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ABSTRACT

Microorganisms inhabiting silica solute-rich environments often show various degrees of
SiO, mineralization as a consequence of exposure to SiO,-saturated waters. As such, it has been
thought that microorganisms exert a prominent role in the immobilization of amorphous silica
phases. While this intimate spatial relationship of microorganisms and amorphous SiO, phases
are almost always observed in hot springs, the exact mechanisms by which microbes affect SiO,
secondary mineral precipitation is still poorly understood. Further, available laboratory
investigations to date consistently showed that microbes do not significantly impact SiO,
immobilization, suggesting that microbial silicification is a mere consequence of exposure to a
largely abiogenically-driven SiO, precipitation.

This study demonstrates that discernible microbially-mediated silicification can occur
under conditions where the potential for microbial opportunity to biomineralize is promoted.
Identification of the key geochemical requirements for biosilicification to occur include
thermodynamically favorable, but sluggish silica reaction kinetics associated with acidic
conditions, and the necessity for colloidal silica rather than dissolved silicic acid species. This
work provides the first results to bridge the apparent literature discrepancy between widespread,
in-situ observations of microbial silicification, and the inability to demonstrate a detectable
microbial effect in this process under well-constrained laboratory conditions.

Acid conditions promote microbial silicification by overriding the dominant repulsive
forces arising from charge similarities between SiO, and cell surfaces, via neutralization of
deprotonated surface silanol and carboxylic groups, respectively. Mechanistic consideration for
SiO, coordination to cell surfaces suggests direct chemical bonding of silanol to carboxylic
groups forming stable inner-sphere complexes largely insensitive to environmental perturbations.
This result indicates that microbially immobilized SiO, are more tenaciously-coordinated on cell
surfaces and not simply electrostatically-held.

Surface-dependent silicification showed higher SiO, mineralization propensities for
unmineralized microbial cells compared to silica-encrusted cell matrices. Moreover, the extent
and style of microbial SiO, mineralization is impacted by cellular level of metabolic activity.
These results suggest that a biological overlay may be discernible in microbially induced

biosilicification.

iii



ACKNOWLEDGMENTS

I would like to acknowledge the help and support of the following people who
have collectively made this thesis a reality. Foremost goes to my academic supervisor,
Dr. Lesley Warren who believed in me and guided me through all these years. Dr.
Warren gave me this great opportunity to pursue graduate work at McMaster University,
back when we were corresponding while I was doing research at the University of the
Philippines. My sincerest gratitude also to my thesis committee members: Drs. Kurt
Konhauser (University of Alberta), Greg Slater (McMaster University) and Scott Smith
(Wilfrid Laurier University) for sharing their valuable inputs before, during and on the
final stages of this work. My appreciation particularly goes to Dr. Smith for sharing his
expertise on MUSIC and FOCUS modeling. In the same token, I would also like to thank
Dr. Kevin Wilkinson from Université de Montréal for improving the final version of this
thesis, and to Drs. John Brennan and Adam Hitchcock from McMaster University,
Department of Chemistry.

My appreciation is also extended to Dr. Everett Shock, Jeff Havig and the ASU-
GEOPIG group for providing the initial geochemical information and for logistical
support during the field sampling campaign at Yellowstone National Park; former
labmates Tara Nelson and Maddy Rosamond for the company during the cross-country
trip to Yellowstone and for helping in the field sampling. My gratitude as well to the rest
of my laboratory group, past and present, for their unconditional support and for not
minding (or pretending not to...) the huge mess I leave out almost every night during the
height of my laboratory analyses phase. Special mention goes to former labmates Drs.
Luc Bernier and Elizabeth Haack for their insightful discussions (read: ummm... how do I
do this?...). Thanks to Dr. Glynnis de Silveira for capturing FESEM images of those
ethereal microbes; my appreciation as well to Klaus Schultes for helping with the ESEM
imaging. To the tandem of post-doc layout “artists” (read: insert page number here...),
Drs. Karen King and Ruben Mercado, particularly to Ruben for helping me decode the
Rosetta Stone to my statistical analyses, many thanks.

To the wonderful ladies of the School of Geography and Earth Sciences office for
always lending a helping hand, most especially to Kath Philp and Anne Wallace for their
much-needed support; my appreciation is also accorded to the staff of the School of
Graduate Studies, particularly to Peter Self and Nathan Reiter. To the SGES faculty,
staff, post-docs, graduate students (past and present) and friends, thanks for the bursts of
intellectualizations and for providing the much-needed diversions: the unwinding-cum-
karaoke sessions; for the dinners and house parties (while I show up last minute); the all
you can eat stuff-yourself-crazy buffets; partners in nicotine and caffeine breaks or for
just lending an ear to my endless ranting. I would also like to acknowledge the help and
encouragement of former colleagues from the University Philippines, specifically Drs.
Carla Dimalanta and sacho Graciano Yumul, Jr. Lastly to my family and friends in the
Philippines (and my diaspora of friends and relatives from all corners of the world) who
kept my sanity during endless nights of working (...and chatting...); and to my adoptive
families in Canada: the Eric, Pineda and Mopas families for their encouragement and for
making me feel at home away from home, my sincerest thanks to all of you.

