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Abstract

Iron is a common cation in biomineral sand; it is present for example in
magnetite produced by magnetotactic bacteria and in iron sulfides produced by sulfate
reducing microorganisms. The work presented in this thesis focused on two types of
microorganisms capable of forming iron biominerals. In the first project I have studied
the effect of O, on the respiratory physiology and the formation of magnetosomes by
Magnetospirillum magneticum AMB-1. In the second project I have studied the
relationship between olivine and the activity of dissimilatory sulfate reducing (DSR)
microorganisms. For the first project, I grew cells of AMB-1 in cultures with various
concentrations of O, and monitored growth and the formation of magnetic mineral
particles (MMP). Results have shown that AMB-1 cells grew better at 100—225
uMO,(aq) than at lower [O,], yet the formation of MMP was repressed at ~45 uM
0,(aq) and strongly inhibited at >100 uM O,(aq).These results have helped better
understand the dissimilarity between the optimal growth conditions of magnetotactic
bacteria and the conditions needed for the formation of MMPs. My results have also
shown that the reaction between H,S produced by DSRs and olivine is abiotic, not
catalyzed and exergonic. The pH did not vary significantly during this reaction and pH
variation (in the 5-9 range) did not significantly influence this chemical reaction.
Bicarbonate inhibited the reaction between H>S and olivine, but not the chemical
equilibrium. Phosphate, a weak iron chelator, influenced the equilibrium of the reaction
and it is assumed to help increase the rate of olivine weathering in the presence of DSRs.

The activity of DSRs was positively influenced by the presence and abundance of



olivine. Based on my results I propose that olivine help DSR obtain energy more efficiently,
but does not represent a source of energy or nutrients for the cells. These results helped

better understand the formation of iron biominerals and signatures of this activity.
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Chapter 1
Introduction

Biomineralization processes, where organisms form inorganic minerals, are a
widespread phenomenon. They occur in almost all major taxonomic groups to be able to
form mineral, and over 60 different minerals made with the help of organisms have been
yet identified (Sigel et al., 2008; Lowenstan and Weiner, 1989; Simkiss and Wilbur,
1989). The first book about biomineralization was published in 1924 by Schmidt W .J.,
since then the subject has continued to intrigue a dedicated community of scientists
(Weiner and Dove, 2003). Until the early 1980s the field was known as “calcification”,
reflecting the predominance of biologically formed calcium-containing minerals (Weiner
and Dove, 2003). After that, more and more biogenic minerals were discovered that
contained other cations such as Mg, Fe, Zn, Sr and Ba, and the field became known as
“biomineralization”. Actually, the term biomineral refers not only to a pure mineral
produced by living organisms, but also to products that are containing both mineral and
organic components.

Calcium-bearing minerals comprise about 50% of all known biominerals
(Lowenstam and Weiner, 1989). Because calcium fulfills many fundamental functions in
the cellular metabolism (Simkiss and Wilbur, 1989), widespread usage of the term
calcification still exists. Iron containing biominerals are also known to be associated with
many organisms. This is probably due to the important role played by iron in many
metabolic processes, the toxicity of ferrous iron products and the easy oxidization of iron

with O, into insoluble ferric iron products at neutral pH (Frankel, 1990). Iron



biominerals also influence properties such as hardness, density and magnetism (Frankel,
1990).

One important iron biomineral is the iron oxide magnetite, Fe;O,, which has a
cubic, inverse spinel structure. Uniformly-sized particles of magnetite, arranged in
chains, are found in magnetotactic bacteria (Blakemore, 1975; Kirschvink, 1980;
Bazylinski and Frankel, 2004). These particles are often enclosed in membrane vesicles.
Structures consisting of a magnetic particle and its enveloping membrane are known as
magnetosomes (Blakemore, 1975). Magnetite is also found in the radular teeth of chitons
(marine mollusks from the class Polyplacophora) (Lowenstam, 1962) and other
organisms as diverse as honeybees and salmon (Kirschvink et al., 1985). Because of
their magnetosomes, magnetic bacteria passively orient and then actively migrate along
the local magnetic lines, which in natural environments are defined by the geomagnetic
field (Frankel et al., 1998). The function of magnetite in chitons is probably related to its
hardness, but its function in organisms other than magnetotactic bacteria and chitons is
still unknown. Possibly they are related to sensing the direction or magnitude of the
geomagnetic field (Frankel, 1990).

Another class of iron biominerals is represented by iron sulfides, often a
byproduct of sulfate reduction by bacteria and archea in sediments. Crystalline structures
such as pyrites (FeS,) are known for many years (Trudinger et al., 1972). Jones et al. at
1976 reported intracellular, amorphous iron sulfides in some sulfate reducing bacteria.
Also, crystalline particles of greigite (FesS4) and pyrite have been reported in

magnetotactic bacteria from marine sulfidic environments (Bazylinski et al., 1988).



Lowenstam et al. at 1981 have distinguished between biologically induced
mineralization (BIM) and biologically controlled mineralization (BCM). In BIM ,
cellular export of metabolic products results in extracellular mineral formation with ions
present in the environment (Frankel, 1990). In this situation, cell surfaces often act as
causative agents for nucleation and subsequent mineral growth (Weiner and Dove, 2003).
The biological system has little control over the type and habit of biominerals forms.,
However, the metabolic processes employed by organism influence chemistry via
changes in pH, pCO, and various secretion products (McConnaughey, 1989; Fortin et
al., 1997). In BCM, the mineral phases are deposited in or on preformed organic vesicles
or matrices produced by the organism (Frankel, 1990). That means the organism uses
cellular activities to direct the nucleation, growth, morphology and final location of the
mineral (Weiner and Dove, 2003). Thus, the BIM processes are not controlled by the
organism and the mineral particles typically have a large size distribution and no unique
morphology, while BCM processes involve highly controlled mineralization and the
particles often have a narrow size distribution.

Magnetite (Fe;O,) formation occurs by both BIM and BCM, it is done by
dissimilatory iron-reducing bacteria and magnetotactic bacteria, respectively. The
formation of iron sulfides also occurs by both BIM and BCM, during the activity of

sulfate-reducing bacteria and magnetotactic bacteria.



General approach

This thesis includes results of studying two classes of iron biominerals (magnetite
formed by BCM and iron sulfides formed by BIM) and two types of microorganisms
(magnetotactic bacteria and dissimilatory sulfate reducing bacteria).

1. The first project focuses on the effect of O, on the respiratory physiology and
magnetosome formation in Magnetospirillum magneticum AMB-1. Isolated
clones of AMB-1 were grown in liquid cultures with various O,
concentrations in the gas phase, and we have monitored cell growth,
respiration and the formation of magnetic mineral particles (MMP).

2. The second project focuses on the formation of iron sulfides due to the
interaction between dissimilatory sulfate reducing microbial communities and
olivine surfaces. For this project we have studied the equilibrium and rate of
the chemical reaction between hydrogen sulfide and olivine, as well as the
effect bicarbonate, phosphate and pH have on this reaction. I have also
studied the effect of olivine on the growth rate of dissimilatory sulfate
reducing (DSR) communities and isolated and identified microbial species

present in this community.

General hypotheses
Hyp1.0, excess will inhibit MMP expression in M. magneticum AMB-1.
Hyp2.In M. magneticum AMB-1, the optimal O, concentration for the formation

of MMPs is similar with the optimum O,concentration for cell growth.



Hyp3.The reaction between H,S produced by DSRs and olivine is abiotic and not
catalyzed under abiotic conditions.

Hyp4.The growth of DSRs will be positively influenced by the presence of
olivine.

Hyp5.The formation of irons sulfides by DSRs in the presence of olivine is an

example of BIM.
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Abstract

Individual magnetosome-containing magnetic mineral particles (MMP) from
magnetotactic bacteria grow rapidly such that only a small fraction (<5%) of all
magnetosomes contain dwarf (<20 nm) MMP. Studies of the developmental stages in the
growth of MMP are difficult due to the absence of techniques to separate dwarf from
mature particles, because the former are sensitive to extraction procedures. Here, O,
stress was used to inhibit MMP expression in Magnetospirillum magneticum strain
AMB-1. In addition, defined growth conditions not requiring chemical monitoring or
manipulation of the gas composition during growth resulted in the production of cells
containing high numbers of dwarf MMP. Cells exposed to different incubation
treatments and cells with dwarf MMP were compared to cells with normal MMP with
respect to growth, respiration, iron content, and relative magnetite load (RML). The cells
were examined by electron microscopy, low temperature magnetometry, X-ray
diffraction (XRD), and Mossbauer spectroscopy. In the 0-110 uM O;(aq) range, growth
was positively correlated with [O;] and negatively correlated with RML. Most MMP
formed during exponential growth of the cells. At 50-100 uM O,(aq) with stirring (150
rpm) and <30% O loss during incubation, MMP expression was strongly inhibited
whereas MMP nucleation was not. Cells highly enriched (~95%) in dwarf MMP were
obtained at the end of the exponential phase in stirred (150 rpm) cultures containing 45
uM O,(aq). Only one dwarf MMP formed in each MMP vesicle and the chain
arrangement was largely preserved. O,-stress-induced dwarf MMP consisted of non-

euhedral spheroids (~25 nm) that were similar in shape and size to immature MMP from
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normal cells. They consisted solely of magnetite, with a single domain signature, no
superparamagnetic behavior, and magnetic signatures, Fe(II)/Fe(IlI) ratios, and XRD
patterns very similar to those of mature MMP. These results show that O, stress in liquid
cultures amended with an inorganic redox buffer (82032*/80) can be used to produce
abundant dwarf MMP that are good proxies for studying MMP development.

