic activity due to decreasing cyaubdérial activity can result in decreasing
pH which favors Mg-carbonate dissolution.

In the abiotic experiments, the reactive fluid Mgncentration and alkalinity
decreased during the first 10£5 days, becoming stlsonstant thereafter, suggesting the
attainment of near-equilibrium conditions. Duringetsame period, the reactive fluid pH
increased to 9.2-9.3 and then remained approxignatehstant until the end of each
experiment (see Fig. 4 and Table ESM-1).

The speciation and saturation state of the readhinds with respect to potentially
precipitating mineral phases for all experimentss walculated using PHREEQC together
with its MINTEQAZ2 database (Parkhurst and Appel@99) after adding to it thermodynamic
properties for nesquehonite and hydromagnesitertegpdoy Cheng and Li (2010a,b). The
saturation state of these fluids with respect tpimlyite was not calculated owing to lack of
relevant thermodynamic data. A summary of theserabn state calculations is provided in
Table 2. The evolution of the saturation stateheffluids of experiments Bio-A and Abio-A
are illustrated as a function of time in Fig. 5heTcalculated aqueous speciation of Mg is
reported in Table ESM-2 (file ESM.pdf). The aquecgeciation of Mg during the
experiments was dominated by aqueousMput also contained 30-50% of Mgegy) and
minor quantities of MgHC@ and MgOH.

Apparent precipitation rateg) were calculated from the first derivative of thed
phase Mg concentration with respect to time, framdnset of precipitation to the attainment
of constant fluid Mg concentrations using
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:—1 dCMg
Vg, dt

: 4

where Cumg stands for the concentration of Mg in the reactiual, t designates time,

and V\,,; denotes the number of moles of Mg in one mole efith mineral. Resulting

precipitation rates are presented in Table 2. Apegiments performed in the presence of
sterile humid air bubbling attained steady-state ddgcentrations over shorter time periods
(12+3 days) and exhibit higher apparent precimtatrates compared to bubbling-free
experiments. Note that the Mg concentration intladl biotic experiments attained a lower
stationary-state compared to those of the abiafieements. There is, however, no statistical
difference in the precipitation rates obtained frtma biotic (Bio-A and Bio-B) and abiotic
(Abio-A, Abio-B, Abio-D1, Abio-D2, and Abio-E) expenents performed with either stirring
or air bubbling during first 10-15 days with raegual to -143 + 33xIdand -118 + 16x19

mol dypingite L* day*, respectively as calculated usifg. (4).
3.3. Magnesium Isotopic Composition

The Mg isotope compositions of all analyzed samatesgiven in Table 3. Mg isotope
analyses were performed on selected samples ofimgugs Bio-A, Bio-B, Bio-C, Bio-D,
and Abio-A where dypingite was the main precipdat@ineral phase. Furthermore, the
temporal evolution 08°°Mg during experiments Bio-A and Abio-A was studiadietail and
is plotted in Fig. 6.

All experiments exhibited mass-dependent fractiondbetween fluid and solid phase.
The precipitated solids hav&°Mg values that are 0.6-1.55 %o lighter than theguid
counterparts. The solid samples obtained from BideAnot exhibit a systematic temporal
trend, whilst the solid phases from the Abio-A expent show a slight isotopic enrichment
with time, concurrent with a corresponding enrichim@ the reactive fluid from the same
experiment. Isotopic compositions from the mindraé experiment (P-f) show that the
Gloeocapsasp. cells have slightly heavier Mg isotopic valussmpared to the growth
medium. The observed shift °Mg between the biomass and the nutrient media thveed4
days of growth during experiment P-f is ~0.2 %o.

The fractionation factors,A*M@soiiciquisrx @Nd A*®Msolig-iquie,  Calculated  from
corresponding solid and liquid samples are listedable 3. In the presence Gloeocapsa

sp.,AzGMgso"d_uquid calculated from the first collected sample (~ raftehours) of experiment
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Bio-A is significantly lower than that of the lattsamples; this is the only Mg isotope
concentration measurement made on nesquehonit@isnstudy. The samples collected
between 8 and 25 days from the Abio-A control eixpent exhibit A*®Mgsoi-iquid Values
similar to those measured in most of the biotic eexpents. There is no statistically
significant correlation between the extent of Mgctionation and the reactive fluid pH,
IAPhydromagnesite Mg, alkalinity and biomass concentrations assthated in Fig. ESM-1. In
addition, no statistically significant correlatioras found between the fractionation factor and
the agueous speciation of Mg as shown in Fig. ESel-21gCOs°(aq).

The temporaBzeMgsond_nquid evolution of experiments Bio-A and Abio-A are péut
against fraction of Mg remaining in solution in Fig Most data from these experiments fall
on parallel linear trends corresponding to constdM¥gseig-soiuion@nd consistent with closed
system equilibrium exchange between the fluid aidl phase calculated with Eq. (4).

4. DISCUSSION
4.1. Chemical Composition of Solutions and Mineralgy of Precipitants

pH was observed to increase with time in all abiaind biotic experiments. In the
abiotic experiments, this increase originates ftbm degassing of the initial reactive fluid,
which contained a 5x0mol/kg NaHCQ at pH~8.5. Owing to this high aqueous bicarbonate
content, these initial fluids have a p£af 10%° atm, which is supersaturated with respect to
the atmosphere. The bubbling of sterile humid dierbtes C@ from the reactive fluid
leading to both an increase in pH and degree oérsaguration of this fluid with respect to
Mg carbonate minerals. Note that all experimentgeweversaturated with respect to
hydromagnesite, although this mineral phase wasmayserved in the precipitates. In biotic
experiments, this pCOdecrease was accompanied by additional pH increlse to
photosynthetic uptake of HGOons and OHrelease. This enhanced pH increase is evident in
our experiments; the pH in our biotic experimemtsréases by 0.8-2.2 units compared to a
0.7-1.4 units increase in our abiotic experime®snilar pH increases due to biological
activity were documented by Power et al. (2007) wedormed field experiments using a
consortium of cyanobacteria isolated from microbiats of hydromagnesite playas in British
Columbia, Canada. The evolution of fluid compositauring our experiments, as illustrated
in Fig. 4, shows that, in the presence of cyanaegtthere is initial induction period lasting

up to 5 days, during which little mineral precipid@ occurs. At the end of this induction
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period, hydroxyl ions produced by photosynthetitvity increase pH and the degree of fluid
supersaturation with respect to hydrous magnesiamooates leading to their precipitation
(Thompson and Ferris, 1990ndeed, the TEM images shown in Fig. 3, of ac@Bleeocapsa
sp. cyanobacteria suspension in solutions oveegaaiwith respect to magnesium carbonates
show formation of fine grained mineral phase in tlear their surfaces, indicating a strong
link between cyanobacterial cells and precipitatihghydrous carbonate.

The final mineral phase precipitated in our expenis was either dypingite, a rare
hydrous magnesium carbonate mineral compositioratftyilar to hydromagnesite (Raade,
1970) or nesquehonite. Power et al. (2007) repaiiguingite formation in biotic mesocosm
experiments, and nesquehonite formation in abmwirol experiments at a pH of ~9.5. The
transformation of nesquehonite to hydromagnesitenmvn to occur through intermediary
hydrous magnesium carbonate phases such as dgpifDivies and Bubela, 1973;
Hopkinson et al., 2008). Although it has been adgtiat such mineralogical changes could
be an artifact of the sample drying (Botha and d&tny, 2001), we did not observe any
significant difference in the XRD patterns of saagpprepared via freeze-drying and those
oven-drying at 50°C, and thus conclude that miwogiabl changes did not occur during
sample preparation. All previous work reported be transformation of nesquehonite to
hydromagnesite was performed at temperatures ad6v&C, suggesting that this is an
optimum temperature for this reaction. Formationhgfiromagnesite, however, in natural
environments (e.g. Lake Salda, Turkey; British @diia, Canada) likely ocurrs at
significantly lower temperatures, similar to thasmsidered in our experiments (Braithwaite
and Zedef, 1994; Power et al., 2007, 2009). Thelltesabove suggest that at ambient
temperatures the transformation from nesquehoaite/tiromagnesite occurs via a dypingite
intermediary both in the laboratory and in natusmwever the physicochemical factors
controlling these transformation reactions areemntty unknown. Note that a slow transition
from dypingite to hydromagnesite, might explain thierences reported above between our

XRD spectra and the reference standard.
4.2. Role of cyanobacteria in Mg concentration angotopic composition changes
Bacterial cell surfaces, chlorophyl-and cellular cytoplasm are strong adsorbers of
agueous ions; as such some Mg could have absodeellt walls in our experiments

(Pokrovsky and Kompantseva, 2007; Pokrovsky e8l08). For example, Jasper and Silver
(1977) reported that Mg can be incorporated intorcphyll-a and cellular cytoplasm during
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cyanobacterial growth. Black et al. (2006) reportdtat chlorophylla isolated from
cyanobacteriun®. elongatugpreferentially incorporates light Mg isotopes. Thi®cess has
also been observed to enrich cells in heavy Zropsest (Gélabert et al., 2006). The maximum
surface site density @dloeocapsap., as revealed by proton Ca-Mg exchange expetinis
~0.7x10° mol gjry'l (Pokrovsky et al., 2008). This suggests that tagimum amount of Mg
removed from solution during our experiments penfed in the presence of cyanobacteria,
which contained 2-3 g biomass [* is no more than 1.4-2.1xf0mol L% This is
significantly smaller than the 15-25 i0nol/L of Mg removed from solution by mineral
precipitation in our experiments. The small role b#Ecterial adsorption in this study is
confirmed by the results of experiment P-f. Thigpenment, performed to quantify Mg
uptake and fractionation B§loeocapsap. shows that only 1.5xF@0 2.5x10° mol/L of the
agueous Mg concentration in the reactive fluid waeen up by the biomass. Therefore,
unless the isotopic fractionation linked to Mg agision at cyanobacteria surface is orders of
magnitude larger than suggested by previous stulligs@dsorption on the cell surface should
be negligible compared to the effects of minerakppitation.