iv



TABLE OF CONTENTS

ABSTRACT ...ttt se e e s save e s s s s ts e e sssbaeesesssasaesssssssesssssnbasessssnnnes iii
ACKNOWLEDGMENTS ..ottt ettt esr e es e esatsssssasssssssserssessssasssenessens iv
TABLE OF CONTENTS . ...ooe ottt ettt eetteeeente s saresssasesssvesssssesonssesssssssssnenesas v
LIST OF FIGURES ...ttt creecveetreesteessteeensrsesssssssesessssssnsnesenssesesnssenn vii
LIST OF TABLES ...ttt ettt et e s ssesssat s ssssseesnsessnssessnsssssnsseson ix
PREFACQCE ...ttt eeteeeeeceiree e teeessveessneeesseesnsaesssnsesssssesssesssssesesnesessssesrsssessssenns X
CHAPTER 1: MICROBIALLY-AIDED SiO; BIOMINERALIZATION
1.1 BiOmMINETaliZAtION .....cooiiiuneiieiieiieeeeeeeeeeeee et eetve e e e s sassee e s s san e s sennnes 2
1.1.1 Types of Biomineralization: Controlled vs. Induced..........ccccccceuennen..e. 3
1.1.2 Induced mineralization: microbes as reactive surfaces
aNd LIVING ENTILIES ...ccueeueeieieieeeteee ettt ettt eme 4
1.2 Microbial silicification as BIM: proposed mechanisms..........ccccceeeeeeveenerenenne 6
1.2.1 Cell-Surface effects ......coivvuriiieereeeteeieeeeeeceeeeceeeeee e e esnereeeesnene 7
1.2.2 Cell metabolic €ffeCtS ...ccovuveiveeiirieeeieiceeee ettt 14
1.2.3 BIM of SiO;: field vs. laboratory evidences..........coccevveeveerieeeeneneeennenne 16
1.3 The framework to establish microbial BIM of SiOj....cccuuviiieeineiiiicineiieennnns 17
1.4 ThesisS ODJECHIVES....ccuivuirierrirrerieeteeteneetesteeat et etes st et sre st e besane st esseesaene 26

CHAPTER 2. IDENTIFYING WHEN MICROBES BIOSILICIFY: THE
INTERCONNECTED REQUIREMENTS OF ACIDIC pH, COLLOIDAL SiO, AND
EXPOSED MICROBIAL SURFACE

S22 N 415 0 Ye L0 115 (o) o WO 29
2.2 Experimental Methods ..........cocueveeriiieniniinniiniiieneeientcieeteee et eae e 33
G T A1 LT 40

2.3.1 Phase 1: PSiO; silicification at individual mat-specific T(°C) and pH ... 40
2.3.2 Phase 1: “SiO; silicification at individual mat-specific T(°C) and pH..... 40
2.3.3 Phase 2: €SiO, uptake under acidic (pH=3) and mesophilic (T=35°C)

conditions for all treatmMeENtS...........coocveveiierierieiiieeeceeeeeeeeer e et e e eetaeeeeeeanns 43

2.3.4 Phase 2: SiO; mass balance and evaluation of authigenic

N0 e TT6) (1150 ) o OSSR 47

2.3.5 Phase 2: Microbial mat live/dead cell assay .........ccccceevvvrereeceeeceenneennenn. 50

2.3.6 Phase 2: Experimental solids ESEM imaging and EDS ......................... 50
2.4 DISCUSSION....uvcivereereeeirieeereeesreeriseeeeeesseesssesesssseessseesssssessssresssssssssnssssssssssssses 55
2.5 CONCIUSION wvveiieriiiicttieee ettt et e e e ee e e e e e saseeesessssesssssnesesasennnns 63

CHAPTER 3: EVALUATING CELL SURFACE CHARGE STATUS EFFECTS AND
THE IMPACT OF LIVING MICROBES IN BIOMINERALIZATION

3.1 INErOAUCTION. ...ttt ettt te e e aesbaesns 65
3.2 Materials and MethodS.......cc.coeeuiriirireneiei ettt 70
3.2.1 Solutions Preparation ..........cecceceeeereeeierrerseereeseeseesuesrsesseessesseessesssaseenses 70
3.2.2 Cell culture growth and preparation ...........ccceceeveveerrerieneneneneererneeneennen 71
3.2.3 Batch silicification €Xperiments. .........ccoeeeevererierreiueeiuenesseesiaessessueneennes 73
3.2.4 “Extractability” of cell-scavenged silica........cccccevevvirvirnienieninnienenennenne. 75
3.2.5 Cu®" and SO, sorption of naked Cells ...........ooeweeuevreereeereeeeeeeereenans 76



3.2.6 Cell visualization, viability assay and Si SpectrosCopy ......ccoeverververeeneene 77

3.2.7 Mineral surface-induced “SiO; SCAVENGING .....v.ververrvenreeereeeeereerreeneenn. 78
3.3 RESUILS .ottt ettt et beaen 79
3.3.1 Batch SilicifICation .......cccceceeieieienieienieieeeeee ettt 79
3.3.2 “Extractable” “SiO, and mass balance calculations ...............eoeveveren... 84
3.3.3 Naked cyanobacterial Cu>* and SO47 SCavenging .............cooeeveeevverenne. 86
3.3.4 FeOOH- and KFELD-SiO; S€qUESLration ................cvveeeeeeeersrererenenns 88
3.3.5 Cell viability assay, visualization and Si elemental scanning.................. 91
3.4 DISCUSSION....eiuiiutiieterenterteeeeeeeeteteesseeeeeesaeeestestestensessensessessensensenseneeneenes 99
3.5 CONCIUSION ...ttt ettt ettt ettt et et enes 114

CHAPTER 4: SURFACE PROPERTIES OF UNMINERALIZED (LIVE AND DEAD)
CELLS AND SiO, END-MEMBERS AND THEIR COMPOSITE MATRIX:
IMPLICATIONS FOR MINERALIZATION

4.1 INELOAUCLION. ...cuveniiiieieeieriteieeteet ettt ee et ete st et e e ssesbesbesssessaaaessassesssaenees 116

4.2 Materials and methods ...........ccceuerierenireriinererereeeee ettt 121
4.2.1 Solutions preparation and cell culture growth conditions...........cc.c........ 121