Key words: Magnetospirillum magneticum AMB-1 - magnetotactic bacteria -

magnetosomes - biomineralization - magnetite- dwarf MMP

Introduction

Magnetosomes are membrane-bound organelles containing magnetic mineral
particles (MMP). They are present in magnetotactic bacteria (MB) (Abreu et al., 2006,
2008; Blakemore, 1975, 1982; Frankel et al., 1997; Keim et al., 2005; Spring, 1995) as
well as in many eukaryotes (Kirschvink, 1982; Walker et al., 1984). When aligned in
chains, magnetosomes increase the magnetic momentum of MB and (coupled with
chemotaxis) help cells move more efficiently toward interfaces of redox comfort
(Bazylinski et al., 1997; Frankel, 1981; Steinberger et al., 1994). MMP are euhedral
single-domain crystals with species- and even strain-specific shapes ranging from
cuboidal, parallelepipedal, or elongated pseudoprismatic to anisotropic (Bazylinski et al.,
2003; Thomas-Keprta et al., 2001). Most MB have MMP that are made of magnetite.
The majority of these species belong to the a-subdivision of Proteobacteria
(e.g.,Magnetospirillum, Magnetococcus, magnetotactic vibrios), but Desulfovibrio

magneticus belongs to the o-subdivision of Proteobacteria (Kawaguchi et al., 1995;



Sakaguchi et al., 1996), and Magnetobacterium bavaricum to the family Nitrospiraceae
(Spring et al., 1993;, Spring et al., 1995). Most of our knowledge on the formation of
MMP is derived from cultures of Magnetospirillum (Grunberg et al., 2001; Komeili et al.,
2004; Matsunaga et al., 2003; Okamura et al., 2001; Scheffel et al., 2006; Schiiler,2002).
The biomineralization of MMP in MB includes several steps that are probably common
to most species, including iron-uptake (Matsunaga et al., 2003; Nakamura et al., 1995;
Paoletti et al., 1986; Schiiler, 1999; Schiiler et al., 1999), Fe(Ill)-reduction during or after
uptake (Frankel et al., 1983; Schiiler, 1999; Schiiler et al., 1999; Short et al., 1986),
formation of lipid membrane-based MMP vesicles (Bazylinski et al., 2003; Komeili et al.,
2004; Matsunaga et al., 2003), accumulation of Fe(II) in the MMP vesicles coupled with
an increase in the intra-vesicular pH (Matsunaga et al., 2003 and 2004; Schiiler et al.,
1998), oxidation of a portion of the intravesicular Fe(Il) (Frankel et al., 1983; Schiiler et
al., 1999), initiation of the MMP (Frankel et al., 1983; Schiiler et al., 1999), growth of
immature MMP to full size (Blakemore et al., 1985; Matsunaga et al., 2003; Schiiler et
al., 1997), and the organization of magnetosomes in chains (Komeili et al., 2004;
Matsunaga et al., 2003 and 2004). Nonetheless, important questions about the formation
of MMP remain unanswered.

We are interested in factors that control the growth of immature MMP to full-size
MMP. In general, immature MMP are difficult to study because of their low abundance
(<5% of the total MMP population) and the fact that they cannot be distinguished by
optical microscopy, are sensitive to extraction procedures (dissolution and oxidation), and

participate in magnetic aggregation during centrifugation and thus cannot be



quantitatively separated from the overall MMP population. Our approach to the study of
MMP is to produce MB cells containing a high abundance of immature (i.e., dwarf)
particles.

MMP development is largely controlled by biochemical and molecular
mechanisms, but environmental factors can impair development and thus must be
monitored in studies of MMP (Grunberg et al., 2001; Heyen et al., 2003; Matsunaga et
al., 2003; Schiiler et al., 1998). However, daily verification of the O, levels and re-
adjustment of the gas composition are often impractical. In the present study, the effects
of various levels of initial O, and liquid:gas ratios were monitored in cultures of M.
magneticum strain AMB-1. In addition, these cultures were characterized and compared
based on differences in cellular growth, respiration, magnetiteabundance, and iron
content. The cells were examined by transmission electron microscopy, low temperature

magnetometry, Mossbauer spectroscopy, and X-ray diffractometry (XRD).

Materials and methods

Growth in microaerophilic conditions. Magnetospirillum magneticum strain AMB-1
ATCC 700264 (Matsunaga et al., 1991) was grown in microaerophilic conditions with O,
concentrations between 17 and 240 uM O;(aq) and 1.4 mM NOs" as electron acceptors.
The culture medium contained: 5 ml Wolfe minerals/l, 5 mM KH,PO,, 1.4 mM NaNOs,
850 uM acetate, 200 mM ascorbate, 1.4 mM succinate, 2.47 mM tartrate, 315 pM sulfur
asa 52032*:50 mixture (at a ratio of 9:1, used as a reducing agent), 5 ml Wolfe vitamins

mix/l, 1.25 mg lipoic acid/l, and 10 ml ferric quinate solution (16.7 mM Fe’*; 10.4 mM
10



quinic acid)/l. All reagents were purchased from Sigma. Colloidal sulfur (S°) was
obtained by acid disproportionation of Na;S,03. The pH of the medium was adjusted to
7. The medium was distributed in serum bottles and Hungate tubes, which were sealed
with 1-cm-thick rubber stoppers and crimped, and the gas phase replaced with different
0,:N; gas mixtures. The Wolfe vitamins mix, lipoic acid, and iron quinate were
autoclaved, filtersterilized, and then added to the medium. O, and N, concentrations in
the gas phase [O2(g) and N(g)] were monitored by gas chromatography (SRI 310C
instrument with a molecular sieve column and TCD detector), and gas pressure was
measured with an Omega pressure meter (Omega Engineering). The concentration of O,
in liquid [O2(aq)] in the stirred cultures was determined from a saturation of 236 pM O,
in freshwater with air at 760 mmHg and a temperature of 30°C. The amount of O, in the
incubation tubes was determined after corrections for changes in pressure and verified
based on changes in the N,:0; ratio. After injection of 1.67% O,(g) in the gas phase, the
0O,(g) concentration decreased to ~1.4—-1.5% [~16.7 uM Oy(aq)] ~24 h after the nutrients
had been autoclaved, due to chemical oxidation of secondary sulfides (52032'+SO = H,Sy;
2SSH +12 0, = SO+ H,0). For rapid initiation of the exponential growth phase (~24 h),
6—10 ml medium were inoculated with ~106—-107 cells from liquid cultures of
exponentially growing M.magneticum strain AMB-1 and incubated at 30°C.
Monitorition of cell growth. Cell growth was monitored as the change in A4 (using a
HP 8452 diode array spectrophotometer); cell density (in cells/ml) was estimated from a
calibration of A4y against direct cell counts as determined by optical microscopy. Total

protein content was determined by the Lowry method (Lowry et al., 1951), and total iron
11



content by the phenantroline method with hydroxylamine reduction (Greenberg et al.,
1985) after acid extraction of the cell pellets with 5 M HCI. The magnitude of the
magnetic field (Bo) was measured with a triaxial fluxgate magnetometer with a Hall
probe (FGM-5DTAA, Walker Scientific) in the 10-8—10-5 T range, and with a
gaussmeter (Walker Scientific) in the 10-5-10-3 T range. MMP expression was
monitored according to the relative magnetite load (RML), which was derived from
changes in light scattering, according to Bo of ~4 x 10-3 T, along the light path during
spectrophotometric measurements.

RML = (B-A)/A (1)
where: A = A4y without applied Bo and B = A4y with applied Bo.

In our opinion, RML is a better quantifier of MMP expression than the direct
difference B—A (Eq. 1) (Schiiler et al., 1995), because RML includes a correction for cell
density. The two methods were compared in the analysis of cumulative data from 4 days
of readings of 21 tubes. The results showed that in the 17-80 uM O,(aq) range there was
better correlation between [Oy(aq)] and RML (R*=0.7074, n = 54) than between
[0(aq)] and (B-A) (R* = 0.093,n = 54).