Note that the magnesium isotope compositions otiied samples retrieved after 1 hr
and 4 days of Bio-A experiment deviate from closgstem fractionation trend shown in Fig.
7a. The observed differences between solid and fhiases may reflect the change in the
mineralogy from the initially precipitated nesquahe to the more stable dypingite, if each
mineral has a distinct fractionation factor. Anatlp@ssibility is that precipitation rates are
fast at the onset of the experiment, so this dewviahay stem from kinetic isotopic fraction

effects.
4.3. Magnesium Isotope Fractionation between Minelfaand Reactive Fluid

The reactive fluids of Bio-A, Bio-B, Bio-C, Bio-[and Abio-A experiments exhibit an
increase irs*°Mg values of 0.5-1.5 %o (see Table 3 and Fig. 6)s Bemonstrates that lighter
Mg isotopes are preferentially incorporated inte folid phase. This observation is coherent
with the results of previous studies on Mg isotfetionation between aqueous fluids and
biogenic skeletal carbonates (Chang et al., 20@hl Bt al., 2007; Hippler et al., 2009),
abiotically precipitated low Mg-calcite (Galy et,&2002; Immenhauser et al., 2010), dolomite
(Higgins and Schrag, 2010), and magnesite (Pearae 2009). The origin of the Mg isotope
fractionation likely stems from the change in Mgatination, symmetry, and bond distances

in the reaction forming the mineral from the aqueduid. One of the main changes during
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this reaction is the loss of the strongly attachgdration shell surrounding Mg, which has 6
water molecules located at a distance of 2.08 A {Binmaso and de Leeuw, 2010}
contrast, Mg in hydrous Mg carbonate minerals isitaoed in a three-dimensional
framework of MgQ octahedra and triangular carbonate ions. For elagrtie average Mg-O
distances in hydromagnesite are 2.10 and 2.04 Aemhe Mg(1) atom is surrounded by 4
oxygen atoms from carbonate ions, 1 hydroxyl gran@ 1 water molecule, while the Mg(2)
atom is surrounded by 4 oxygen atoms from carbogteps and 2 hydroxyl groups (Akao
et al., 1974). As such, the Mg-O octahedral in bytlignesite is more distorted than that in
the aqueous solution. Quantum mechanic theory stggthat heavier isotopes will
concentrate in the species in which they are mostgly bounded (i.e. the aqueous solution),
meaning the lighter, less stable isotopes willdfed in the solid phase (Criss, 1999).

The AZGMgSO”d-“quid values of abiotic experiments range from -1.431td7 %.. These
factors are similar to those found in the experite@erformed in the presence®@loeocapsa
sp., which range from -1.55 to -1.19 %e. Meas%éﬁ/lgsond_uquid values are consistent with a
closed system equilibrium model(Fig. 7) suggesting a continuous isotopic
exchange/equilibration between the precipitatedrdiysl Mg-carbonates and the reactive
fluid, probably via a stepwise dissolution/re-ppei@tion process, which itself is consistent
with the equilibrium fraction model (Criss, 1999uch a process can also explain the small
temporal variations imzeMgsond-nquid values observed during the experiments. The small
deviations iNA*®Mgsoiig-iquia €quilibrium values observed at the end of expemisienay arise
from small changes in the chemical composition gquiemus fluid. The finaAzeMgsond_"quid
values can be affected by: 1) the low amount ofaiemg suspension as well as modification
of stirring and bubbling regime at these conditioasd 2) cell lysis and intracellular
“organic” Mg release at the end of long-term exmpenmt.

The observation tha&zeMgsond_"quid values are identical, within uncertainty (defined a
the standard deviation of all samples where saoldllaquid phase were measured and is equal
to £ 0.14 %o), in the presence and the absenceladocapsasp. suggests that, Mg carbonate
sediments formed via abiotic processes, or provdikedyanobacterial photosynthesis will
exhibit similar Mg isotopic signatures. Moreover aifect of reactor stirring or air bubbling
was found on Mg isotope fractionation. This suggdbiat the experimental fractionation
factors determined in this study may be applicébleatural processes. The only exception to
this might be Mg-carbonate formation in biofilmsatrexhibit a high cell:mineral ratio, as
cyanobacteria can store Taand Md" ions in organic envelopes (Braissant et al., 2003,

2007). In such systems, “organic* Mg originatedniraccell decay and lysis would be
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isotopically lighter than the bulk fluid phase. @iv that theAZGMgsond_"quid value for cell
biomass is significantly less negative than thatifmrganic carbonates, the release of Mg
from cyanobacterial sheaths and cell envelopes, suiosequent precipitation of Mg
carbonates in the vicinity of the cyanobacteriaghraybacterial mats, might be expected to
produce minerals that are isotopically heavier thhose precipitated directly from

supersaturated aqueous fluids at having a higt ftucell biomass ratio.
5. CONCLUSIONS

The hydrous magnesium carbonates, nesquehonitdygmagite, were precipitated in
the presence and absence of cyanobactéti@eocapsasp. under varying laboratory
conditions (i.e. stirring and bubbling, continuolight, darkness, day/night cycle). All
experiments yielded similar bulk precipitation gtalthough the pH of the reactive fluids
were 0.5-1.0 units higher in biotic experiments paned to abiotic experiments. Similarly,
retrieved A26Mgso|id-“quid values obtained from abiotic experiments are idahtwithin
uncertainty of those obtained in the presenceGtdeocapsasp. Taken together these
observations suggest that the presence of cyaretzeiffects neither the rates nor the Mg

isotopic fractionation of the precipitated hydranagnesium carbonates in natural systems.
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Table 1: Experimental conditions of all experiments performed in this study. All initial fluids
contained 0.025-0.032 M MgCl; and 0.05 M NaHCO; except Abio-B which contained 0.05 M
MgCl, and 0.01 M NaHCOQ;. All abiotic experiments were conducted in the presence of 0.01 M
NaNj; to avoid possible microbial contamination. All experiments were performed under conti-
nuous light unless indicated. The Mg concentration range indicates total Mg concentration range
measured at various during each experiment.

Experi- Me- Duration  pH range Mg concentration ~ DOC Conditions
ment dium (days) range (mg/L)
(10” mol/L)
Bio-A BG-11 30 82-104 25-4 50 Stirring, bubbling
Bio-B BG-11 27 83-10.0 26—13 60 Stirring, bubbling
Bio-C BG-11 42 8.3-10.0 31-7 9.5 No stirring, no
bubbling
Bio-D BG-11 42 83-10.2 28 -7 34 Shaking, no bub-
bling
Bio-E BG-11 45 86-94 29-17 30 Stirring, no bub-
bling
Bio-F BG-11 45 85-94 30-18 27 No stirring, no
bubbling
Bio-G BG-11 143 8.3-10.0 28— 8 5 No stirring, no
bubbling
Day/night cycle
Bio-I BG-11 143 83-94 29-15 2 Shaking, no bub-
bling, Darkness
Abio-A Sterile 25 81-93 29-12 60 Stirring, bubbling
super-
natant
Abio-B Sterile 67 87-94 47-16 61 Stirring, bubbling
super-
natant
Abio-C Sterile 67 8.0-94 32-21 20 Stirring, no bub-
super- bling
natant
Abio-D1 BG- 73 8.6-95 32-14 30 Stirring, bubbling
11#
Abio-D2 BG-11 73 87-93 32-13 31 Stirring, bubbling
Abio-E Sterile 20 8.0-93 32-19 50 Stirring, bubbling
super-
natant t
P-f BG-11 44 8.2- 0.003 - Precipitation free
10.65 0.006

* BG-11 with normal PO, content.