4.2.2 Experimental solids preparation ..........cc.ceceecceeerererenencncneeseneeseneennens 123

4.2.3 Potentiometric titration and titrator SEtNGS ........ccccevererverreneerersercnennens 125

4.2.4 Modeling acid-base titration data..........cccceceevererrenenenenenenienieneeeneenene 127

4.2.5 Microscopy and cell viability assay........c.ccceccevervieeirneniennenenseenceeennen. 129

4.3 RESUILS ..ottt ettt ettt ae sttt e e aene 130
4.3.1 Cell viability and mMiCrOSCOPY .....ceeverruerrierrerirenrenreeeesreesseseeeeesessessesnees 130

4.3.2 Surface Charge €XCESS (B)....cvevueererrreeenreereereeieeeesreeseeseesseeseeseeseessessens 131

4.3.3 FOCUS PKj SPECIA ....uveneiiieiiiierieerreetesreetesteriesseesrsessesssessesssessesseensens 135

4.4 DISCUSSION ...ueiiiriiiiieieiierteerteetete et sttt et e s et e st esae et e sbe st e aesseesseennes 139
4.4.1 Colloidal SiO; .....cvuiruimirreriiiriinietrteteceteteeerestece ettt seeaens 139

4.4.2 Cyanobacterial cell treatments.........c.ceceeveeueeeeveeiereeienienienieeesreseseeneennes 143

4.5 CONCIUSION «..ouviniinieiiieieeet ettt ettt ettt st b bbbt s 152
CHAPTER 5: CONCLUSIONS ....coiiiiereieteteteeeseestesteresteseesee v st sa e ns 154
REFERENCES ...ttt ettt ettt et ettt 157

vi



LIST OF FIGURES

Figure 1.1 Progress of reaction in the presence of cell surface catalyst ..............c....... 9
Figure 1.2 Silica solubility diagram..........ccccoceevieveriiinineniieninieieseseeneneesreeeeseenes 20
Figure 1.3 Conceptual framework for BIO — GEO control continuum........................ 23

Figure 2.1 Percent colloidal silica (°SiO,) loss as a function of time
at Mat i1-SitU CONAITIONS.....cc.eecveriirieieceecteeeesre et e et e seeeeesaeesesaesseesaessasssessasssassesssens 42

Figure 2.2 Percent colloidal silica (“SiO,) loss as a function of time
fixed at acidic, mesophilic CONAItioNS.........c.cccvevverieiienierieiireerecee e 44

Figure 2.3 “SiO, (mM) uptake as a function of time
per mg (dry) experimental SOlid ........cceouivieviriirinenceeee ettt 46

Figure 2.4 Microbial mat pre- and post- experiment “SiO; silicification
at pH 3 mass balance calculations ............cccceeeeeieriieieieeieecieeeee e 49

Figure 2.5 ESEM photomicrographs and EDS scans of pre- and post-“SiO,
exposed experimental solids at acid, mesophilic conditions........................... 53-54

Figure 3.1 Percent “SiO; loss (“SiO,” = 120 ppm) as a function of time at pH 7 ....... 80
Figure 3.2 Percent “SiO; loss (“Si0,° = 120 ppm) as a function of time at pH 3 ....... 81

Figure 3.3 Immobilized ©Si0, (mM) as a function of time per mg (dry)
eXPEriMENtAl SOLIAS ..cuvevviriiieiiiiieieeieeeceecetet ettt ea e b e esnesne s 83

Figure 3.4 Partitioned “SiO, using extractants: UPW,u7 (Sipu7uew),
NaCl (Sinac1) and amino acid (Si>nus+) from LIVE 3 samples ..o 85

Figure 3.5 Percent scavenged Cu®" and SO,* by naked
cyanobacterial cells at pH 3 and pH 7 ....cccoouveieeieeiieieeceeeeeeeee e 87

Figure 3.6 Schematic diagram of percentage “SiO, immobilization of
FeOOH and KFELD minerals at pH 3 and pH 7......ccooovieeeiiiniiiiieiceeeeesesvesveeeeees 90

Figure 3.7 Photomicrograph of COMP solids showing SiO; halos
and cyanobacteria OUtZOWLNS. ......ccovueviiriiriiieieeeeeee ettt 92

Figure 3.8 Representative ESEM photomicrographs of post-silicified LIVE,u7 cells
and COMP ;3 solids, and respective EDS Si elemental scan............cccooeveeervereinenenene 94

vii



Figure 3.9 ESEM photomicrographs and associated EDS Si scan of
post-silicified LIVE,n3 and for DEADpH3 SOLIAS ..vcevviiiiiieiiiiiicicicccei

Figure 3.10 Representative FESEM photomicrographs and EDS scans of
post-silicified LIVEH3 CEIIS w..oouviiiiiiiiiiiiiiiiiiccc

Figure 3.11 Representative FESEM photomicrograph and EDS scans of
post-silicified DEAD,u3 cyanobacterial cell...........coooiiiiiiiniiiiniiiiiicicien

Figure 3.12 Schematic diagram for proposed model for
colloidal silica attachment to cyanobacterial surface...........ccceceevveeernenriniecenscnncnn.