Transmission electron microscopy (TEM). Cells were fixed in 2.5% glutaraldehyde,
post-fixed in 1% OsQy, and stained with saturated uranyl acetate in 70% EtOH. Samples
were subsequently dehydrated in an EtOH series and embedded in LR-White resin
(London Resin, England). A Sorval Porter-Blum MT2-B ultramicrotome was used to cut
~75-nm thin sections, which were mounted on carbon-coated copper grids. TEM images

were obtained on an Akashi EM-002B microscope at 100 keV.
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Magnetic and XRD measurements. Exponentially growing cells were harvested by
centrifugation under 100% N,. Magnetic measurements included FC, s1/ZFC s1)
remanent magnetization curves, hysteresis loops, and ZFC/FC induced magnetization
curves, and were carried out with a MPMS-XL SQUID magnetometer (Quantum
Design). FCq s1/ZFC2 5T) remanent magnetization curves [40] were obtained by cooling
the samples from 300 to 5 K in a 2.5-T field (FC, s7) and then measuring magnetization,
as the temperature was increased stepwise, in a zero field. Then, the samples were again
cooled from 300 to 5 K, but in a zero field, subjected to low-temperature isothermal
remanence in a 2.5-T field (ZFC; st), and magnetization was measured during warming
of the samples in a zero field. The FC(;s1)/ZFC(, st) remanence curves allowed whole
cells, MMP, and synthetic magnetite to be distinguished based on the parameter o, which
is a measure of the remanence lost by warming magnetite particles through the Verwey
transition (Tv) at 120 K (Moskowitz et al., 1993; Moskowitz et al., 1988).

8 = [Mim(80) — Mirm(150)]/Mim(80) (2)

where Mjy, is the initial saturation of isothermal remanent magnetization (SIRM)
remaining at 80 and 150K for FC, sty and ZFC, sty curves (Moskowitz et al., 1993).

The drc/0zrc ratio is diagnostic of magnetite magnetosomes. For intact chains of
unoxidized magnetite magnetosomes, the dpc/0zrc ratio is >2 (Moskowitz et al., 1993),
for maghemite samples, the d ratio is close to one, but in this case dzgc and dgc have
values of about 0.05-0.06, while the 6pc values for magnetite magnetosomes are larger
(~0.08-0.3). Hysteresis loops, or measurements of magnetization (M) as a function of

applied field (H), were obtained by applying fields up to 5 T at 300 K. To investigate the
13



presence of superparamagnetic (SPM) behavior, ZFC/FC induced magnetization curves
were obtained as follows: the samples were cooled in a zero field from a high
temperature (in which all particles show SPM behavior) to a low temperature after which
magnetization was measured, as the temperature was increased stepwise from 2 to 300 K
(ZFC process), in a small applied field (Bo =5 mT). The sample was again cooled in the
same small field and FC magnetization curves were obtained by measuring magnetization
of the samples in the field during a stepwise increase in temperature. Several distinct
features of superparamagnetism can be verified from these ZFC/FC measurements, such
as the blocking temperature (TB) peak of the ZFC magnetization curve. Mdssbauer
spectra were acquired at room temperature and a conventional constant-acceleration
spectrometer (Wissel) was used in transmission geometry with a 3'Co/Rh source, using o-
Fe at room temperature to calibrate isomer shifts and velocity scale. Fitting was obtained

by considering a distribution of quadrupole splitting values.
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Results
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Fig 2.1. The effect O, on growth (A) and relative magnetite load (RML) (B) in liquid cultures of
Magnetospirillum magneticum strain AMB-1 with/without stirring (150 rpm). The initial O,
values are concentrations in the gas phase at 1 bar.

In many applications involving MB, it is impractical to monitor and correct the
O,(g) concentration daily. It would therefore be very useful to determine specific initial
culture and incubation conditions that result in cells with a high abundance of arrested
growth magnetosomes after a specific time interval or growth stage, without the need for
further manipulation. One approach to this problem is to determine the different initial
concentrations of O,(g) and to stir the cultures to avoid the formation of redox gradients
in the liquid column. Accordingly, we verified growth and changes in RML at different
initial O,(g) in stirred (150 rpm) vs. unstirred (27 ml Hungate tubes with 10 ml liquid at
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~1 bar) cultures. In the 0-147 uM initial O,(aq) range, stirring the cultures at high O,
resulted in faster exponential growth of the cells and larger cell densities in the stationary
phase (up to ~5 x 108 cells/ml, ~0.28 g dry weight/l after 72 h). Growth was inhibited
above 13.2 % initial O,(g) (>147 uM O,(aq) in the stirred cultures), while magnetite
formation was strongly inhibited all stirred tubes with >3.9% initial O, (Fig. 1). This
inhibition was attributed to oxidative stress because magnetite growth requires a ~2:1
Fe(IlI):Fe(Il) ratio, while chemical iron oxidation is fast and has a high equilibrium
constant at neutral pH (Heyen et al., 2003; Matsunaga et al., 1991). TEM analysis of the
non-stirred cultures showed a dominance of large magnetosomes irrespective of the
initial O, concentration, a lower number of MMP per cell at the highest initial O,(g), and
no sizable increase in the abundance of dwarf MMP. In stirred cultures, however, cells
incubated in 0.8% initial Oy(g) [~8.9 UM O;(aq)] formed mostly normal MMP. A high
abundance of dwarf MMP and very few mature MMP was obtained at 5.4% initial O,(g)
[~60.3 uM O,(aq)], and very few, mostly dwarf, MMP were formed by cells incubated at
10.1% initial Oy(g) [~112 uM Oy(aq)]. These results suggested a simple, practical means
to obtain arrested growth in MMP without daily monitoring and manipulation of the gas
composition, by adjusting the initial gas composition to the correct [O;] values and by
stirring the cultures.

During incubation, the O, concentration decreases due to chemical oxidation and
respiration, which makes it difficult to identify O, conditions optimal for the expression
of dwarf MMP. It was therefore necessary to limit depletion of the O, pool and to

monitor its evolution. This was accomplished using stirred cultures with a larger
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gas:liquid ratio (27 ml Hungate tubes with 7 ml of liquid culture) and by increasing the
initial gas pressure to 1.2—1.4 bar. Under these conditions the O,(g):O,(aq) molar ratio
was ~125:1 at 30°C and pH 7. Gas pressure, cell density, RML, O,(g), and N»(g) were
monitored daily in 21 culture tubes containing AMB-1 at seven initial O»(g)
concentrations in the range 17-225 uM O;(aq). Controls consisted of 21 tubes treated the
same way but without cells. Exponential growth occurred between 24 and48 h in all
tubes containing cells. During this 24-h interval, the O, concentration did not decrease
by more than 25% and the generation time was shorter at higher O, concentrations (Fig.
2). The average O,(g) values between the 24- and 48-h readings for the seven O,
treatments were 20, 37, 53, 78, 92, 110, and 190 uM. The negative correlation between
growth rate and magnetite production in the 20-92 uM O,(aq) range (Fig. 2B) indicated
that that the O, conditions optimal for the growth of strain AMB-1 are independent of
those optimal for MMP development. The sharpest drop in RML occurred in the 53-78

uM O,(aq) range.
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Fig 2.2. (A) The growth rate of Magnetospirillum magneticum strain AMB-1, measured during
exponential growth at 24-h intervals, increases with [O,(aq)], reaching a maximum at 110 pM
0,(aq). (B) MMP expression was inhibited at higher [O,], dropping sharply between 53 and 78
puM O,(aq). The O, concentrations indicated in the graph are averages between triplicate tubes
measured after 24 and 48 h of incubation and after corrections were made for changes in pressure.
During this 24-h interval the O, concentration did not decrease by >20%. Error bars are 1 SD.
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Fig 2.3. (A) Overall O, consumption during the incubation of strain AMB-1 cultures, measured
after 96 h. The relative contributions of chemical oxidation (controls) and chemical oxidation plus
O,-respiration (samples) are shown. (B) Changes in MMP expression (measured as RML) during
incubation with different initial [O,(aq)] indicate that maximum MMP expression is reached at
the end of the exponential phase (48 h in this culture).

After 96 h of incubation, O, consumption due to respiration was about four times
larger than the effect of chemical oxidation (Fig. 3A). Yet, because respiration is
sensitive to changes in [O,], it is generally recommended to avoid interpreting respiration
results when [O,] changes by > 30% between successive readings. For this reason, and
because cells in the lag and stationary phases may express different respiration values, O,
respiration was calculated only during the 24-h interval that corresponded to exponential
growth (24-48 h). To calculate the total O, respired by cells of strain AMB-1,
corrections were made for changes in pressure and for chemical oxidation, predicted from
controls at similar [O»(aq)]. A positive correlation (R2 =0.7609; n = 20) was found
between the respiration rate and [O,(aq)], such that pumol O, respired x 10™'%cells/h =

1.00608 + 0.03299 x [Oz(aq)] (in puM). A comparison of the changes in RML during
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growth at different initial O, concentrations showed that cells of strain AMB-1 formed
magnetosomes mostly during exponential growth (Fig. 3B) and that a subsequent drop to
<100 uM Os(aq) at 72 and 96 h, after cells entered the stationary phase, did not restore
the RML (results not shown). The expression of MMP remained low in all cultures in
which the initial [O,(aq)] was >100 uM. It must be emphasized here that these results are
dependent on culture stirring; without stirring, cells form large amounts of MMP even at
high [O2(g)].