Table 2: Tonic Activity Product (IAP) and degree of saturation with respect to hydromagnesite and nesquehonite of the fluid at its final steady-state con-
dition of each experiment and apparent precipitation rates for biotic and abiotic experiments. Rates are reported in moles of precipitated mineral per
liter per day. Uncertainty in precipitation rates is estimated to be 10-15%.

dey, / dt
Number of values (10°mol Mg L™ day"  Elapsed
Experiment  TAPuydromamesite  LAPwesquenonite _used for the average  Quvdromagnesite Nesquehonite ) time (days)  Mineralogy
Bio-A 1.2E-34 9.0E-07 4 0.01 0.11 -1.81 15 Dypingite
Bio-B -1.13 11 Nesque-
2.2E-32 5.6E-06 4 1.71 0.69 honite
Bio-C 9.0E-34 2.9E-06 4 0.07 0.36 -0.68 40 Dypingite
Bio-D 5.3E-34 2.7E-06 4 0.04 0.33 -0.55 40 Dypingite
Bio-E -0.38 34 Dypin-
gite+Nes
3.2E-33 6.0E-06 4 0.26 0.74 quehonite
Bio-F -0.26 45 Nesque-
1.0E-32 6.8E-06 4 0.82 0.84 honite
Bio-G -0.31 40 Nesque-
5.5E-33 3.5E-06 4 0.43 0.43 honite
Bio-1 -0.19 74 Nesque-
6.1E-33 6.0E-06 4 0.48 0.75 honite
Abio-A 1.7E-34 3.2E-06 4 0.01 0.39 -1.23 12 Dypingite
Abio-B -1.58 14 Nesque-
4.8E-33 6.7E-06 4 0.38 0.83 honite
Abio-C -0.75 15 Nesque-
3.0E-33 6.6E-06 4 0.24 0.82 honite
Abio- -0.95 10 Nesque-
D1 6.7E-33 7.1E-06 4 0.53 0.87 honite
Abio- -1.06 12 Dypingite
D2 9.9E-35 3.1E-06 5 0.01 0.38
Abio-E -1.21 1 Nesque-

4.6E-33 6.7E-06 4 0.36 0.83 honite




Table 3: Magnesium isotopic composition of liquid and solid samples, and fractionation factors, A25Mgsoﬁd,ﬁqui,, and A“Mgso“d,liq“id in selected sam ples.
Uncertainty is <0.07%e for all measurements according to the standard deviation of replicate standards.

Liquid

Solid

Mineralogy
samples samples (*)
Mg fraction AB Mggokia- A% Meggtia-

Sample in solution  §”Mg (%) 26 8*°Mg (%o) 26 5" Mg (%o) 26 8" Mg (%o) 26 liguid fiqid
Bio-A-1 0.98 -0.25 0.03 -0.52 0.05 -0.57 0.04 -1.15 0.035 -0.31 -0.63 N
Bio-A-3 0.97 -0.29 0.03 -0.55 0.03
Bio-A-4 0.87 -0.38 0.01 -0.76 0.02 D
Bio-A-5 0.74 -0.01 0.02 -0.02 0.01
Bio-A-7 0.57 0.04 0.03 0.07 0.04
Bio-A-9 0.46 0.1 0.03 0.2 0.04 -0.59 0.01 -1.14 0.04 -0.69 -1.33 D
Bic-A-10 0.22 0.3 0.01 0.6 0.02
Bio-A-12 0.16 0.36 0.03 0.71 0.06 -0.80 -1.55
Bio-A-13 0.17 0.36 0.03 0.69 0.03 -0.44 0.01 -0.84 0.03 D
Bio-A-14 0.16 0.26 0.05 0.51 0.07
Bio-A-15 0.13 0.06 0.01 0.13 0.01 -0.56 0.01 -1.07 0.01 -0.62 -1.21 D
Bio-B-1 1 -0.36 0.04 -0.69 0.02
Bio-B-5 0.65 -0.25 0.06 -0.43 0.04
Bio-B-11 0.49 -0.07 0.01 -0.13 0.03 -0.68 0.03 -1.33 0.05 -0.61 -1.19 D
Bio-C-1 1 -0.27 0.03 -0.52 0.01
Bio-C-5 0.21 0.22 0.02 0.42 0.02 -0.54 0.03 -1.05 0.03 -0.76 -1.47 D
Bio-D-1 1 -0.34 0.02 -0.66 0.01
Bio-D-3 0.26 0.18 0.02 0.33 0.02 -0.46 0.02 -0.9 0.02 -0.63 -1.23 D
Abio-A-1 1 -0.32 0.02 -0.62 0.05
Abio-A-2 0.62 -0.23 0.02 -0.45 0.01
Abio-A-5 0.47 -0.05 0.01 -0.11 0.01 -0.67 0.01 -1.28 0.03 -0.61 -1.17 D
Abio-A-10 0.34 -0.01 0.01 0.01 0.02 -0.64 0.02 -1.21 0.03 -0.64 -1.22 D

(*) where N and D stands for Nesquehonite and Dypingite. (**)A™Mg values for P-f experiment samples denote fractionation between initial MgSO, and the sample.



Table 3(continued): Magnesium isotopic composition of liquid and solid samples, and fractionation factors, Astgsoﬁd,ﬁq,ﬂd and AZGMgsoﬁd,ﬁq“M in selected
samples. Uncertainty is <0.07%o for all measurements according to the standard deviation of replicate standards.

Liquid

samples

Solid Mineralogy
samples ()

Sample

Mg fraction
in solution 5~ Mg (%) 26

5*Mg (%o0)

2c

AZS Mg lid- A26 Mg lid-
8" Mg (%o) 26 5**Mg (%o) 26 liguid liguid

Abio-A-13 0.44 0.19 0.03

MeCl, (ini-

tial solu-
tion)

-0.27 0.02

MgSO, (BG-11) -0.47 0.03
P-f: Cells

after 11
days

P-I:Cells
after 44
days

0.9

0.9

0.37

-0.53
-0.91

0.05

0.02
0.01

-0.56 0.03 -1.06 0.04 -0.75 -1.43 D

-0.36 0.03 -0.71 0.02 0. 11%* 0.18**

-0.46 0.02 -0.87 0.02 (0.017%* 0.04%%*

(*) where N and D stands for Nesquehonite and Dypingite. (**)A*™Mg values for P-f experiment samples denote fractionation between initial MgSO, and the sample.



Figure 1: X-ray diffraction patterns of the solidsrecovered from (A) experiments Bio-A after 30
days and Abio-A after 27 days, and (B) experimentB8io-B after 23 days and Abio-C after 15 days
compared to X-ray diffraction patterns of Dypingite and Nesquehonite reference patterns,
respectively.
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Figure 2: SEM images of hydrous magnesium carbonatghases precipitated during this study:
Nesquehonite needles collected from (A) experimeBio-A after ~ 1 hour, (B); Dypingite rosettes
collected from experiment Bio-A after 30 days, andC) Abio-A after 27 days.
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Figure 3: TEM images of activeGloeocapsap. cyanobacteria and associated precipitates afte
14 days in (A) BG-11 medium and (B-C) MgGl— NaHCO; enriched BG-11 medium.
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Figure 4: Reactive fluid evolution during the expeiments performed in this study. Temporal
evolution of A) alkalinity, B) pH, C) Mg concentration (Cyg), and D) biomass concentration during
experiments Bio-A, Bio-B, Abio-A and Abio- C. Tempaoal evolution of E) Mg concentration and G)

pH during experiments Bio-C, Bio-D, Bio-E, Bio-F, Bo-G and Bio-I Temporal evolution of F) Mg
concentration and H) pH during experiments Abio-B,Abio-D1, Abio-D2 and Abio-E. The symbol size
approximates the uncertainty of the analyses.
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Figure 5: Temporal evolution of saturation degree bnesquehonite nesquenonitd Of the reactive
fluids during experiments Bio-A and Abio-A.
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Figure 6: Temporal evolution of§°°Mg values in the liquid and solid samples collecteduring
experiments Bio-A and Abio-A. Size of the symbolsitorporates the uncertainty () on °°Mg.
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Figure 7: $°°Mg values vs. Mg fraction remained in solution for{A) biotic experiment Bio-A,
Bio-B, Bio-C, Bio-D and (B) abiotic experiment AbieA. The solid lines in the figure correspond to
trends predicted for closed system equilibrium usig Eqn. (3) together with the mean measured
A%Sojigiquia Value (-1.3120.14%o0) and thé°°Mg value of the MgC} used to create the reactive fluids.
Closed and open symbols correspond to liquid and ki samples respectively. Encircled symbols
collected at the beginning of experiment Bio-A whbi may be affected by mineralogical changes or

kinetic isotopic fractionation.
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Figure ESM 1: Correlation of A”Mgsoiigiquid With (A) pH, (B) 1AP hydromagnesite: (C) aqueous Mg
concentration, (D) alkalinity and (E) biomass conaetration. Size of symbols corresponds to the
uncertainty in the data. Encircled symbols were céécted at the beginning of experiment Bio-A which
may be affected by mineralogical changes or kinetisotopic fractionation (see text).
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Figure ESM-2: Correlation of A**Mgsojig- iquid With the percent of aqueous Mg present as MgC§d
in the fluid phase. Encircled symbols were collectkat the beginning of experiment Bio-A and my be
affected by mineralogical changes or kinetic isotap fractionation (see text). Uncertainty in the
calculation is estimated to be less than 5%.
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Appendix 2