Figure 4.1. Charge excess expression (b) for replicate titration of
€Si0,, COMP, LIVE and DEAD solids as a function of PH oo

Figure 4.2. FOCUS pK, spectra derived for €Si0,,
COMP, LIVE and DEAD SOLIAS .....ccooiveeuireieeieiieeeereeeeeeeeeeerreeeeeeeeessssnreeesesssesssssnnnns

Figure 4.3. Mean pK, spectra for LIVE4; 1, €Si0, and COMP ...

viii



LIST OF TABLES

Table 2.1 Microbial mat source and mat in-situ T°C and pH conditions .................... 35
Table 4.1. pK, values derived for titrated samples .......cccceceeeeerererenenenenienieeeeenn 138

Table 4.2. Recalculated percentage distribution of inferred
organic functional sites on unmineralized cyanobacteria...........cocceceevererenrerueneeneennenne. 146

ix



PREFACE

This thesis encompasses three major stand-alone chapters, which collectively
form the highlights of the author’s research endeavor in partial fulfullment of Ph.D.
degree. Chapter 2 is a slightly modified version of the manuscript published in Chemical
Geology, 240: 298-312. For this published manuscript, the mat consortia sampled from
two contrasting hot springs system in Yellowstone National Park, USA were chosen to
represent the polarities in environmental conditions along a geochemical - biological
driven SiO, precipitation continuum research framework detailed in Chapter 1. A total of
11 microbial mat consortia collected from four hotspring pools in Yellowstone were
subjected to the same experiments in Chapter 2, but only three were included in the final
manuscript. Of these 11 samples, only the microbial mat from the Yellowstone acidic
pools showed significant silica immobilization under its in-sifu conditions.

All aspects of research work in this thesis were done by the author: from the
conceptualization and research framework formulation stage, field sampling and
laboratory analyses, data processing and interpretation, to the final manuscript writing.
Dr. Lesley Warren provided guidance, logistical support and editorial comments
thoughout the execution of this thesis, while Dr. Scott Smith shared his expertise on the
FOCUS pK, model. Dr. Kurt Konhauser gave valuable inputs on in-situ microbial
silicification during the fieldwork phase of this work. Otherwise, the overall direction,
interpretation of modeling and empirical results, and writing of this thesis were carried

out by the author.
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CHAPTER 1. MICROBIALLY-AIDED SiO; BIOMINERALIZATION

To place the discussions in the succeeding thesis Chapters in perspective, the
following introductory sections are constructed with the objective of laying the
groundwork of the fundamental concepts central to the development of this thesis. These
key concepts are a collection of available literature information highlighting the more
recent developments in microbially-aided silicification, with particular emphasis on
induced\ (i.e., cell surface and indirect metabolic effects) silicification. Throughout this
section, the introduction of these key concepts is linked to specific chapter/s from this
work where salient empirical results and additional discussions can be found. In this
work, the terms and notations: “amorphous silica” (SiO;m)) and “silica” (SiO,) will be
used interchangeably to mean the non-crystalline, low-temperature variety of silicon
dioxide, unless otherwise specified (i.e., quartz, which is the symmetrical, high
temperature SiO, polymorph: Zoltai and Stout, 1984). Chapter 1 is by no means an
exhaustive compilation of available data on microbial silicification; nonetheless, the
intent of this introduction is to acquaint the reader with the fundamental concepts and
guiding framework used collectively in this thesis. Moreover, the key “missing pieces”
from the current literature will be highlighted and addressed in the succeeding chapters of
this work. Foremost of these are the apparent contradiction in laboratory observed
silicification and the effects of “living” cells in mineralization, both detailed in Chapter 2
and Chapter 3, respectively. Specifically, Chapter 1 will focus on the nature of
biomineralization (controlled vs. induced) and the associated key parameters initiating

biosilicification. In particular, the lesser known non-enzymatic (i.e., induced) SiO;
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biomineralization; the potential linkages of system conditions (i.e., pH, cell level of
activity, [SiO;] saturation and relative SiO, precipitation kinetics) in promoting
biosilicification that is potentially distinct from abiotic counterparts; and the role of
colloidal nano-SiO; particles as relevant silica species for perceptible biosilicification to

occur will be examined.

1.1 Biomineralization

Biomineralization refers to the process by which organisms form minerals (Mann,
2001; Weiner and Dove, 2003; Konhauser, 2007). The controls exerted by the organisms
typically distinguish biomineralization from a purely abiotic mineralization (Perry, 2003;
de Vrind-de Jong and de Vrind, 1997). Over the last century, the discoveries among the
intimate linkages of biology (organisms), chemistry (minerals and organic molecules)
and geoscience (physical environment) collectively initiated the burgeoning field of
biogeochemistry, whose main goal is to understand the past and future of the Earth’s
evolution, with no less than these very “biominerals” at the forefront of such works
(Weiner and Dove, 2003). Perhaps one of the more recent spillovers of the field is in the
application to biomimetrics in materials sciences, with the aim to discover novel hybrid
materials typically aided by organismal activities (Mann, 1995; Lopez, et al., 2005).
Biomineralization is expressed across all life forms, from the simplest, single-celled
microorganisms (e.g., archaea, bacteria, algae) to the most complex “higher” life (e.g.,
plants, humans: Mann, 2001; Weiner and Dove, 2003). The following discussions will
be limited to the role of single-celled microorganisms or colonies initiating the

biomineralization processes.
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A biomineral refers to the solid-phase inorganic component (i.e., mineral) that is
produced by (micro)organisms. It encompasses mineralized composites of both organic
and inorganic nature (Weiner and Dove, 2003; Belton, et al., 2004). Further, because
these biominerals are affected (either directly or indirectly) by the presence of
microorganisms, these mineral composites have properties unlike any other inorganically
produced counterparts. Hence while these biominerals meet the criteria of true minerals,
they are often distinguishable from abiotically produced equivalents (e.g., size,
morphology, presence of organic macromolecules, etc.: Mann, 2001; Veis, 2003; Weiner

and Dove, 2003).

1.1.1 Types of Biomineralization: Controlled vs. Induced

Biomineralization processes may be conveniently grouped into two broad
categories: (1) Controlled and (2) Induced Mineralization (Mann, 2001; de Vrind-de Jong
and de Vrind, 2003; Veis, 2003; Konhauser, 2007).