Magnetic bacteria also store iron in inorganic deposits other than magnetosomes,
such as ferritin granules (Bertani et al., 1997) and vacuoles enriched in amorphous iron
phosphate (Cox et al., 2002). Although such iron reserves are difficult to quantify, they
may play important roles in the ability of the cells to form magnetosomes. In addition,
the dynamics of these non-MMP deposits may be controlled by oxidative stress and are
thus connected with the growth of MMP. Accordingly, total iron content of M.
magneticum strain AMB-1 cells was measured in four treatments (18.6 vs. 50 uM O»(aq),
and O vs. 150 rpm). To limit changes in [O;] during incubation, filter-sterilized gas
mixtures (O, in N,) containing 1.7 and 4.5% O,, respectively, were injected every 12 h;
the pressure was kept at ~1.3—1.4 bar. Cells were sampled after 48 h (upper exponential
phase). The iron content was: 3.8 £ 0.1 mg Fe/mg protein in the 18.6 M O,(aq)/0 rpm
treatment, 2.5 + 0.2 mg Fe/mg proteins in the 18.6 M O,(aq)/150 rpm treatment, 5.6£0.5
mg Fe/mg proteins in the 50 mM O,(aq)/0 rpm treatment, and 1.7+0.2 mg Fe/mg proteins
in the 50 uM O,(aq)/150 rpm treatment. Surprisingly, although RML was larger in the

18.6 uM O,(aq) treatments, the 50 pM O,(aq)/0 rpm cultures accumulated the largest
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amount of iron. Except for the 50 uM O,(aq)/150 rpm treatment (which resulted mostly
in dwarf MMP), all other treatments led to ~95-100% normal MMP. Since dwarf MMP
are only 15% of the size of mature MMP (Fig. 4), a significant part of the iron from cells
grown at 50 uM O,(aq) is probably not stored in magnetosomes. However, given the
variability of these measurements, the obstacles to exactly measuring the average number
of MMP per cell, and the as-yet unclear relationship between RML and the amount of
magnetite made, it was difficult to quantify the intracellular non-MMP iron deposits.

The ultrastructure and arrangement of MMP resulting from the different
treatments were analyzed by TEM (Fig. 4). The cells were incubated for 4 days at 30°C
in 140-ml serum bottles with 50 ml of liquid medium. In the O,-stress treatments,
premixed gas was injected daily to maintain a concentration of 4% in the gas phase (~45
uM). Under 0% O; (0 rpm, or 150 rpm) and 4% initial O, (at O rpm), only normal mature
MMP were formed, with no notable differences between treatments. The mature MMP
were euhedral, 59 = 5 nm vs. 42 + 7 nm in size within the single domain of magnetite. In
contrast, MMP formed under O; stress (45 uM O,; 150 rpm), were smaller, non-euhedral
spheroids, ~25 + 4 nm (hence dwarf MMP), with some as small as 10 nm. If dwarf MMP
are made solely of magnetite (see below), this size is still within the single domain. A few
of these particles (generally <10%) had elongated shapes (1.5:1 length:width ratio) but
still were not euhedral. Dwarf MMP were also present in cells with normal MMP, albeit
at low abundance (~12-14%). In cells with dwarf MMP, a slightly elevated number (11
2 vs. ~5+2% in cells with normal MMP) of non-aligned MMP were found. The total

number of MMP per cell was almost the same between treatments, ranging between 8
21



and 25 per cell; however, the total number of MMP per cell observed by TEM thin
sections has to be taken as an underestimate. Dwarf MMP (<25 nm) were also found in
cells with normal MMP, but they represented <5% of the population and were more
frequently distributed toward the ends of the chain, suggesting terminal growth of the
MMP chain. In cells placed under O; stress (45 uM O; 150 rpm), the abundance of
dwarf MMP was very high (>95%). Without exception, no more than one MMP was
ever found per magnetosome vesicle, although a few vesicles (~3—4%) did not contain
MMP. In some TEM images, positive identification of some of the vesicles and of the
dwarf MMP was difficult. There was no significant difference in the abundance of empty
MMP vesicles between the different treatments, indicating that 45 pM O,(aq) stress did
not inhibit nucleation but only MMP growth. The morphology of the few dwarf MMP
contained in cells with normal MMP was very similar with the morphology of the dwarf
MMP from cells subjected to O, stress. Euhedral MMP <20 nm in size were never
found, irrespective of the treatment.

To address whether dwarf MMP are similar in composition to normal MMP, cells
with normal and dwarf MMP were compared during two different treatments: ~18.7 uM
0,/150 rpm (for normal MMP) and O,-streesed cultures ~45 uM O,/150 rpm (for dwarf
MMP). The large amounts of samples needed for the magnetic measurements were
obtained by culturing the cells in 1- to 2-1 serum bottles with 20-25% liquid medium (as
shown in Materials and methods). The medium was autoclaved with ~1.67% O, in the
gas phase and the gas composition adjusted after cooling to the desired [O,], adjusted the

pressure at ~1 bar. One ml of inoculum from a culture of AMB-1 in late exponential
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phase was added per liter and the cultures incubated for 72 h at 30°C. After
centrifugation, the pellet obtained from cultures with normal MMP was dark-gray to
black, uniform, with a thin white upper layer, while pellets of cells with dwarf MMP
were heterogeneous. The upper part of the pellet (~90%) was white, while the bottom
part was gray with black spots. We assumed that this heterogeneity was due to cells with
different abundances of dwarf MMP, or to a small population of normal size
magnetosomes still present in the O,-stressed cultures, or to an agglomeration of MMP as
a result of centrifugation and poor chain alignment. TEM analysis of these pellets
indicated that dwarf MMP were present, abundant, and similar in both the upper and
lower parts of the pellets of O,-stressed cells, and that the sizes of the MMP did not

significantly differ between these subsamples.

A

Fig 2.4. Transmission electron micrographs of magnetosomes from cells of Magnetospirillum
magneticum strain AMB-1. (A) Normal MMP formed under 0% N, and 150 rpm. (B) Normal
MMP observed at ca. 140,000 x magnifications. (C) Dwarf MMP formed under 4% O, and 150
rpm. (D) Dwarf magnetosomes observed at ca. 140,000 x magnifications.
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Fig 2.5. FC s1/ZFC, sT) remanent magnetization curves showing Verwey transitions and dgc/zrc
ratios. (A) Pellet of cells with normal MMP. (B)Upper part of the cell pellet containing dwarf
MMP. (C) Lower part of the cell pellet containing dwarf MMP. (D) 8rc/dzrc plot of the A, B, and
C samples relative to data on other published samples (Moskowitz et al., 1993).

We then sought to determine whether different parts of the O,-stressed cell pellets
contained the same type of magnetic materials. Three types of samples were compared:
(A) pellets of cells with normal MMP, (B) the upper, white part of the pellets with dwarf
MMP, and (C) the lower, dark part of the pellets with dwarf MMP. The FC, s1)/ZFC, sr)
remanent magnetization curves showed very similar patterns between samples B and C,
and all samples had Verwey transitions at ~120 K, characteristic for magnetite (Fig. 5).
The contribution of paramagnetic (PM) materials was larger in B and C than in normal

MMP samples; this was partly expected because cells with dwarf MMP have less Fe and
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magnetite than cells with normal MMP. All samples showed a dgc/6zrc behavior between
whole cells and extracted magnetosomes; which was also expected since dwarf MMP
were not extracted from the cells, in order to limit dissolution, oxidation, and chain
breakage. A value of ~1 for 6pc/dzrc indicates isolated magnetite particles while a value
of ~2 indicates perfectly aligned magnetite chains (Moskowitz et al., 1993). No
significant differences in the level of alignment between B (8pc/dzpc = 1.59) and A
(0rc/dzrc = 1.60) were found whereas smaller values (8gc/0zrc =1.39), an indication of
poorer alignment, were obtained for C. It was previously observed (Moskowitz et al.,
1993) that the conversion of magnetite MMP to maghemite (such as during oxidation)
reduces Ogc and dzrc close to 0.05-0.06 and brings the Spc/dzrc ratio to~1. We found
Orc/Ozrc ratios <2 and thus inferred no evidence of magnetite alteration.