Appendix 3

Summary of kinetic experiments with
APB
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biomass, Ca, Alkalinity,
Ne t, hrs t, days gwet/L pH mM/L mM/L Q) calcite
1 192 8 0,62 9,56 277 2,84 89,1
288 12 0,88 9,42 3,03 2,53 741
336 14 1,08 94 2,87 2,61 72,4
432 18 124 9,26 259 2,76 61,7
552 23 1,46 9,08 2,72 2,77 50,1
624 26 1,46 9,01 274 3,36 54.9
2 192 8 0,68 91 581 2,44 70,8
288 12 0,76 8,92 538 1,85 M7
336 14 0,92 8,87 6,04 1,85 M7
432 18 1,04 8,71 6,49 2,42 43,7
552 23 1,12 8,61 7,30 2,53 41,7
624 26 122 8,71 773 2,98 58,9
3 0 0 018 9 2,75 4,56 69,2
72 3 0,56 9,73 1,93 3,21 89,3
120 5 1 9,58 1,42 2,46 52,5
168 7 0,92 9,44 1,31 2,55 447
216 9 1,44 9,57 1,28 2,18 437
264 11 17 9,3 1,04 2,14 27,5
336 14 178 9,14 1,25 2,66 30,2
408 17 1,92 9,07 1,47 2,66 30,9
4 0 0 014 8,83 483 453 79,4
72 3 066 9,62 3,97 1,89 741
120 5 1,02 9,e1 3,48 1,95 85,1
168 7 128 99 3,37 2,16 91,2
216 9 1,88 9,96 2,86 17 69,2
264 11 272 9,77 3,41 2,21 89,1
336 14 2,38 9,82 3,45 1,87 77,6
408 17 2,62 9,46 3,47 1,49 50,1
5 0 0 014 8,69 919 1,43 30,9
72 3 0,68 9,55 7,62 1,75 81,3
120 5 0,78 9,45 7,61 1,72 75,9
168 7 112 9,39 6,93 1,83 75,9
216 9 1,58 9,25 597 1,85 64,6
264 11 1,86 9,43 6,18 2,21 891
336 14 2,18 9,14 2,75 1,56 32,4
408 17 27 91 7,46 1,89 61,6
6 0 0 012 8,58 13,11 07 15,1
72 3 078 9,35 11,63 0,99 457
120 5 15 9,55 10,34 0,89 436
168 7 1,72 9,44 10,45 1,17 54,9
216 9 2,04 9,63 19,43 1,63 91,2
264 11 2,26 9,72 13,02 2,08 114.8
336 14 25 9,24 11,04 1,42 77,6
408 17 2,92 9,82 10,75 1,47 79,4
7 0 0 012 8,44 20,60 3,75 79,4
72 3 052 9,26 21,14 1,52 75,9
120 5 0,82 9,63 2400 1,51 87,1
168 7 1,08 9,79 19,20 1,71 97,7
216 9 1.4 9,87 14,73 1,55 87,1
264 11 1,42 9,79 19,80 1,56 891
336 14 16 9,4 18,60 1,54 81,3
408 17 2,76 9,45 18,82 1,03 54,9




(Continued)

biomass, Ca, DIC,

Ne | t hrs Gwer/L pH mM/L mM/L Ocalcite
11 2.5 213 8.33 9.78 10.49 123.00
235 4.46 8.42 8.65 10.18 128.80
114.5 14.51 8.78 5.14 533 100.00

163 14.30 8.61 1.07 5.09 18.62

216 14.67 8.57 0.89 4.86 14.13

284 14.55 8.68 1.10 497 21.38

12 0.5 4.31 8.55 0.97 20.50 38.02
445 9.63 857 0.70 18.93 26.92

725 14.66 9.04 0.62 15.98 42.66

141 16.94 9.30 0.18 12.67 15.14
195.6 16.98 9.33 0.13 11.81 10.96
2426 16.74 9.27 0.11 12.49 8.92

13 4 8.07 8.92 0.94 24.60 66.07
24 9.14 8.70 0.82 2517 44.67

75 15.00 8.91 0.70 18.30 43 .65

101 17.26 9.26 0.24 18.37 21.38
119.5 17.46 9.03 0.10 19.41 7.41

167 18.14 9.08 0.11 19.94 8.71

14 1 2.61 8.16 5.23 18.88 83.18
43.5 4.01 8.11 4.44 17.98 63.10

139 15.08 9.03 1.41 16.96 97.70

187 15.02 879 0.53 16.54 26.92
236.5 14.93 8.92 0.27 15.34 16.22

307 15.36 8.95 0.40 15.42 24.55
15 1 5.58 8.38 9.46 21.41 229.00
20 8.60 8.41 8.20 21.60 239.88
945 1555 8.43 467 14.37 104.72
143.5 15.97 8.43 1.12 15.00 29.51
187.5 16.26 8.47 1.10 14.88 30.90
259.5 16.12 8.41 1.11 14.86 28.18

16 4 3,07 8.92 0.34 446 28.18
24 4.14 8.70 0.32 4517 21.38

s, 15.00 8.91 03 483 2B.12

101 17.26 9.26 0.14 48 37 15.14
119.5 17.46 9.03 01 49.41 9.33

167 18.14 9.08 0.11 49 94 10.72

Bacteria S-17-65
biomass, Ca, DIC,

Ne | t hrs Owet/L pH mM/L mM/L Qealeite
17 05 3.64 767 | 1.06 6.17 2.82
43 3.84 766 | 0.86 6.85 2.45

91.5 3.66 767 | 096 6.66 269
163.5 561 796 | 085 6.99 4 89
2155 813 826 | 085 7.34 977
263.3 16.43 892 | 099 9.35 44 67

18 4 513 8.01 1.16 5.00 5.49
24 312 779 | 117 5.00 3.38

F45) 775 839 | 1.18 5.95 14.79

101 11.14 883 | 117 6.41 36.31
119.5 13.19 890 | 1.21 7.07 44.67

167 16.28 918 | 1.20 8.11 70.79




(Continued)

biomass, Ca, DIC,
Ne | t hrs Chwet/L pH mM/L mM/L Qealcite
19 1 423 767 467 577 9.55
42 484 7.93 442 5.35 15.49
715 12.44 8.21 442 5.36 18.84
167.5 20.31 9.24 3.36 4.21 123.03
216 21.51 9.20 3.26 443 120.23
308 2163 9.30 323 404 125.89
339 21.86 9.36 3.28 403 138.00
20 15 3.09 7.68 10.52 597 19.05
485 7.01 818 10.29 583 54.95
715 987 858 10.45 6.22 131.83
1155 16.13 9.05 7.40 534 199.50
162.5 17.54 9.06 6.58 4.40 158.50
187 19.29 914 6.20 4.01 158.50
21 05 6.85 753 10.79 412 9.55
46 11.36 822 978 488 458.98
1395 19.22 872 7.94 3.84 91.20
165 22.31 8.86 488 3.92 85.11
190.5 20.09 899 445 3.61 93.33
2105 20.32 8.93 472 3.37 81.28
22 05 251 7.69 0.94 8.54 3.38
465 533 817 1.01 9.79 11.75
138.5 15.20 8.94 092 10.65 48.77
1945 16.43 923 0.94 11.38 69.18
2155 16.37 9.24 0.89 11.61 66.07
306.5 16.18 9.04 1.03 11.53 61.66
23 05 214 7.89 556 10.45 30.90
178 17.10 879 1.12 7.18 34.67
24 05 225 7.95 530 10.11 33.11
744 16.80 9.11 1.33 6.78 64.56
25 1 1.85 7.84 528 10.72 26.92
68 463 8.06 486 967 38.02
91 6.48 823 484 8.86 50.12
109 721 8.31 485 8.03 54.95
133 10.57 864 484 8.18 104.70
158 997 865 462 7.46 95.50
230 17.38 896 203 7.88 83.18
253 17.25 9.02 0.89 7.03 39.81
277 16.38 8.96 0.99 774 42 .66
26 25 2.81 8.04 969 910 58.89
235 245 777 9.84 947 33.88
114.5 9.44 847 10.24 9.80 154.88
163 16.67 8.44 714 7.33 89.13
216 18.42 8.80 3.42 7.26 95.50
284 2119 8.70 328 6.32 69.18
27 05 1.64 8.03 0.86 13.94 977
44 5 1.80 792 0.83 13.93 7.41
725 2.91 7.96 0.85 13.93 8.32
141 6.05 8.31 0.88 13.70 17.37
195.6 14.23 8.84 0.85 16.25 45.71
242 6 16.87 8.92 0.85 18.03 53.70




(Continued)

biomass, Ca, DIC,

Ne | t hrs et/ pH mM/L mM/L QOcalcite
28 1 3.19 7.71 4.56 14.69 22.91
435 6.03 775 4.36 15.56 25.70
139 20.01 870 2.99 16.99 125.89

187 21.71 8.60 0.9 16.61 34.67

236.5 20.61 855 0.86 15.65 28.84

307 2047 8.59 0.92 15.77 33.11

29 1 3.32 7.88 10.06 14.03 61.66
20 284 7.74 9.97 13.91 44 66
945 11.07 8.34 9.50 13.83 151.36
143.5 17.55 835 5.36 12.42 91.20
187.5 18.65 8.39 0.94 12.78 20.89
2585 17.94 818 0.73 12.90 10.72