In biologically controlled mineralization (BCM), the organism uses cellular
activities (i.e., enzymatic) to initiate the nucleation, growth, habit, morphology and
subsequent location of the mineral that is deposited. This biomineralization scheme is
synonymous to “direct catalysis” (Thompson and Ferris, 1990; Fortin, et al., 1997) or
“active mineralization” (Ledin, 2000; Southam, 2000); however, both terms are usually
more strictly reserved for microbial-metal transformations. Regardless of the degree of
the control of the organism on the ensuing biomineral product (i.e., may vary across
species), BCM processes largely occur in isolated environments (Weiner and Dove,

2003). That is, strictly speaking, the location of the formation of the biomineral in
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controlled mineralization is distinct and specific, and may proceed either within (intra) or
outside (extra) the cell, which distinguishes the formed biominerals by virtue of the site
of mineralization relative to the cell (Towe, 1990; Weiner and Dove, 2003). Whether
BCM proceeds intra- or extra-cellularly, the consistent theme for BCM processes is that
microorganisms exert a significant influence with regard to the size, morphology, habit,
degree of hydration, isotopic and trace element composition of biomineral products,
hence these microbially controlled biominerals are truly distinct from their inorganically
produced counterparts (Towe, 1990; Tebo, et al., 1997; Perry, 2003; Weiner and Dove,

2003).

1.1.2 Induced mineralization: microbes as reactive surfaces and living entities

In biologically induced mineralization (BIM), microbial cells often act as
causative agents for the precipitation of secondary minerals resulting from the interaction
between cellular surfaces and their activities with the immediate environment (De Yoreo
and Vekilov, 2003; Frankel and Bazylinski, 2003; Weiner and Dove, 2003). Unlike
BCM, microorganisms responsible for BIM have little or no control over the resulting
biomineral composition, morphology and location of deposition (Southam, 2000; Veis,
2003). There are two main themes regarding the nature of BIM due to microorganismal
presence from the current literature information: (1) microbes as living, actively
metabolizing systems, and (2) microbial cells as reactive surfaces. Often, microbial
metabolic activities mediate the surrounding cellular geochemical conditions, such as pH,
pCO; and extraneous cellular secretions or metabolic by-products (Stone, 1997; Warren

and Haack, 2001; Haack and Warren, 2003; Frankel and Bazylinski, 2003; Gilbert, et al.,
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2005). Synonymous terms often encountered in the literature for this type of BIM is
“indirect” (Fortin, et al., 1997; Ledin, 2000), “active BIM” (Southam, 2000) or
“environmental biomineralization” (Towe, 1990). These geochemical changes typically
occur on a local, micro-scale (Warren and Haack, 2001) surrounding the cell interfacial
region, and are usually the driving forces favoring the “indirect” abiotic precipitation of
certain types of minerals (Fortin, et al., 1997; Southam, 2000; Weiner and Dove, 2003;
Konhauser, 2007).

Often, microbial cells need not be metabolizing (i.e., doing any sort of activity) to
induct secondary mineral formation. Cell surfaces can act as templates for solid-phase
biomineral precipitation from dissolved constituents. Cell surface reactivity to dissolved
mineral constituents as a driving force for BIM is also otherwise known as “passive”
microbial mineralization (Southam, 2000; Konhauser, 2007). In other words, the mere
presence of organic surfaces such as microbial cells may be sufficient to induce the
precipitation of secondary minerals. The reason for this phenomenon is straightforward:
cell surfaces contain a myriad of organic functional groups, which are readily available
for ionic interactions with the solution phase (Urrutia and Beveridge, 1993; Fortin, et al.,
1997, Warren and Haack, 2001; see Chap. 4). The relative concentrations of these
reactive groups may vary from species to species, or even within a given microbial strain
dependent on its growth histories (Engl and Kunz, 1995; Ledin, 2000; Borrok et al.,
2004); however, the identities of these organic groups are typically similar across all
microbes (Smith and Ferris, 2003; Fein, et al., 2005). What governs the activation of
these organic functional sites, and therefore their reactivity, is system pH. Depending on

the pK, of these organic functional groups, they deprotonate successively at increasing
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pH values, and thus typically rendering cell surfaces net negatively charged particularly
at circum-neutral pH where much of natural waters’ pH values lie (Phoenix, et al., 2002;
Konhauser, 2007). The effect of these net negatively charged cell surfaces (due to site
deprotonation) is that they become ideal sites for metal coordination, an initial step in
biomineralization process (Fortin, et al., 1997; Southam, 2000).

Perhaps the hallmark of microbially induced mineralization is the enormous
compositional heterogeneity of the biominerals formed (Weiner and Dove, 2003).
Because the role of microorganisms in BIM is to catalyze an inorganically-driven
secondary mineral precipitation process, the “biological effect” typically distinguishing
biominerals from BIM as compared to inorganically precipitated counterparts, may be

obscured or completely obliterated.

1.2 Microbial silicification as BIM: proposed mechanisms

The biogeochemical cycling of SiO; is largely controlled by (micro)biotia (Dixit
and Van Cappelen, 2002; Perry, 2003; Michalopoulos and Aller, 2004; Likhoshway, et
al., 2005) via immobilization of amorphous silica precipitates. Much of our current
understanding on microbially aided silicification is focused mainly on the more “well-
known” silicifying microorganisms such as diatoms, although it has been known for quite
some time that other microorganisms (e.g., bacteria: Bonny and Jones, 2003; Perry, 2003;
Konhauser, 2007) were thought to participate in silica immobilization. With the
exception of the unicellular eukaryotic diatoms and radiolarians that manufacture delicate
lace-like tests and micro-skeletons, the current literature consensus is that microbial (i.e.,

bacterial and archaeal) silicification is initiated non-enzymatically, hence is an “induced”
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mineralization (Ferris, et al., 1986; Konhauser, et al., 2004; Konhauser, 2007). In other
words, these silicified microorganisms do not have a significant control over the size,
habit, crystallinity, and organization of SiO; on or within the cell itself (Mann, 2000;
Perry, 2003; Weiner and Dove, 2003). As with BIM, there are two general themes as to
the nature of non-enzymatic microbial silicification: (1) cell surface effects, and (2)

metabolic effects.