Samples A, B, and C (Fig. 5) were also compared by hysteresis loop analysis
(data not shown). Paramagnetic (PM) and ferrimagnetic contributions in all samples
were recorded. In addition, the PM effect was stronger in samples with dwarf MMP,
supporting the results presented above (namely, Fe composition and FC, s1/ZFC s1)
ratio). The hysteresis parameters at 300 K, the saturation magnetization (M), and the
saturation remanent magnetization (M,s) were very similar between the A and B samples.
Using the known value of M, for magnetite, we estimated that the dried-pellet samples
each contained <1% magnetite. Additional information was obtained from the M,y/M;
ratio, which for whole-cell samples at room temperature is ~0.5 for a random distribution
of uniaxial “single domain chains” (Moskowitz et al., 1993). The values obtained for the

A and B samples were smaller than expected (~0.4); this may have been due to broken
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chains, which is a typical artifact of extended centrifugation. It was difficult to determine
a precise M;¢/M; value for the C samples because of their high PM contribution.
Maossbauer spectra showed only doublets, which may have indicated PM or SPM iron
phases, thus confirming previous reports (Frankel et al., 1985), but ZFC/FC induced
magnetization analysis showed only PM and not SPM behavior. Lastly, XRD analysis
showed no significant differences between samples and that the only mineral present was

magnetite (results not shown), supporting the previous results.

Discussion

It was previously reported that the expression of MMP in M. magneticum strain
AMB-1 is optimal at 2.35 pM O, is partly inhibited at 11.7 uM O,, and totally inhibited
at 23.52 uM O,. Without subsequent manipulation of the gas composition, we found that
M. magneticum strain AMB-1 cells are more tolerant to O, stress than previously
acknowledged, when an inorganic reductant (such as S,03 .80 mixture) is added to the
medium. During these incubations, O, decreased by 6—45% over 96 h. The initial
culture conditions described herein allow a high abundance of dwarf MMP to be obtained
without the need for chemical monitoring and periodic adjustment of [O;]. Cells of M.
magneticum strain AMB-1 grew better at 100225 uM O,(aq) in stirred liquid culture
than at lower [O,], yet the formation of MMP was repressed at ~45 uM O,(aq) and
strongly inhibited at >100 um O»(aq). Under conditions of ~45 uM initial O2 in liquid,
150 rpm, and 30°C, numerous dwarf magnetosomes, representing > 95% of the total

MMP population, formed after 48 h of incubation, and the O, concentration decreased by
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~20%. The higher respiration rate, faster growth, and higher final density at higher [O;]
supports the conclusion that, in strain AMB-1, the oxidative stress of MMP production
does not coincide with the oxidative discomfort of the cells. The total number of MMP
was similar between cells with normal MMP and cells with dwarf MMP grown at 45 pM
initial O(aq) and 150 rpm. Only a small fraction of all dwarf MMP were not aligned.
Magnetite was the only magnetic material or mineral detected in strain AMB-1. The
smallest dwarf magnetosomes were ~10 nm in size and were very seldom euhedral, but
rather irregular spheroids. MMP vesicles with more than one MMP particle were not
observed, implying that MMP are initiated from a sole nanocrystallite and that novel
magnetosome are added mainly terminally in the MMP chain. Despite the fact that very
large populations of dwarf MMP were analyzed (~4 x 10" per sample), there were no
signals of SPM behavior; instead, only SD behavior and a PM signal. The magnetic
signatures of cells with dwarf MMP was nearly the same as that of cells with normal
magnetosomes, i.e., no ferryhydrite, aligned SD magnetite, no SPM behavior, and
enrichment in PM iron.

In earlier models, it was hypothesized that MMP are initiated via: (i) SPM
nanocrystallites of magnetite growing into mature single domain particles; (ii) early
granules of crystalline or amorphous ferryhydrite, later replaced by magnetite (Frankel et
al., 1983; Schiiler et al., 1999); and (iii) iron-rich organic matrices, later replaced by
magnetite (Matsunaga et al., 2003; Vainshtein et al., 1998). The existence of a short-
lived SPM magnetite or ferryhydrite phase during MMP growth cannot be excluded, but

a method to systematically stop the growth of all magnetosomes in very early SPM stages
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has yet to be found. The MMP were not in physical contact with the MMPmembrane,
perhaps indicating that the growth of MMP is controlled via solute chemistry rather than
surface contact. The initiation of novel MMP was not observed, probably because the
period of growth between early nanocrystallites and dwarf MMP is very short. The
culturing conditions proposed herein have a greater effect on the growth of MMP from
dwarf to mature MMP than on the formation of dwarf MMP, and can be used to study

stages in MMP development.
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Chapter 3

Dissimilatory sulfate reduction on olivine surfaces
Abstract

Dissimilatory sulfate reducing (DSR) microorganisms play important roles in the
geochemical cycles of sulfur and metals. These microorganisms are anaerobic and are
capable of oxidizing organic molecules and H, with sulfate, producing reduced sulfur
chemicals including hydrogen sulfide (H,S) which is toxic to the cells. The growth of
DSRs in cultures is faster when iron is present which reacts with H,S and forms iron
sulfide precipitates. We found abundant growth of DSRs in the presence of olivine, an
iron containing mineral ((Mg,Fe),Si0y4). In this work we have studied the reaction
between H,S and olivine and the growth of DSRs in the presence of olivine. Our results
show that the reaction between H,S (produced by DSRs) and olivine is abiotic and not
catalytic. The growth of DSRs was positively influenced by olivine, though olivine

(apart from iron and magnesium) is not a source of nutrients microorganisms.

Introduction
Olivine description and chemistry

Olivine ((Mg,Fe),Si0,) is a metal silicate mineral very common on earth. It
forms in igneous rocks such as basalt during the cooling of lava and magma. In some
cases olivine crystals are also present in sedimentary deposits such as soil, sediments and
sand. Olivine only contains iron in reduced form (Fe(II)) and a very thin layer of

oxidized iron (Fe(Ill)) may cover the surface of crystals. The magnesium to iron ratio in
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olivine varies. Forsterite olivine contains 0% iron while fayalite olivine contains 100%
iron. The designation for olivine is based on the % magnesium. For example, forsterite
is labeled Fojqo, while fayalite is Foy. In our experiments we have used Fogg olivine.

Although the abiotic weathering of olivine was intensely studied, little work exists
on its bioweathering (Welch and Banfield, 2002; Wogelius and Walther, 1992; Siever
and Woodford, 1979; Popa et al., 2012). This limited work is due to complications
resulting from oxidative dissolution reactions and subsequent precipitation of iron
oxyhydroxide phases on olivine surfaces (Welch and Banfield, 2002). Past research
indicated that the oxidation of Fe-rich silicate minerals may enhance or inhibit their
dissolution rate. The extent of this reaction was generally determined based on the net
release of materials in solution. White and Yee (1985), while studying the dissolution of
several Fe-silicate minerals, found increased dissolution rate under oxidizing conditions
leading to Fe’*. In the pH range 1.5 to about 10, this process consumed dissolved oxygen
at a rate that increased at lower pH. Wogelius and Walther (1992) and Siever and
Woodford (1979) reported decrease in long-term dissolution rate of fayalite, attributed to
the precipitation of iron oxyhydroxide phases, coating the olivine surfaces.

Energy rich chemicals (such as methane and hydrogen) can occur in the presence
of olivine. For example, serpentinite is formed from olivine and may generate methane
(CHy) and hydrogen (H;) under anaerobic conditions. The utilization of either H, or CHy
by chemoautotrophic microorganisms may provide the energy required for microbial
growth on olivine (Santelli et al, 2001; Welch and Banfield, 2002; Garcia et al., 2005;

Longazo et al., 2001; Josef et al., 2007). Organotrophs may also influence olivine
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dissolution. For example, Garcia (2005) showed that in the presence of olivine,
Escherichia coli caused an enrichment of their host solution in **Mg relative to heavier
isotopes. Santelli et al. (2001) and Welch and Banfield (2002) used iron-oxidizing
bacteria (Acidithiobacillus ferrooxidans) in low-pH cultures to examine changes in both
the olivine surface morphology and the chemistry of the culture media. Josef (2007)
found that some microorganisms act to suppress dissolution of olivine instead of
enhancing dissolution, and also that abiotic dissolution overshadows microbial enhanced
dissolution. Longazo et al. (2001) placed unidentified bacillus bacteria, isolated from the
Columbia River aquifer, into cultures with olivine and no Fe or Mg and showed that these
microorganisms have created weathering features on olivine surfaces.

The relationship between the growth of dissimilatory sulfate reducing (DSR)
microorganisms and olivine has never been studied. In theory, the sulfide produced by
DSRs should react with iron on olivine surfaces and speed up its dissolution. This study
is the first report that connects DSRs with olivine, and is important for understanding
olivine bioweathering in DSR communities and the influence of olivine on DSR

communities.