30 4 1.79 8.01 1.21 477 550
24 3.12 779 1.18 5.35 3.63

75 7.75 8.39 1.17 4.49 11.75

101 11.14 8.83 1.16 484 29.51

119.5 13.19 8.90 1.12 4.49 30.20

167 16.28 9.18 1.09 479 47 86

B. Kinetic experiments with inactive bacteria (NalN; addition) in growth medium
Bacteria A-20s

biomass, Ca, DIC,
Ne | t hrs Gwet/L pH mM/L mM/L Ocalcite
31 0.5 3.18 8.11 0.97 5.91 6.76
43 3.40 8.22 0.92 5.40 7.59
915 3.38 8.28 0.86 527 7.94
163.5 3.60 8.186 0.86 552 6.31
2155 3.30 8.21 0.93 539 7.41
263.3 3.56 8.11 0.89 537 575
32 1 3.81 8.40 5.51 556 52.48
42 493 8.61 5.08 558 75.86
715 592 8.84 504 582 117.49
167.5 6.07 9.02 504 592 158.49
216 553 915 507 552 181.97
308 598 9.15 537 549 190.55
33 1.5 1.64 7.95 913 507 26.92
485 1.65 7.70 9.03 5.05 15.14
715 1.50 7.70 8.68 492 14.45
115.5 1.29 771 9.45 496 15.85
162.5 1.37 7.75 944 497 17.38
187 1.52 7.70 934 499 15.49
34 05 8.89 8.08 [ 10.11 477 36.31
46 8.90 775 8.63 5.00 16.22
139.5 8.52 7.65 9.08 5.00 13.48
165 817 7.03 8.80 5.00 2.88
190.5 7.91 7.31 10.28 507 6.61
210.5 793 722 1026 5.51 5.75
35 05 211 834 112 987 18.62
744 245 811 1.10 997 11.48




(Continued)

biomass, Ca, DIC,

Ne | t hrs Chwet/L pH mM/L mM/L Qcalcite
36 05 2.595 8.20 0.89 10.086 11.48
46.5 274 8.15 0.92 10.07 10.72
138.5 3.15 8.28 0.88 10.28 13.45
194.5 2.59 8.49 0.20 10.29 20.89
2155 3.30 8.24 0.88 10.10 12.30
306.5 3.48 8.37 0.89 10.18 16.22

37 0.5 245 8.31 4.89 10.11 66.07
178 2.54 8.45 4.94 10.07 89.13

38 1 253 7.96 5.03 9.91 31.82
25 3.10 8.10 5.08 10.39 4571
a0 298 845 558 10.66 102.33
114 2.80 8.45 5.31 12.36 122.20
139 321 8.61 5.43 11.76 144.50
170 3.35 8.99 5.34 12.46 269.20
187 278 8.60 5.46 10.46 131.80
259 290 872 531 933 144 50

39 0.5 287 811 | 10.04 10.32 77.62
744 3.13 824 1011 10.11 100.00

40 25 1.81 8.25 9.87 9.26 93.33
235 215 8.04 8.60 9.41 54.95
114.5 228 8.12 9.35 9.60 70.79

163 288 8.10 9.26 9.50 66.07

216 274 8.22 8.74 9.60 83.18
284 274 8.28 9.27 9.92 100.00

41 0.5 3.97 8.44 0.91 18.52 2570
445 452 8.31 0.97 16.72 21.88

725 D22 8.49 0.86 16.97 27.54

141 5.63 8.71 0.88 17.70 40.74

195.6 5.80 8.88 0.96 17.90 5495
242.6 6.11 8.85 0.97 17.98 54.95

42 4 8.24 8.92 0.90 21.94 60.26
24 7.93 8.69 0.87 23.25 4467

75 7.51 8.73 0.92 22.40 48.98

101 831 8.97 0.89 23.29 64.56

119.5 8.15 8.81 0.88 22.80 52.48

167 7.36 8.81 0.90 22.80 53.70

43 1 243 812 5.42 15.72 69.18
435 1.87 800 512 15.83 5129

139 228 8.04 483 15.87 52.48

187 2.36 7.93 474 15.58 40.74

2365 240 7.94 4.86 15.97 43.65

307 1.30 7.95 B.26 15.77 46.77
44 1 478 8.23 9.86 15.43 138.10
20 5.55 8.12 8.58 15.93 102.30
945 5.90 8.33 9.04 16.11 162.18
143.5 6.15 8.69 8.91 16.47 309.10
187.5 6.66 8.78 9.08 17.21 371.50
259.5 6.21 8.68 8.74 16.34 301.90




(Continued)

biomass, Ca, DIC,
Ne | t hrs et/ pH mM/L mM/L Oealcite
45 4 3.24 8.92 0.3 41.94 2455
24 2.93 8.69 0.27 43.25 17.38
75 2.51 873 0.32 42.4 21.88
101 4.31 8.97 0.29 43.29 2512
119.5 415 8.81 0.28 428 20.89
167 2.36 8.81 0.3 42.8 2238
Bacteria S-17-65
biomass, Ca, DIC,
Ne | t hrs et/ pH mM/L mM/L Qcaicte
46 0.5 352 777 1.08 6.46 3.72
43 3.49 764 | 076 6.77 2.04
915 354 793 | 1.07 6.67 550
163.5 3.29 7.73 | 0.81 6.60 2.63
2155 3.36 7.72 | 0.80 6.52 2.51
263.3 3.31 773 096 6.06 2.88
47 4 2.97 808 | 1.15 49 6.31
24 2.49 797 | 1.30 530 5.88
75 2.02 798| 1.30 531 6.03
101 2.29 7895 | 1.16 482 468
119.5 2.25 785 | 1.20 4.00 3.24
167 212 786 | 1.20 3.47 2.95
48 1 4.88 7890 | 4862 437 12.59
42 4.86 760 | 4862 471 6.76
715 479 7.61 4.63 479 7.08
167.5 3.36 7.91 4.63 4.96 14.45
218 479 839 | 467 594 47 .86
308 4.41 914 | 470 7.09 204.20
49 15 2.69 7.73 | 1010 4.36 1513
485 2.84 755 | 10.70 4.49 10.72
715 2.97 763 | 973 4.46 12.02
115.5 257 7.61 972 4.40 11.48
162.5 2.49 753 | 1026 439 977
187 256 759 | 1017 4.42 11.22
50 05 6.85 753 | 1079 412 9.55
46 6.71 7.40 | 10.62 3.99 6.61
139.5 5.88 7.32 | 927 40 50
165 598 7.34 | 1055 4.06 5.89
180.5 585 730 9.1 3.95 468
2105 578 7.35| 1092 413 6.31
5 05 2.47 766 | 092 7.96 2.95
465 217 770 0.95 8.27 3.48
138.5 214 7.72| 0.88 7.59 3.16
194.5 1.82 774 096 7.66 3.63
2155 1.57 7.72 | 0098 7.89 3.55
306.5 1.84 774 1.02 8.08 3.98
52 0.5 0.00 780 511 10.34 23.44
178 0.00 756 | 509 10.12 13.18




(Continued)

biomass, Ca, DIC,
Ne | t hrs Owet/L pH mM/L mM/L Qealcite
53 1 1.85 7.87 483 7.90 20.89
68 202 7.42 459 7.88 6.92
9 2.04 752 475 7.96 912
109 222 7.48 456 7.93 7.94
133 242 7.60 481 817 11.48
158 2.45 7.51 4.88 816 933
230 3.26 7.87 514 8.25 22.39
253 3.61 7.96 488 8.79 28.18
277 274 7.64 505 8.42 13.49
54 25 2.32 7.99 959 7.70 44 67
235 219 778 9.80 7.75 28.84
114.5 220 777 10.33 7.76 28.84
163 202 7.74 978 7.76 26.30
216 2.35 7.82 10.23 7.49 31.62
284 215 777 978 7.65 27.54
55 0.5 1.60 813 0.92 13.84 12.88
445 1.47 8.02 0.83 13.77 912
725 1.74 7.99 0.83 13.87 8.51
141 1.60 8.01 0.83 13.72 8.91
195.6 1.40 8.05 0.89 13.82 10.47
242 6 1.29 797 0.93 13.87 912
56 1 3.1 7.81 455 14.04 28.18
43.5 235 767 452 13.89 19.85
139 3.26 776 454 14.16 2512
187 3.09 7.64 418 14.15 17.78
2365 2.91 7.64 438 14.42 18.86
307 2.29 7.69 4.40 13.99 20.42
B 1 232 8.15 939 14.03 104.70
20 3.24 793 10.20 14.09 69.18
945 1.67 8.01 916 13.92 75.86
143.5 1.84 8.14 10.44 14.00 109.60
187.5 1.92 8.08 10.16 13.89 95.50
259.5 2.64 7.99 10.23 13.96 79.43
58 4 1.79 8.08 1.15 477 6.17
24 3.12 797 1.30 500 562
75 7.75 7.98 1.30 5.00 575
101 11.14 7.95 1.16 5.00 479
119.5 13.19 7.85 1.20 507 398
167 16.28 7.86 1.20 5.51 4.47

C. Other abiotic experiments in growth medium

Bacteria A-20s

Type of Ca,
Ne experiment t,hrs | pH mM/L DIC, mM/L | Qcarcite
59 | without bacteria 0 7.99 9.78 579 32.68
120 7.5 9.66 537 10.47
168 | 7.44 953 524 8.91
288 |7.32 9.48 568 7.08
300 7.3 95 57 6.78




(Continued)

Type of Ca,

Ne experiment t, hrs pH mM/L DIC, mM/L | Qcacite
60 | without bacteria, 0 805 9.11 475 31.62
with NaN, 120 | 7.85 9.21 5 21.38