1.2.1 Cell-surface effects

In silica-saturated solutions, the formation of SiO, may be initiated by microbes
via the enhancement of precipitation kinetics, analogous to heterogeneous nucleation
mineral precipitation (Schultze-Lam, et al., 1995; Konhauser, 2001; Yee, et al., 2003).
Foreign interfaces such as cell surfaces, enhance silica nucleation by reducing the
activation energy barrier to solid formation (Fig. 1.1), and can be envisioned as a scaffold
or template on which mineral precipitation occurs (Brock and Madigan, 1991; Fortin, et
al., 1997). Mechanistically, foreign surfaces such as cell interfaces act as catalysts for
mineral precipitation due to the lowered interfacial energy between the cell surface and
the mineral as compared to the interfacial energy between the mineral and the solution
phase (i.e., as in homogeneous nucleation, activation without catalyst; Fig. 1.1: Stumm,
1992; Brock, et al., 1994). Therefore, heterogeneous nugleation may be favored under
conditions of slightly lower saturation ratio, and is thought to be the most important
mechanism for a variety of environmental mineral formation (Stumm, 1992; Stumm and
Morgan, 1996). The newly formed amorphous mineral phases are typically stable and

less prone to dissolution/remobilization because the cell wall reduces the interfacial
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tension between the nucleus and the bulk solution phasé (Bratina, et al, 1998; Southam,

2000).
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Figure 1.1 Progress of reaction in the presence of cell surface catalyst; the activation
energy required for the formation of minerals (products) from constituent ions (reactants)
is lowered in the presence of cell surface catalysts (bold curve), compared to the
activation energy via homogeneous nucleation (without surface catalyst, dashed curve);
figure modified from Brock, et al., 1994.
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Conceivably, one apparent requisite to invoke a “cell-surface effected”
heterogeneous SiO, precipitation is that the aqueous silica need to be at a certain degree
of saturation for perceptible BIM to occur (Fortin, et al., 1997; de Vrind-de Jong and de
Vrind, 1997; Southam, 2000). The degree of silica saturation appears to be an essential
requirement because there has been no proof to date that silica (as dissolved H4SiO4
species) may be precipitated out of undersaturated SiO, solution by cell surface induced
BIM process alone (Fein, et al., 2002; Yee, et al, 2003). Only BCM has been shown to
selectively precipitate silica from undersaturated solution (e.g., diatoms in seawater;
Mann, 2001; Perry, 2003); therefore, the level of saturation, for the most part determines
whether heterogeneous SiO, BIM nucleation will ensue. It is therefore not surprising that
microbially induced silicification via heterogeneous SiO, nucleation is the main
mechanism invoked for the microbially-aided silica precipitation from various saturated
to super-saturated silica pools, such as those silicified microbes encountered in many
hydrothermal springs (Jones, et al., 1999; Bonny and Jones, 2003; Guidry and Chafetz,
2003). However, most hydrothermal springs are characteristically supersaturated with
respect to amorphous silica (>300 ppm: Aramaki, et al, 2004; Gorbach, et al, 2006; see
Chap. 2) hence are thermodynamically favored to spontaneously polymerize abiotically
with or without the presence of these foreign (i.e., cell) surfaces (Mountain, et al., 2003;
Konhauser, et al., 2004; Benning, et al., 2005). From recent laboratory works
investigating the role of microbial surfaces in silica precipitation, it has been shown that
microbial surfaces do not significantly enhance the rate (i.e., kinetics) or the amount of
precipitated silica compared to abiogenic SiO, polymerization from supersaturated

solution (Phoenix, et al., 2003; Benning, et al., 2004). Therefore, the role of microbes as
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surface catalysts for SiO, precipitation in SiO, supersaturated systems such as
hydrothermal springs has been put into question (Konhauser, et al., 2004).

One recurring commonality among previous investigations elucidating the likely
mechanism of microbial silicification as cell surface influenced BIM is that these works
centered on a silicic acid (HsSiO4) source (e.g., Yee, et al., 2003; see Chap. 2). This
fundamental assumption is invoked, particularly because microbial cells become charged
surfaces due to functional site protonation/deprotonation reactions, and may be ideal
reaction sites for HsSiO4 species. Direct chemical interaction between H4SiO4 has been
proposed on the cell surface functionalities via carboxylic (Fein, et al., 2002) or amine
(Urrutia and Beveridge, 1993; Fortin and Beveridge, 1997) sites on the cell surface
structure. While this cell silicification mechanism may seem plausible, available
laboratory investigations have consistently shown otherwise: that is, direct silicic acid-
cell functional site interactions were measured to be negligible (Fein, et al., 2002;
Phoenix, et al., 2003; Konhauser, et al., 2004). Nonetheless, most research was
performed under pH conditions where the supposed charge interactions were actually not
apparent (i.e., near-neutral pH). At circum-neutral pH values, the majority of silicic acid
species is still protonated (pKa ~ 9.5; Iler, 1979), hence are mostly uncharged at pH 7
(Fig. 1.2). Cell surfaces on the other hand would have a net negative charge due to
deprotonated acidic sites (Ledin, 2000; Yee, et al., 2004; see Chap. 3) under the same pH,
thus the proposed occurrence of charge interaction mechanism may be weak. Where
considerable ionization of H3SiO4 occurs (slightly alkaline pH; Fig. 1.2) charge repulsion
would have been the dominant interaction due to the like-charged (i.e., both negative)