Iron sulfide chemistry
Iron sulfides are an essential part of the global biogeochemical cycles of sulfur
and iron. Iron sulfides are key indicators for understanding the evolution of earth’s

subsurface geochemistry and early history. For example, studying the evolution of
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atmospheric O, can relies (among others) on analyses and interpretations of iron sulfides
(particularly pyrite, FeS,), in ancient sedimentary rocks (Rickard, 2007).

Iron sulfides exist in many forms and compositions (i.e. iron:sulfur ratios) and
may be amorphous or crystalline. They also vary in solubility and degree of oxidation
(Vaughan and Craig, 1978; Rickard, 2007; Harmandas and Koutsoukos, 1996; Wolthers
et al., 2003). Some of the most important iron sulfides are discussed next. Amorphous
FeS is a non crystalline precipitate of Fe* and S* with a solubility product (SP) of about
1077 Amorphous FeS is abundant in natural environments and plays an important role
in geochemical processes and the fate of contaminants. For example, it is an important
diagenetic product in marine sediments (Michel et al., 2005), is environmentally
significant in the sequestration and remobilization of heavy metal contaminants (such as
Cu, Cd, As, Ni and Co), and has recently been shown to react with contaminants such as
dissolved Cr species (Mullet, 2004). Pyrrhotite (Fe;S) is a mineral with monoclinic
crystal structure. It is the most abundant iron sulfide on earth and the solar system,
though it is rarely found in marine systems. Troilite (FeS) is a stoichiometric compound
with hexagonal symmetry. Mackinawite (Fe;.xS), is the least stable iron sulfide mineral,
with tetragonal layered crystal structure and it is widespread in low-temperature aqueous
environments. Greigite (FesSy) is a fairly widespread ferromagnetic mineral, more
frequently associated with freshwater systems. Unlike all other iron sulfides (which only
contain sulfur in $* form), pyrite and marcasite (FeS;) contain sulfur in a more oxidized

state (S7). They are also highly insoluble, SP = 10'24(Rickard, 2007).
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In the presence of O,, mineral iron sulfides are more stable than amorphous FeS.
The evidence that amorphous FeS is dominant in a mixture can be obtained by exposure
to air for 24-48 hours. Upon oxidation, amorphous FeS turns into rusty iron oxides and
elemental sulfur.
FeSamorph + O, — Fe®* + S
Though details vary greatly, the general form of the reaction between iron and sulfur is:
Fe + HS" — FeSx + H"
First iron sulfide precipitates resulting from this reaction are either amorphous
FeS or crystalline mackinawite. Reaction between sulfide and ferrous solutions resulted
in poorly crystalline or amorphous precipitates, whereas reactions with metallic iron
favored mackinawite (Csdkberényi-Malasicsa et al., 2012). This reaction occurs in the
absence of oxygen which oxidizes Fe(II) to Fe(IIl) and sulfide to S°. In anoxic, yet
mildly oxidizing conditions, such as when oxygen is absent but Fe(III) or S° are present
the reaction between Fe(Il) and H,S may lead to pyrite or marcasite (FeS,).
In strictly anoxic sediments:
FeS + H,S — FeS, + H,
In salt water sediments:
Fe?* +S° — FeS, (Schulz and Zabel, 2000)
This reaction is important, because pyrite and marcasite are highly insoluble and

serve as a sink, removing sulfide and metals from the liquid phase.
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The biological sulfur cycle

The sulfur cycle includes the processing of sulfur moving to and from minerals,
waterway and living systems. This cycle is important in geology because sulfur is in the
top ten list of most abundant elements in earth’s crust; it reactions are involved in metal
recovery and lead to pollution during metal mining as well as in metal and concrete
corrosion. Sulfate (SO42') is the second most abundant anion in the ocean. The sulfur
cycle is also important for life because sulfur is an element essential in many proteins,
enzymatic cofactors and lipids, and because sulfur chemicals can be used by cells to
obtain energy. Sulfur occurs in nature in a variety of oxidation states, the three most
important being $* (in sulfide and reduced organic sulfur), S° (elemental sulfur) and S®*
(sulfate) (Tang, 2009). Chemical or biological agents contribute to the transformation of
sulfur from one state to another, thus microorganisms play an important role in sulfur
transformations. For example, H,S can be oxidized to sulfur or sulfate by sulfide
oxidizers, while sulfate can be reduced by DSRs (Robertson, 2006). Figure 3.1 shows a
phylogenetic tree illustrating the widespread distribution of various types of sulfur-
metabolizing microorganisms including sulfur/sulfide oxidizers and sulfate/sulfur
reducers. Because members of both Archaea and Bacteria can use sulfate as a terminal
electron acceptor, some researchers use general terms such as sulfate-reducing
prokaryotes or sulfate reducing microorganisms. In this paper, we use the term
dissimilatory sulfate reducers (DSRs) to broadly refer to members of both prokaryotic

domains.
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Sulfur oxidizing bacteria can oxidize inorganic sulfur compounds as electron
donors. Sulfur oxidizing bacteria include: anoxygenic phototrophs such as green
(Chlorobium sp.) and purple (Chromatiaceae sp.) sulfur bacteria; colorless sulfur bacteria
(such as Thiospira sp., Acidithiobacillus sp. and the Archaeal Thermococcus sp.). Shown
below are some of the most important chemical reactions performed by sulfur and sulfide
oxidizing bacteria:

Sulfur oxidizing bacteria:
1. Chemoautotrophic (for example Thiobacillus thiooxidans):
2S° +30; +2H,0 = 2S0,> +4H"
2. Anaerobic photoautotrophic (for example Chloroherpeton thalassium):

S°+2CO0; +2H,0 = SO,* + 2(CH, O) +2H" (Ivanov 1981)

Sulfide oxidizing bacteria (for example Beggiatoa spp.):
1. Chemoautotrophic:
2H,S + 0, =2S° +2H,0 or
H,S +20,=S0," +2H"
2. Photoautotrophic:
2H,S + CO,=2S° + (CH, O) + H,O or

H,S +2CO0, +2H,0 = SO, +2(CH,0) +2H* (Ivanov 1981)
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With regard to reduction processes, some microorganism can reduce elemental
sulfur, others can reduce sulfate. Most common chemical reactions produced by
sulfate/sulfur reducing bacteria are show below:

Sulfur respiration of sulfur reducing bacteria:
1. Using organic acids as electron donors (Desulfuromonas acetoxidans):

CH3COOH + 2H20 + 4S° = 2CO2 + 4H2S
This group of sulfur reducing bacteria can also use ethanol, lactate, pyruvate, propanol as
electron donors and can live syntrophically with phototrophic green sulfur bacteria which
oxidize HzS to S°

2. Using hydrogen as an electron donor (e.g. thermophilic anaerobic archaea such as

Thermoproteus sp.):

H2+ S° = H2S
Chemoheterotrophic sulfate reducing bacteria (e.g. Desulfobacter and Desulfobulbus):

1. Using hydrogen as an electron donor
4H, + SO4” = H,S + 4H,0
2. Using organic acids as electron donor

4CH;0H + 3504™ = 4CO, + 3H,S + 8H,0
This class of DSRs can also use ethanol, lactate and pyruvate as electron donors.

Based on their metabolism, sulfate/sulfur reducing bacteria can be organized in
three groups. a) Sulfate reducers capable of using lactate, pyruvate, many alcohols and
fatty acids as electron donors and capable of reducing SO4 to H,S (some of which

produce acetate). b) Sulfate reducers capable of using fatty acids (especially acetate) and
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oxidize substrates completely to CO,, while converting SO4 to H,S (some of these

microbes can grow chemoautotrophically using H; as the electron donor).

And c¢)

Dissimilatory sulfur reducers, capable of reducing elemental sulfur to sulfide, but unable

to reduce sulfate; these microorganisms are exclusively anaerobic, can use acetate and

ethanol as common electron donors and S° is the sole electron acceptor.
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Fig. 3.1. Tree showing the widespread distribution of sulfur-metabolizing

microorganisms among major phylogenetic lineages (modified after Stefan, 2007).
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Diversity of DSRs

Sulfate reduction may be either an assimilatory process (i.e. assimilatory sulfate
reduction), or an example of anaerobic respiration (i.e. dissimilatory sulfate reduction, or
DSR) (Fig. 3.2). Assimilatory sulfate reducers convert sulfate into reduced sulfur which
they use for constructing organic molecules. DSRs use sulfate as an electron sink and
thus as a source of energy. Some sulfate-reducing bacteria also have the capacity to use
chemicals such as nitrate and nitrite, ferric iron, other metals, and even oxygen as
electron acceptors (Muyzer, 2008). Under low-oxygen or oxygen-free conditions, in
environments such as swamps, anoxic sediments, and deep Black Sea water, DSRs
oxidize organic matter or hydrogen, and produce hydrogen sulfide. Some of this
hydrogen sulfide reacts with metal ions and produce metal sulfides, which appear as
black precipitates. DSRs are considered to be some of the oldest types of
microorganisms on earth. Isotopic data suggests that DSRs may have existed 3.5 billion
years ago, and may have contributed to the sulfur cycle very soon after life first emerged
on earth (Barton, 2009). Microbial DSR in anoxic environments is the most important

source of low-temperature sulfide in natural waters (Ledin, 1996).