168 | 7.75 919 5.19 1778
288 | 764 874 6.03 15.14

300 | 762 9.11 6.01 1479

61 with bacteria, 0 81 9.81 5.81 44 67
autoclave 120 7.86 9.99 576 26.3

168 | 7.81 10.11 502 20.89

288 | 765 | 1014 5.83 16.59

300 |762| 101 574 1548

62 live bacteria, 05 753 1079 412 955
without ligh 46 7.4 10.62 3.99 6.61

140 | 7.32 927 4.01 5.01

165 | 7.34 | 1055 406 589

191 7.3 9.11 3.95 468

211 735 1092 413 6.31

63 | without bacteria 0.5 7.91 112 989 7.41
744 7.8 1.08 9.94 562

64 | without bacteria 05 7.99 556 10.04 37.15
178 | 7.55 543 101 13.48

65 | without bacteria 0.5 7.89 506 10.11 27.54
168 | 7.56 514 999 13.18

66 | without bacteria 0.5 7.95 511 1012 32.36
744 | 7.67 505 294 16.98

67 | without bacteria 0.5 792 1006 10.23 51.29
744 | 7.84 | 10.02 0,98 41.69

68 | without bacteria 05 811 4.88 19.6 72.44
168 | 8.01 49 2057 61.66

Bacteria S-17-65
Type of Ca, DIC,

i experiment t hrs pH mM/L mM/L Qealcite
69 live bacteria 05 753 | 1079 412 954
without ligh 46 740 | 10862 3.99 6.61

1395 | 7.32 Q.27 4.01 5.01

165 7.34 | 1055 406 589

1905 | 7.30 .11 3.95 4.68

2105 [ 735 1092 413 6.31

70 | without bacteria 0.5 7.67 5.14 9.89 16.98
168 7.55 5.23 987 12 88

71 | without bacteria 05 767 Q.67 10.23 28.18
168 7.56 978 10.11 21.88

72 | without bacteria 05 7.62 512 998 15.14
178 7.55 5.10 9.90 1259
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D. Kinetic experiments in inert electrolyte.

Bacteria A-20s

Type of biomass, Alk,

Ne experiment t, hrs et/ L pH | Ca mh/L mM/L Qealcite
73 live bacteria 0 15.68 9.73 0.71 3.98 5250
18.7 14.63 9.39 0.84 420 4470

41.5 14.16 9.32 0.75 410 33.88

69 13.69 8.78 0.73 412 14.79

205 13.22 8.63 0.88 417 13.49

115 12.99 8.38 0.83 424 7.76

140.5 12.75 8.33 0.81 431 6.90

180.8 12.29 8.56 0.83 4.30 11.20

373 11.58 8.68 0.79 4.06 13.18

74 live bacteria 0 16.85 9.39 1.73 387 69.20
18.7 14.16 8.98 1.96 3.50 43.70

415 13.57 8.87 1.82 3.51 33.88

69 13.22 8.35 1.91 476 16.98

205 12.99 8.47 1.48 3.46 13.18

115 12.64 8.46 177 3.46 13.18

140.5 12.52 8.40 1.95 3.64 15.84

180.8 11.93 8.45 1.92 3.45 15.50

373 10.88 8.50 1.89 3.51 17.38

75 live bacteria 0 15.80 9.1 5.47 3.10 97.70
18.7 14.98 8.62 4.89 3.1 40.70

415 14.16 8.67 4.48 3.51 46.77

69 13.81 8.48 512 2.28 23.98

90.5 13.81 8.53 3.60 2.47 21.87

115 13.46 8.37 493 3.07 2512

140.5 13.22 8.20 5.37 3.08 19.05

180.8 12.52 7.97 525 313 11.74

373 12.40 8.36 5.09 3.09 25.70
76 live bacteria 0 17.32 9.1 8.33 298 102.32
18.7 14.39 8.70 7.67 3.42 66.07

415 13.69 8.73 6.18 3.34 60.23

69 12.99 8.51 8.65 3.39 51.29

90.5 12.75 8.48 8.32 3.33 46.77

115 12.52 8.31 8.41 3.44 35.48

140.5 12.40 8.24 8.24 3.33 29.52

180.8 11.82 8.16 723 3.45 23.98

373 10.88 8.54 7.83 3.50 52.48
77 live bacteria 0 17.78 9.10 12.13 2.89 112.20
18.7 14.63 8.57 11.85 3.36 67.62

415 14.04 8.48 12.21 3.32 57.54

69 13.34 8.33 11.56 3.30 43.65

90.5 13.34 8.16 10.60 3.24 28.84

115 12.99 8.25 12.07 3.28 38.02

140.5 12.64 8.17 12.80 3.24 33.11

180.8 12.05 8.23 12.18 318 34.67

373 11.23 774 12.18 31F 13.18
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Type of biomass, Alk,
Ne experiment t, hrs Chwet/L pH | Ca, mM/L mM/L Qcalcite
78 live bacteria 0 15.44 9.06 16.78 274 134.90
18.7 14.51 824 15.30 287 37.15
415 14.04 8.02 16.43 297 26.30
62 13.46 8.34 15.62 285 44 67
905 13.22 8.11 1417 287 28.18
115 12.87 7.93 16.01 288 20.89
140.5 12.75 7.79 15.41 293 15.48
180.8 11.82 8.15 15.06 2.80 30.20
373 11.00 7.93 16.34 293 21.88
79 autoklaved 05 5.15 864 297 466 41.68
bacteria 2275 422 .57 2.90 450 426
40.25 412 7.38 292 451 282
69.75 538 7.35 297 450 2.63
80 autoklaved 05 537 8.41 9.49 489 64.56
bacteria 2275 4.48 753 904 480 10.00
40.25 422 6.98 916 500 3.02
6975 559 7.14 921 499 436
81 autoklaved 05 5.00 8.10 18.88 5.01 5495
bacteria 22,758 3.58 7.39 17.82 5.00 12.02
40.25 3.35 7.08 18.33 488 6.03
6975 400 7.06 17.89 499 575
82 without 0 0] 8.65 3.11 466 43.65
bacteria 215 0] 8.54 3.08 465 35.48
48 0 8.23 2.69 467 17.38
73.25 0 8.31 2.91 467 21.88
83 without 0 0 873 958 478 107.15
bacteria 215 0] 7.68 9980 408 12.88
48 0 7.55 925 3.99 8.91
73.25 0 7.53 8.46 404 8.13
84 without 0 0 8.29 19.83 463 7413
bacteria 215 0] 7.82 19.21 456 28.84
48 0 8.06 19.78 431 4571
73.25 0 7.55 18.85 3.98 1412
85 without 05 0 7.67 5.1 998 17.37
bacteria 744 0 7.26 4.98 9.88 6.76
Bacteria S-17-63
Type of Ca, Alk,
No experiment t, hrs | biomass, Que'L pH mM/L mM/L Qealcite
86 live bacteria 05 2.90 8.63 5.69 10.65 131.80
24 2.27 8.80 5.04 10.64 158.50
47 3.20 8.71 5.06 10.70 138.00
94 3.18 8.77 5.01 10.65 151.40
214 3.23 8.76 4.86 10.50 144 54
234 296 874 483 10.71 141.25
263 3.21 8.76 4.86 10.55 144 54
330 3.10 8.75 499 10.42 144 54
87 live bacteria 05 2.89 8.58 5.33 10.18 112.20
744 219 755 5.30 10.20 13.80
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Type of L biomass, Ca, Alk,
No experiment hrs Owet/L pH mM/L mM/L Qcaicite
88 live bacteria 0.5 2.87 861 507 10.71 117.50
with NaNs 24 2.82 855 513 10.56 107.20
47 219 865 524 10.71 128.80
94 2.47 8.71 2.21 10.55 141.30
214 2.23 870 4.81 10.50 128.80
234 2.32 869 522 10.76 138.10
263 2.45 870 522 10.65 138.10
330 2.47 8.63 5.07 10.62 114.50
89 live bacteria 360 7.21 822 3.00 439 18.2
6.89 6.85 297 434 0
90 live bacteria 360 4.36 8.08 7.09 449 26.92
378 6.96 6.38 434 1.62
91 live bacteria 360 412 7.88 14.61 418 26.3
3.34 764 1088 4.2 12.59