cells and monomeric silica species, thus preventing their effective interaction. Picking up
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from the ionized nature of H;SiO4, other workers proposed the direct interaction of
H3Si04” with positive cell surface sites (i.e., NH;": Urrutia and Beveridge, 1993;
Schultze-Lam, et al., 1996; Fortin and Beveridge, 1997); however, this mechanism has
yet to be proven (Konhauser, et al., 2004). It would appear that this cell-silicic acid
mechanistic interaction via positive cell surface sites is unlikely because available macro-
and molecular-scale investigations have shown that positive site moieties are less
abundant relative to the total site concentration of cell surface sites, particularly for the
more common silicifying microorganisms (e.g., cyanobacteria; Urrutia and Beveridge,
1993; Yee, et al., 2004; see Chap. 4).

Another mechanism proposed for cell-surface BIM is the role of cationic bridges,
notably Fe and Al (Urrutia and Beveridge, 1993; Fein, et al., 2002; Phoenix, et al., 2003;
Konhauser, et al., 2004;) to coordinate ionized silicic acid onto the dominantly negatively
charged cell surfaces. Metal sorption to bacterial surfaces, particularly Fe, is a well-
documented phenomenon (Warren and Ferris, 1998; Southam, 2000; Warren and Haack,
2001), and has been invoked to be an important process in silica(te) precipitation reaction
(Urrutia and Beveridge, 1993; Fortin, et al., 1997). Metals act as bridge between the
anionic constituents in the cell wall functional groups and the anionic silica, a process
which has been shown for Thiobacillus’ silicate sequestration in acidic media (pH ~ 2:
Fortin and Beveridge, 1997). The rationale behind this cationic bridge mechanism is that
cell surfaces are effective dissolved metal sorbents and could readily scavenge aqueous
Fe or Al, eventually acquiring a net positive charge (i.e., charge reversal: Collins and
Stotzky, 1992; Ahimou, et al., 2002). Positive charge development on cell surfaces from

Fe and Al sorption would make it plausible for H3SiO4™ to coordinate indirectly with the
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cell surfaces via these metal bridges, particularly at neutral to slightly alkaline pH when
both cell surface functionalities and silicic acid species are ionized. One of the biggest
obstacles as to the viability of this mechanism is that microbial cells would need to
selectively accumulate metals on their surfaces prior to the coordination of silica. At
circumneutral pH, metal ions particularly, Fe are susceptible to hydrolyze (Stumm, 1992;
Stumm and Morgan, 1996; Warren and Ferris, 1998) and may be nucleating instead
metal-oxyhydroxide solid precipitates on the cells, and not being scavenged as metal ions
per se. Perhaps more importantly, Fe and Al have high affinity with solution H4SiO4, and
would promote the spontaneous, abiotically-driven polymerization of Fe/Al-silicate
nucleates regardless whether or not microbes are present in these systems (Swendlund
and Webster, 1999; Phoenix, et al., 2002; Yokohama, et al., 2004).

It is probably not an overstatement that the message of these collective literature
data is that microbial surfaces are largely incompatible with dissolved silica. However,
the effect of silica speciation and its role on cell surface interaction has not been
thoroughly explored. Polymeric colloidal silica species is a significant component of the
total aqueous silica pool (Dove and Rimstidt, 1994; Rao and Gelb, 2004) and may be the
relevant form of SiO, that can effectively coordinate with cell surfaces (see Chap. 2;
Chap. 3) and not dissolved silicic acid species as has been previously thought. This
thesis has shown that direct silica-cell silicification is possible via the colloidal silica
pathway (see Chap. 2). While there is no direct evidence that microbial surfaces
induce/enhance the polymerization of silicic acid (see Chap. 2), this process is probably

unimportant because pre-formed silica colloids (irrespective whether abiogenically
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nucleated) were observed to be the relevant species that form chemically stable, inner-

sphere complexes with cell surface groups (see Chap. 3).

1.2.2 Cell metabolic effects

For the cell surface effects for BIM of silica detailed above, microbial cells are
assumed to be “static” or “inactive” surfaces composed of an organic framework
interlaced with a suite of reactive functional sites (Beveridge, 1989; Schultze-Lam, et al.,
1996). For most available laboratory investigations on biosilicification, the elucidation of
microbially induced SiO, mineralization have been evaluated primarily by
microorganismal presence as a reactive interface with only a few works assessing the
effect of cell metabolic activity (Fortin, and Beveridge, 1997; Phoenix, et al. 2000).
Throughout the following section, the term “metabolic effects” refers to any
microorganismal activity except those cellular machineries specifically programmed to
precipitate SiO,, as in the enzymatic (e.g., sillafin: Perry, 2003; Vrieling and Gieskes,
1999) BCM of siliceous tests of diatoms. Such “metabolic effects” referred to in this
section may include: photosynthesis, respiration, proton pumping, locomotion, release of
organic exudates and a myriad of other energy transforming activities such as the redox
transformation of metals (Brock and Madigan, 1991; Little, et al., 1997; Nealson and
Stahl, 1997; Ledin, 2000; Warren and Haack, 2001; Frankel and Bazylinski, 2003;
Konhauser, 2007). In short, metabolic effects as they relate to BIM are the consequence
of cell “doings™ as a living entity and the collective effects of one or any combination of
these metabolic processes is straightforward: they may initiate changes in the

microgeochemical conditions at the cellular interfacial region. These microgeochemical
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changes may in turn promote the precipitation of minerals that are otherwise not favored
in the bulk aqueous phase. Unless otherwise specified, the term “metabolic effects” will
be used interchangeably with active BIM to avoid confusion with “direct” and “active”
terms which are also encountered in BCM (i.e., active/direct mineralization; Ledin,
2000).