38


http://en.wikipedia.org/wiki/Hydrogen_sulfide�
http://en.wikipedia.org/wiki/Precipitate�

ATP sulfurylase APS kinase
SO42" ——=> APS — ” PAPS
ATP PP 1 APS ATP ADP
e reductase NADPI:-ZI ;
v\"m"”’ NADP"'e PAE
S03%- S042-
6e-~ |Sulfite 6e-
‘rcduclasc
b, 4
H»S H5»S
Excretion Organic sulfur
compounds(cysteine,
methionine, etc)
Dissimilatory Assimilatory
sulfate reduction sulfate reduction

Fig. 3.2. Diagram of differences between assimilatory and dissimilatory sulfate reduction.

Based on comparative analysis of 16S rRNA sequences, DSRs belong with seven
phylogenetic lineages, five within the Bacteria and two within the Archaea (Fig. 3.1).
Most sulfate reducers are from about 25 genera of the d-subclass of Proteobacteria,
followed by Gram-positive DSR bacteria related to Clostridia (e.g. Desulfotomaculum,
Desulfosporosinus and Desulfosporomusa). The third branch is represented by
thermophilic sulfate reducers, which includes three lineages, Nitrospirae
(Thermodesulfovibrio), Thermodesulfobacteria (Thermodesulfobacterium) and

Thermodesulfobiaceae (Thermodesulfobium) (Mori et al., 2003). Within the Archaea,
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DSRs are common in the genus Archaeoglobus in Euryarchaeota, and Thermocladium
and Caldirvirga in Crenarchaeota (Itoh et al., 1998 and 1999; Rabus, 2006).

Some species of bacteria (important for this study) are facultative heterotrophs
and are capable of both dissimilatory sulfate reduction and aerobic or anaerobic
organotrophy. Examples include some species of Pseudomonas aeruginosa and
Pseudomonas putida (Thomas C. Montie, 1998; Kliushnikova et al., 1992; Tsakraklides
et al., 2002), Desulfotomaculum nigrificans (previously Clostridium nigrificans)
(Campbell and Postgate, 1965).

DSRs can be classified into two groups: complete oxidizers (acetate oxidizers),
which have the ability to oxidize the organic compound to carbon dioxide, and
incomplete oxidizers (non-acetate oxidizers) which carry out the incomplete oxidation of
organic compounds to acetate and CO,. Desulfobacter, Desulfobacterium,
Desulfococcus, Desulfonema, Desulfosarcina, Desulfoarculus, Desulfoacinum,
Desulforhabdus, Desulfomonile, Desulfotomaculum acetoxidans, Desulfotomaculum
sapomandens and Desulfovibrio baarsii are complete oxidizers (Postgate, 1984; Rabus,
2006). Incomplete oxidizers include Desulfovibrio, Desulfomicrobium, Desulfofustis,
Desulfotomaculum, Desulfobotulus, Desulfomonile, Desulfobacula, Archaeoglobus,
Desulfobulbus, Desulforhopalus and Thermodesulfobacterium (Madigan, 2006; Colleran,
1995). The growth kinetics of incomplete oxidizers is generally faster than that of
complete oxidizers. Some sulfur reducing bacteria, which is the other group of obligate

anaerobes responsible for the production of sulfide, consist of genera such as
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Desulfuromonas, Desulfurella, Sulfurospirrilium and Campylobacter. These bacteria can

reduce sulfur to sulfide but are unable to reduce sulfate to sulfide (Rabus, 2006).

Mechanism of dissimilatory sulfate reduction (DSR)
DSRs use sulfate as the terminal electron acceptor and organic compounds or Hy
as electron donors. The main steps of DSR oxidation of H; are shown next (Fig 3.2):
1. Sulfate, which is fairly stable, is activated by reaction with ATP, forming
adenosine phosphosulfate (APS).
SO4” + ATP — APS + PPi
2. A hydrogenase splits Hy, and the resulting electrons are used to reduce the sulfur
atom from APS, releasing sulfite (5032').
APS + H, — SO5” + AMP + H,0
This reaction involves an intermediate electron carrier, cytochrome c3, which is
diagnostic for dissimilative sulfate reducers.
3. Using more electrons derived from Hj, sulfite is further reduced to sulfide.
SO;* + 6 H'+ 6e — H,S + H,0 + 20H
Sulfite is reactive and toxic to most organisms and it is generally reduced as soon
as it is produced. Bacteria do not wait until all sulfate is exhausted before beginning to
reduce the sulfite. The final product, hydrogen sulfide, is also toxic, but as a gas part of it
is released in the atmosphere. During these reactions, the hydroxide ion is generated

raising the pH.
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Distribution of DSRs in the environment

DSRs can be found in many natural and artificial environments where sulfate is
present. They have been detected or isolated from mud volcanoes sites in the bottom of
the Black Sea (Stadnitskaia et al., 2005), marine sediments (Mussmann et al., 2005,
Webster et al., 2006), hydrothermal vents at Guaymas Basin (Jeanthon, 2002),
hydrocarbon seeps at Cascadia Margin, Oregon (Knittel et al., 2003), and are also
abundant in hypersaline microbial mats (Minz et al., 1999, Rissati et al., 1994).

DSRs have also been detected in extreme environments, for example in extreme
pH habitats, in acid mine drainage sites at pH as low as 2 (Sen, 2001) or in alkaline lakes
at pH 10 (Geets et al., 2006). DSRs have also been detected and isolated from freshwater
sediments (Sass et al., 1998), oil fields (Nilsen et al., 1996), anaerobic waste-water
treatment industry (Elferink et al., 1994; Ben-Dov et al., 2007), and even in the
rhizosphere of plants (Hines et al.,1999; Bahr et al., 2005).

Most DSRs are free-living, but some are present in syntrophy with other
microorganisms. For example, DSRs can grow together with sulfur oxidizing y —
proteobacteria, as endosymbionts in the marine oligochaete worm Olavius algarvensis
(Dubilier et al., 2001; Woyke et al., 2006). In freshwater environments or water-logged
soil with low concentration of sulfate, many species of Desulfovibrio and
Desulfomicrobium have been found capable of growing by fermenting pyruvate to
acetate, carbon dioxide and H,. Desulfotomaculum (a Gram-positive, obligately
anaerobic), causes the "sulfide stinker", a type of spoilage of canned foods.

Desulfomonas is an anaerobic DSR, isolated from human feces and thoracoabdominal
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areas. Archaeoglobus is a thermophilic Archea growing at high temperatures between 60

and 95°C (Klenk et al., 1997).

Biotechnological application of DSRs

Mine waters and industrial effluents may contain high sulfate and metal
concentrations and pose significant disposal problems that require urgent solution to
avoid serious environmental contamination (Jong and Parry, 2003). In mine waters,
sulfate, metalloids (arsenic) and heavy metals (such as copper, nickel, zinc and iron)
originate from the chemical or biological oxidation of exposed sulfide minerals. This
process also generates acidity (in the form of H,SO,) which can also dissolve other
minerals, releasing cations (Chang et al., 2000). Thus, there is an increasing interest in
the potential biotechnological applications of DSRs as an alternative method for sulfate
and heavy metal removal from contaminated sites (Chang et al., 2000; Elliott et al., 1998;
Kim et al., 1999). Metal sulfates (of copper, nickel, zinc and iron) are highly soluble, but
their corresponding sulfides have low solubility. Thus, under anaerobic conditions, DSRs
can be used to sulfate to sulfide, which can react with dissolved metals to form metal
sulfide precipitates (Kim et al., 1999). This concept has been applied to immobilize
metals from surface water and process water from mining industries (Muyzer et al.,
2008).