Appendix 4

Summary of kinetic experiments with
Gloeocapsasp.
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biomass, Ca, Alkalinity,
Ne t hrs t, days gwet/L pH mM/L mM/L () calcite
1 192 8 0,62 9,56 2,77 2,84 891
288 12 0,88 9,42 3,03 2,53 741
336 14 1,08 8.4 2,87 2,61 72,4
432 18 1,24 8,26 2,59 2,76 617
552 23 1,46 8,08 272 2,77 501
624 26 1,46 9,01 2,74 3,36 54 9
2 192 8 0,68 9,1 5,81 2,44 70,8
288 12 0,76 8,92 538 1,85 M7
336 14 0,92 8,87 6,04 1,85 M7
432 18 1,04 8,71 6,49 2,42 437
552 23 1,12 8,61 7,30 2,53 417
624 26 1,22 8,71 773 2,98 58,9
3 0 0 0,18 9 275 4,56 692
72 3 0,56 9,73 1,93 3,21 893
120 5 1 9,58 1,42 2,46 525
168 7 0,92 8,44 1,31 2,55 447
216 9 1,44 8,57 1,28 2,18 437
264 11 1,7 9,31 1,04 2,14 27,5
336 14 1,78 8,14 1,25 2,66 302
408 17 1,92 8,07 1,47 2,66 309
4 0 0 0,14 8,83 4,83 453 79,4
72 3 0,686 8,62 3,97 1,89 741
120 5 1,02 8,91 3,48 1,95 851
168 7 1,28 89 3,37 2,16 912
216 9 1,88 9,96 2,86 17 69 2
264 11 2,2 Q77 3,41 2,21 891
336 14 2,38 9,82 3,45 1,87 77,6
408 17 2,62 9,46 3,47 1,49 501
5 0 0 0,14 8,69 919 1,43 309
72 3 0,68 8,55 7,62 1,75 813
120 5 0,78 8,45 7,61 1,72 759
168 7 1,12 8,39 6,93 1,83 759
216 9 1,58 8,25 5,97 1,85 64,6
264 11 1,86 2,43 6,18 2,21 891
336 14 2,18 2,14 2,75 1,56 324
408 17 2,7 9.1 7,46 1,89 61,6
6 0 0 0,12 8,58 13,11 0,7 15,1
72 3 0,78 9,35 11,63 0,99 4457
120 5 15 9,55 10,34 0,89 436
168 7 1,72 9,44 10,45 117 549
216 9 2,04 9,63 19,43 1,63 912
264 11 2,26 9,72 13,02 2,08 1148
336 14 25 8,94 11,04 1,42 776
408 17 2,92 8,82 10,75 147 79 4
7 0 0 0,12 8,44 20,60 3,75 79,4
72 3 0,52 8,26 21,14 152 759
120 5 0,82 9,63 24,00 1,51 87 1
168 7 1,08 8,79 19,20 1,71 977
216 9 1,4 9,87 14,73 1,55 871
264 11 1,42 9,79 19,80 1,56 891
336 14 1,6 9,41 18,60 1,54 813
408 17 2,76 9,45 18,82 1,03 54 9




biomass, Ca, Alkalinity,
Na t, hrs t, days gwet/L pH mM/L mM/L Q calcite
8 0 0 0,12 827 4497 2,61 57,5
72 3 0,4 9,29 36,17 2,8 154,9
120 5 0,76 9,78 34,81 0,91 52,5
168 7 0,9 9,42 39,77 1,21 69,2
216 9 1,4 9,47 33,33 1,26 72,4
264 11 1,54 9,72 25,77 0,93 52,5
336 14 2,28 9,95 26,70 0,98 54,9
408 17 1,98 9 56 38,24 0,94 53,7
9 0 0 0,15 9,37 1,00 10,00 75,8
48 2 9,7
72 3 0,66 10,35 0,11 7,70 12,0
120 5 0,82 10,3 0,07 7,83 7,4
216 9 1,22 9,74 0,09
264 11 1,22 9,58 8,00
356 15 1,22 9,49 0,09 7,95 6,7
10 0 0 0,15 8,79 5,00 10,00 147.9
48 2 8,89
72 3 0,64 9,92 0,31 2,63 19,9
120 5 1,12 10,23 0,17 2,59 13,2
216 9 1,62 9,49 0,22 2,53 9,8
264 11 1,62 9,39 0,21
356 15 1,74 919 0,24
1 0 0 0,15 817 10,00 10,00 81,3
48 2 8,46
72 3 0,52 9,47 2,30 0,45 12,6
120 5 0,90 9,51 2,13 0,50 13,8
12 0 0 0,10 7,71 20,00 10,00 50,1
48 2 7,91
72 3 0,10 8,50 9,29 4,98 75,9
120 5 0,62 9,25 8,83 0,37 14,5
216 9 1,12 8,85 8,44 0,30 7,8
264 11 1,32 8,83 9,11 0,31 8,1
356 15 1,52 8,54 9,26
13 0 0 7,42 20,00 10,00 26,9
48 2 7.9
without
72 3 bacteria 8,23 9,12 0,93 8,9
120 5 7,98 9,13 0,81 4,7
356 15 7 89 9,04
14 0 0 9,37 1,00 10,00 75,9
48 2 9,34
72 3 0,42 9,67 0,13 8,53 12,3
120 5 0,82 9,97 0,08 9,55 8,9
216 9 1,76 9,62 0,10 4,40 7,2
264 11 1,88 9,73 0,09 12,30 8,9
15 0 0 0,15 8,51 5,00 10,00 93,3
48 2 8,93
72 3 0,46 9,01 0,48 2,43 10,0
120 5 0,94 9,25 0,45 2,72 14,8
216 9 23 9,62 0,42 3,52 251
264 11 3,16 9,1 0,46 4,85 18,2




biomass, Ca, Alkalinity,
Ne t, hrs t, days gwet/L pH mM/L mM/L (1 calcite
16 0 0 0,15 7,75 10,00 10,00 34,7
48 2 8,02
72 3 0,8 8,71 1,83 10,40 58,9
120 ) 1,48 8,58 1,80 8.70 43,7
17 0 0 0,15 7,46 20,00 10,00 295
48 2 8,16
72 3 0,38 8,37 10,27 a,e0 8.1
120 5 0,84 8,34 10,86 0,59 7,8
18 0 0 7.4 20,00 10,00 257
without
48 2 bacteria 7,74
72 3 8,11 0,95
120 5 8,01 7,96 0,83 47
19 0 0 0,04 8,86 1,80 4,27 38,0
24 1 0,08 8,93 0,85 2,93 16,9
48 2 0,44 8,13 0,25 2,90 7,6
72 3 0,5 8,92 0,12 2,72 7.9
120 5 0,74 9,99 0,09 2,80 6,3
144 6 0,86 10,58 0,12
168 7 0,94 9,99 0,12
192 8 112 10,08 0,11
284 12 1,98 9,14 0,13
20 0 0 0,04 8,82 4,500 43 70,8
24 1 0,08 8,45 1,176 1,03 3,4
48 2 0,52 8,73 0,514 Q0,92 12,6
72 3 0,5 10,31 0,453 0,87 13,8
120 5 0,6 10,81 0,456 0,88 6,3
144 6 0,62 10,97 0,460
168 7 0,62 10,96 0,485
192 8 0,68 10,48 0,486
284 12 1,2 8,75 0,573
21 0 0 0,04 8,73 9,000 4,96 107,2
24 1 0,186 8,14 3,216 1,57 6,0
48 2 0,64 8,65 2,535 0,35 10,7
72 3 0,6 8,59 2,564 0,32 9,8
120 5 0,81 8,77 2,602 0,39 13,2
144 6 0,8 10,14 2,704
168 7 1,06 8,72 2,677 0,37 12,3
192 8 0,86 9,54 2,692
284 12 2,28 8,62 Q,77
22 0 0 86 9,000 4. 47 794
without
24 1 bacteria 8,38 3,903 2,4 16,9
48 2 8,24 3,650 1,23 6,5
72 3
284 12 7,89 5,452 0,8 2,7




bicmass, Ca, Alkalinity,
Ne t, hrs t, days gwet/L pH mM/L mM/L Q) calcite
23 0 0] 0,17 8,64 1,52 4,43 23,4
24 1 0,18 9,47 1,41 3,56 63,1
44 2 0,28 9,66 0,67 3,59 39,8
91 4 0,4 9,65 013 3,3 8,1
115 5 0,48 9,76 019 3 12,3
211 ] 0,56 9,38 0,21 2,87 8,91
259 11 0,62 9.4 0,22 2,76 9,33
306 13 0,57 9,31 0,21 3,18 8,71
378 16 0,52 9,33 0,27 3,01 10,9
408 17 0,59 9,16 0,19 3,27 6,61
427 18 0,55 9,43 0,2 3,32 7,94
451 19 0,59 927 0,16 3,42 6,61
479 20 0,55 9,19 0,18 3,27 6,64
547 23 0,66 9,33 0,24 3,48 10,72
811 34 0,83 9,51 0,2 34 10,96
984 41 0,68 9,36 0,19 4 977
1098 46 0,75 9,02 0,17 427 5,62
1296 54 0,63 9,04 014 415 4,79
1538 64 0,85 9,06 0,17 49 6,61
1754 73 0,71 917 0,17 5,45 8,13
2834 118 1,05 9,28 7,36 6,46
3276 136 1,08 93 8,98 6,46
24 0 0 0,17 8,64 1,52 4,43 23,4
24 1 0,12 85 1,48 473 18,2
44 2 0,12 8,58 1,29 472 19,1
91 4 0,08 8,62 1,1 4,91 18,2
115 ) 0,15 8,61 1,05 45 16,2
211 9 0,12 8,37 0,95 4,45 9.1
259 11 0,10 8,48 0,66 3,83 6,9
306 13 0,13 8,44 0,67 3,76 6,6
378 16 0,11 8,54 0,55 2,68 5
408 17 0,09 8,65 0,51 3 6,5
427 18 0,12 8,56 0,54 3,52 6,5
451 19 0,10 8,55 0,39 3,25 4,4
479 20 0,1 8,57 0,35 3,15 3,9
547 23 0,10 865 0,48 2,82 58
811 34 0,12 8,87 0,53 3,57 8,6
984 41 0,15 8,84 0,42 3,64 89
1098 46 0,12 8,63 0,28 3,54 3,9
1296 54 0,12 8,65 0,38 3,77 5,9
1538 64 0,10 8,64 0,46 3,77 6,9
1754 73 0,1 8,75 0,37 3,94 71
2834 118 0,16 877 4.44 10
3276 136 0,16 8 86 38 2,8