There have been very few laboratory and field studies of the metabolic BIM
effects of cells/microbial consortia in the formation of silica, probably because much of
the silicified microorganisms observed in silica-rich systems (e.g., cyanobacteria) do not
require silica for growth or normal functions. Phoenix, et al. (2000; 2001) has shown that
cyanobacteria entombed in SiO, were able to photosynthesize and induce alkalinization
of the surrounding microgeochemical envelope, thereby promoting the (further)
polymerization of silicic acid. Fortin and Beveridge (1997) showed from cell
silicification experiments that both live and dead cells immobilized silica at acidic
conditions; however, it is difficult to extrapolate the net effect of living cells because the
experimental conditions used was a mixed Fe-Si system.

Whether the BIM mechanism invoked for cell silicification is cell surface-
effected, metabolically induced or a combination of both, there is no denying that
microbes succumb to silica mineralization. In fact any surface, whether organic or
inorganic, will be susceptible to silica encrustation given enough solution silica saturation
(Konhauser, et al., 2004). If then any surface can be enshrouded with SiO,, perhaps the
more relevant question to ask is if biologically induced silica mineralization by microbes
can be promoted, and can be distinguished from an abiogenically driven SiO;

precipitation?  Although this thesis may not have answered comprehensively this
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inquiry; nonetheless this work laid down the necessary conditions (see Chap. 2) and
possible mechanisms (Chap. 3) for which biologic mediation of silica formation can

occur, both as surface-effected and metabolically-influenced process.

1.2.3 BIM of SiO;: field vs. laboratory evidences

There is probably not a more dramatic illustration of microbial silicification than
the extensive silicifed microbial mats observed in many hydrothermal systems. In hot
spring environments, microscopic investigations of silica sinter deposits clearly indicate
microbial (specifically Bacteria and Archaea) cells encrusted with amorphous silica, both
extracellularly (i.e., sheaths and cell walls; Ferris, et al., 1986; Kato et al., 2004) and
intracellularly (i.e., within the cytoplasm; Konhauser et al., 2001; Phoenix et al., 2003;
Bonny and Jones, 2003) as a consequence of exposure to silica supersaturated solutions.
Naturally, a lot of work has been dedicated to unraveling the role of microorganisms in
the biosilicification process using hydrothermal spring analogs. However, while
collective evidences clearly show the intimate spatial relationships of nucleated silica
masses and simultaneously, the silica encrustation of various types of microorganisms;
they do not address definitively whether microbes mediate silica precipitation or
biomineralize in some selective manner. Investigations of modern hydrothermal sinters
almost always showed widespread and copious silicification of a wide variety of
microbial species (Jones, et al., 2001; McKenzie, et al., 2001; Smyth, et al., 2003), and
are interpreted to reflect that microbes are influential in the precipitation of biosilica
(Ferris, et al., 1986; Ferris, et al., 1988; Phoenix, et al., 2001). However, available

laboratory studies aimed at duplicating a mechanistic microbe-silica interaction from
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these environments have failed to show significant silica biomineralization for a number
of microbial strains (Fein, et al, 2002; Yee, et al., 2003; Phoenix et al, 2003). That is to
say, current experimental data has produced a consensus that microbial silica encrustation
observed in silica-rich waters is mechanistically similar to the entombment of any inert
organic (wood, leaves, twigs) or inorganic (lithic/mineral, artificial) templates.

The key features of hydrothermal systems are that they are characteristically
supersaturated with silica, metal laden and have the potential to condense solution silica
by cooling or evaporative processes (Gaudry and Chafetz, 2002; Gorbach, et al., 2006).
In other words, these hydrothermal waters are bound to precipitate silica abiotically, and
thus there is no need for a microbial presence to initiate SiO, precipitation (Konhauser, et
al., 2004; Konhauser, 2007). This statement is not meant to discredit hydrothermal
environments as natural laboratories to investigate the intimate microbial-silica
association; rather, it will be argued in this thesis that to be able to show perceptible silica
biomineralization in the laboratory, conditions need to be such that the impending
precipitation of SiO; is not almost exclusively abiotically driven as in the case of most
hydrothermal systems. Laboratory experimentation from this work has shown that
perceptible silicification of natural microbial consortia sampled from hydrothermal
environment can be promoted under a specific set of geochemical conditions (see Chap.

2).

1.3 The framework to establish microbial BIM of SiO;

In this thesis, an alternative view of investigating a likely microbial influence on

silica precipitation is proposed that has not been systematically addressed before. The
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argument posed in this research is that to be able to accurately investigate microbial
mediation in any mineral formation, experimental conditions must be tailored such that
two necessary conditions are satisfied: (1) a favorable thermodynamic reaction, and (2)
slow kinetics.

One of the important requirements for microbial biomineralization is that a certain
degree of saturation must be achieved, a direct consequence of the presence of an energy
activation barrier that inhibits the spontaneous formation of insoluble minerals from
solution (Stumm and Morgan, 1996; Fortin et al., 1997; Warren and Haack, 2001; Fig.
1.1). For amorphous silica precipitation to occur even in the presence of bacteria,
conditions must be such that the ensuing reaction is thermodynamically favorable
(Reysenbach, and Shock, 2002; Stumm, 1992; Nealson and Stahl, 1997), but not
supersaturated such that the spontaneous SiO, precipitation dominates. The precipitation

of SiO;(am) is controlled by the solubility limits of H4SiO4:

SiOz@m) + 2H20 > H,SiO, KpSiOa(am) = 1077 [Eqn. 1.1]
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