biomass, Ca, Alkalinity,
N2 t, hrs t, days gwet/L pH mM/L mM/L Q) calcite
25 28 1,2 0,29 9026 1,48 4,36 42,6
44 1,8 0,35 8,79 0,58 3,12 9,8
91 3,8 0,45 8,64 0,45 3,51 6,0
115 48 0,43 8,69 0,39 35 6,2
211 88 0,37 8,67 0,45 3,53 6,8
259 10,8 0,42 8,62 0,34 35 47
307 12,8 019 8,73 0,46 3,61 7.9
379 15,8 024 8,66 0,4 3,58 6,0
409 17,0 0,31 873 0,41 3,34 6,6
452 18,8 0,30 8,68 0,31 3,39 47
548 228 0,25 87 0,32 3,61 9,3
26 0 0 017 8,66 077 10,78 245
24 1 017 9,31 072 9,74 51,3
44 2 0,23 9,54 052 8,87 43,86
91 4 0,38 9,63 0,11 8,83 10
115 5 0,48 9,65 0,13 6,63 10,9
211 9 0,47 9,68 0,13 8,17 11,7
259 11 054 9,59 013 9,01 11,5
3086 13 04 9,58 018 9,33 15,8
378 16 0,57 9,36 0,12 9,63 9,3
408 17 0,56 9,67 0,11 9,41 10,5
427 18 0,47 9,45 0,12 6,88 8,7
451 19 0,49 9,48 010 9,56 83
479 20 0,46 9,43 019 9,37 15,1
547 23 0,58 9,49 0,15 9,73 12,9
811 34 0,54 9,48 0,10 10,64 8,7
984 41 0,72 9,75 0,11 11,16 11,2
1098 46 0,56 95 0,14 10,76 12,3
1296 54 0,44 9,48 0,09 9,35 7.4
1538 64 0,44 9,51 0,08 1272 7.4
1754 73 0,45 9,57 0,14 13,75 13,8
2834 118 1,02 9,45 0,07 17,14 68
3276 136 0,82 9,51 0,09 17,53 9.1

J




biomass, Ca, Alkalinity,
Ne t, hrs t, days gwet/L pH mM/L mM/L Q2 calcite
27 0 0 0,17 8,66 0,77 10,78 245
24 1 0,13 8,7 0,73 10,73 251
44 2 0,11 8,84 0,61 8,76 23,4
91 4 0,09 8,86 0,35 8,97 14,1
115 S 0,14 8,77 0,29 6,99 8,7
211 9 0,10 8,99 0,17 8,52 8,1
259 11 0,11 8,98 0,14 8,73 6,8
306 13 0,12 9,03 015 8,84 7.8
378 16 0,11 9,02 0,14 8,6 7,1
408 17 0,12 9,69 0,14 7,54 12,6
427 18 0,10 9,02 0,14 6,74 6,2
451 19 0,10 8,99 0,13 8,4 6,3
479 20 0,10 9,02 0,13 8,98 6,8
547 23 0,10 9.1 0,14 9,25 8,1
811 34 0,18 8,73 0,11 9,64 39
984 41 0,15 93 0,09 9,83 6,6
1098 46 0,11 9,08 0,15 9 83
1296 o4 0,15 9,05 0,15 8,88 7.9
1538 64 0,08 9,05 0,14 10,06 7,9
1754 73 0,13 9,18 0,08 11,2 55
2834 118 0,13 9,18 0,12 13,34 89
3276 136 0,15 9,28 0,12 11,62 9,3
894 38 0,99 11,64 0
1062 46 1,116 11,54 0
1230 53 1,195 11,17 0
1518 65 1,308 10,15 0
30 0 1 0,097 9.3 0,011
28 2 0,114 0,019
49 3 0,113 10,08 0,011
124,5 6 0,155 10,78 0,02
217 10 0,216 10,98 0,009
320 14 0,308 11,07 0,006
388 17 0,416 11,19 0,001
556 24 0,587 11,38 0
652 28 0,739 11,37 0
820 35 0,888 11,63 0,005
894 38 0,979 11,58 0
1062 46 1,119 11,49 0
1230 53 1,2 11,30 0
1518 65 1,324 9,96 0




biomass, Ca,
No t, hrs t, days gwet/L pH mM/L
31 0 1 0,074 915 0,53
28 2 012 972 0,51
49 3 0,114 9,58 0,49
1245 6 0,158 10,55 0,42
217 10 0,21 10,72 0,41
320 14 0,296 10,9 0,39
388 17 0,346 10,95 0,43
256 24 0,429 11,18 0,4
652 28 0,616 11,21 0,38
820 35 0,776 11,39 0,26
894 38 0,84 11,41 0,3
1062 46 0,987 11,29 0,32
1230 53 1,037 10,69 0,39
1518 65 1,159 9,82 0,42
32 0 1 0,074 9,18 0,55
28 2 0117 0,48
49 3 0,117 9,34 0,48
1245 6 0177 10,49 0,41
217 10 0,254 10,73 0,41
320 14 0,308 10,91 0,4
388 17 0,368 10,97 0,38
556 24 0,503 11,11 0,41
652 28 0,61 11,26 0,38
820 35 0,754 11,32 0,27
894 38 0,864 11,34 0,3
1062 46 0,977 11,3 0,32
1230 53 1,055 10,38 0,39
1518 65 1,189 9,68 0,39
33 0 1 0,074 8,37 533
28 2 0,113 5,29
49 3 0,18 8,16 5,25
1245 6 0178 10,01 509
217 10 0,267 10,3 5,07
320 14 0,373 10,52 5,07
388 17 0,409 10,55 488
556 24 0,563 10,83 505
652 28 0,613 10,98 509
820 35 0,66 10,19 4,45
894 38 0,703 9,87 45
1062 46 0,857 8,9 495
1230 53 0,996 9,16 489
1518 65 1,055 872 487




biomass, Ca, Alkalinity,
No t, hrs t, days gwet/L pH m/L mm/L Q calcite
34 0 1 0,069 8,13 5,23
28 2 0,116 5,16
49 3 0,114 8,82 4,63
1245 6 0,163 9,96 5,08
217 10 0,215 10,26 5,07
320 14 0,291 10,60 5,03
388 17 0,376 10,47 4,80
556 24 0,524 10,83 498
652 28 0,590 10,94 498
820 35 0,591 10,29 4.48
894 38 0,718 9,76 4.51
1062 45 0,855 8,89 478
1230 53 0,976 9,05 493
1518 65 1019 8,80 483
35 0 0,0 1,66 9,07 3,35 419 83,2
5 0,2 1,64 9,67 3,40 4,20 147.9
19 0,8 1,74 9,99 3,37 3,98 165,9
29 1,2 1,74 10,29 3,08 416 177.8
43 1,8 1,88 10,55 3,40 4,42 1949
53 2,2 1,8 10,72 3,33 4,42 190,5
70 2,9 1,96 10,71 3,28 4,41 190,5
77 3,2 1,94 10,80 3,30 4,23 177.8
94 3,9 1,94 10,66 3,33 4,20 1862
36 0 0,01 1,66 8,96 2,95 4,27 66,1
5 0,2 1,70 9,60 3,45 4,25 144,5
19 0,8 1,80 997 3,37 4,95 1949
29 1,2 1,78 10,47 3,29 3,55 1586
43 1,8 1,96 10,63 2,83 3,29 138,0
53 2,2 1,94 10,92 2,88 3,01 109,6
70 2,9 2,00 10,66 2,76 317 1288
77 3,2 1,96 10,66 3,00 3,00 1259
84 3,9 1,94 10,66 2,59 2,93 1175
37 0 0,01 1,60 8,90 5,11 418 93,3
5 0,2 1,66 9,43 5,01 418 169,8
19 0,8 1,70 9,81 5,04 3,14 151,4
29 1,2 1,66 10,05 3,94 3,18 151,4
43 1,8 1,66 10,35 4,34 2,68 123
53 2,2 1,72 10,63 424 2,57 93,3
70 2,9 1,74 10,44 414 2,63 117.5
77 3,2 1,74 10,64 417 2.4 104,7
94 3,9 1,68 10,43 404 2,43 1072
38 0 0,01 1,50 8,85 6,27 4,00 85,1
5 0,2 1,56 9,38 6,52 3,95 151,4
19 0,8 1,60 957 5,76 462 1445
29 1,2 1,50 10,24 5,78 2,71 1479
43 1,8 1,68 10,52 6,19 2,58 1318
53 2,2 1,74 10,73 5,99 2,50 117.5
70 2,9 1,80 10,38 5,74 2,36 1259
77 3,2 1,78 10,57 6,01 2,33 1072
84 3,9 1,76 10,25 5,49 2.08 1148