Another biotechnological application of DSRs is in the removal and reuse of

sulfur compounds from waste water (Muyzer et al., 2008). Sulfide is relatively easy to
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oxidize. When oxygen is limited, sulfide oxidizing bacteria produce mainly elemental
sulfur instead of sulfate.
HS ™+ 0.50, — S° + OH~
This feature can be used to remove hydrogen sulfide from natural gas or biogas
(Janssen et al., 2001). If this is combined with an anaerobic step, it can also be used to
treat water and gas containing oxidized sulfur compounds. Firstly, the oxidized sulfur
compounds are reduced to sulfide with the help of DSRs. Then sulfide is partially
oxidized to S°. One related application is the flue-gas desulphurization (FGD)
technology. Lime or limestone-based wet scrubbing is a commonly applied FGD
technology. But, biotechnological FGD (Bio-FGD) was proposed as an alternative based
on the following transformations (Muyzer et al., 2008).
1. SO;is scrubbed from the flue gas with an alkaline solution to form sulfite
SO, + OH — HSO;5;~
2. Oxygen in the flue gas causes the oxidation of part of sulfite to sulfate
HSO;™ +0.50, — SO, +H*
3. In an anaerobic bioreactor, sulfite and sulfate are reduced by DRSs to sulfide
HSOz; + 6[H] — HS™ + 3H,O or
SO,> + 8[H] = HS™ + 3H,0 + OH"
4. In a microaerobic reactor, sulfide is oxidized to S° by autotrophic sulfide-
oxidizing bacteria
HS+0.50, — S° | + OH"
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In the last step sulfide oxidation, alkalinity is produced, which can be led back to
entrap sulfur dioxide on step one. Thus, alkalinity is only lost via the bleed stream, in
Bio-FGD system, it requires a low input of lime or limestone.

In brief, apart from their importance in sulfur cycle, DSRs together with sulfur
oxidizers can be successfully exploited in the sustainable clean-up of industrial waste

streams.

Objectives

Hydrogen sulfide produced by sulfate reduction causes corrosion (Eql)
(Mattorano and Merinar, 1999).

Fe + 2H* — Fe”* + H (Eq 1)
DSRs influence the equilibrium of this reaction, a process of microbially-induced
corrosion. Hydrogen sulfide produced by sulfate reduction was also found to have direct
and reversible toxicity effects on the physiology of DSRs (Reis et al., 1992). Knowing
how to avoid hydrogen sulfide formation is highly important in biotechnological
applications involving DSRs. In theory, the hydrogen sulfide produced by DSRs can
react with iron on olivine surfaces, corrode the olivine and produce iron sulfides. It is
unclear if microorganisms participated directly to this reaction, and whether this reaction
will influence the growth of DSRs. The following hypotheses are proposed for this work:

1. The chemical reaction between the H,S, produced by DSRs, and olivine is abiotic
and it is not catalyzed.

2. The growth of DSRs will be positively influenced by the presence of olivine.
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The mechanisms proposed to be involved in this process are summarized below:
Step 1 (Catalyzed by DSRs)

4H, + SO4” + 2H" — H,S + 4H,0 AG® = -152kJ/mol

R-COO + SO,” + 3H" — 2CO, + HyS+ 2H,0  AG® = -57.5kJ/mol

where: R= (CHy)x

Step 2 (Abiotic process)

Fe **"** + H,S — FeS

Fe®* + S° + H,S — FeS, (pyrite) + 2H"

Based on these objectives my work was divided in two parts:

1. Determine the equilibrium and rate of the chemical reaction between H,S and
olivine. Analyze the consumption of H,S in the presence of olivine under various
initial concentrations of H,S. Investigate interferences produced by HCOs', PO,*
and pH, which are some of the most common and wide ranging variables in
sediments and culture media.

2. Verify the effect of olivine changes in cell density in DSR communities and

identify species from the DSR communities.
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Materials and methods
Olivine treatment
Table 3.1. gives size ranges and surface areas for olivine sands with two levels

of granulation.

Table 3.1 Olivine particle sizes and BET surface areas.

Sieve size (um) BET (cm” g'l)
250<d<420 307.0
149<d<250 598.0

Surface areas for Fog; were measured by multi-point BET (Brunauer et al., 1938)
using a krypton gas adsorption technique (Wogelius and Walther, 1992). Ground olivine
with 0.4 mm particles diameter has a calculated surface area of about 7,000 mm?/g.
Because sands with smaller size olivine particles have larger surface area, it is expected
that more finely ground olivine is better for studying the reaction between sulfide and
olivine-iron. In our experiments, Fogy olivine was crushed using a ceramic mortar and
pestle and then size-fractioned using stainless steel sieves to minimize metallic iron
contamination. The sand samples were sieved in the 150um-250um grain size range,
washed with dH,O and dried overnight in a 60°C oven. In cultures, olivine was
autoclaved in the growth medium. For chemical reactions non-sterilized olivine was

used.
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DSRs samples collection

Sediment samples were collected from the Willamette River (Portland, OR). This
location is part of the Columbia River Basalt system. The samples were stored in the -
40°C refrigerator. A basalt slurry was transferred in a 2 mL microcentrifuge tube, and
100 uL of this slurry was used to inoculate olivine-containing culture media.

The Columbia River basalt (CRB) is a large igneous province that lies across
parts of the Western United States, including Washington, Oregon, Idaho, Nevada, and
California. Columbia River flood basalts are a series of ~300 stacked basalt flows that
erupted between 6—17 million years ago (Alt and Hyndman, 1995). McKinley and
Stevens (2000) analyzed microfossils from CRB and proposed that indigenous subsurface
CRB microbial ecosystems persisted for millions of years. In 1995 and 1997 they have
also reported that in the CRB area, paelosols contain methanogens, homoacetogens and
DSRs and that along with sulfate and iron (III) reducers, H; is generated due to

interaction between water and ferromagnesian silicates from basalt.

The chemical reaction experiment

We have prepared serial dilutions of H,S (0.156mM, 0.313mM, 0.625mM,
1.25mM, 2.5mM from 50mM) from a 50 mM Na,S solution adjusted to pH=7 and stored
at -80°C. The frozen Na2S bottles were melted in ice-water mixtures (0°C) when needed.
The serial dilutions were prepared in a oxygen-free glove box to avoid oxidation of the
sulfide. The dH,O used for this dilution was boiled and then purged with helium gas (He)

for at least 24 hours. For each different concentration of H,S, we have prepared six 2mL
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centrifuge tubes, added 0.25g ground olivine to each tube, and 1mL from the serial
dilution solution. The tubes were incubated at 37°C. Each sample also had a control
which only contained 1mL of H,S solution but without olivine.

We measured H,S concentrations at the initial time, and then every 1.5h or 3h
after incubation. For each measurement, we randomly took out one tube from each [H,S]
sample to measure changes in [H,S]. During each sampling we have tested 10 different
sample tubes and used six replicates for each measurement.

We have also prepared standard H,S solution during each measurement to
produce a standard line. The standard H,S solutions contained OmM, 0.156mM,
0.313mM, 0.625mM, 1.25mM, 2.5mM and 5SmM H,S.

Hydrogen sulfide is slightly soluble in water and as a weak acid, it can be ionized
to produce bisulfide (HS") (pK, = 6.9 in 0.01-0.1 mol/L solutions at 18 °C) and sulfide
(Sz) (pK, = 11.96). However, sulfides are not detected far from their source areas, or
long after collection, due to their high reactivity with O,. Therefore, rapid measurement
of H,S is desirable immediately after sampling. A number of techniques have been
developed to measure total sulfide species (H,S, HS’, S* and polysulfides). These
include colorimetric methods with methylene blue, nitroprusside and nitrilotriacetic acid
and iron (Guenther, 2001). In this study we have used the diamino methylene blue
method, which needed DPD reagent and 30mM FeCls acid solution. The DPD reagent
was prepared by mixing 119mL concentrated HCI1 (12.1M HCl), 81mL dH,0 and 0.938¢g
of N,N-dimethyl-p-phenylene-diamine sulfate. Acid solution of 30mM FeCl; was

prepared by mixing 20mL concentrated HCI, with 180 mL dH,O and 1.62g FeCl;.6H,0.
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For each measurement, we took samples very fast by avoiding air as much as
possible, because sulfides would react with oxygen in a couple of seconds. All reactions
have occurred in the glove box in the absence of air. In centrifuge tubes we have mixed
10ulL DPD reagent (20mM Diamino dissolved in 7.2N HCI), 100uL sample containing
sulfides, mixed gently, rapidly added 10uL of the 30mM FeCls solution, vortexed again
and incubated in the dark for 20min. The samples were distributed in six replicates in 96-
well plates, and absorption at 650nm was measured using a microplate spectrophotometer
(8452A; Hewlett Packard). Using the H,S standards, we have produced equations
representing the relationship between the concentration of H,S concentration and

absorbance at 650nm in each sample

The effect of [HCOj3'] on the reaction

We have prepared different concentrations of HCO3™ (OmM, 10mM, 20mM and
50mM) by diluting from a 1M Na,COj solution. Each [HCO5'] sample had a control
which contained 1mL 2.5mM H,S and different [HCO3']. Some sample tubes also
contained 0.25g of ground olivine, as needed. We have used five centrifuge tubes for
each sample and for each control, so the total number of centrifuge tubes for testing in
each experimental series was 40.

After adding 1mL of different HCO3™ solutions (pH=7) to each tube, plus 0.25g
ground olivine, we left these tubes in the glove box for 24h to let the olivine react with
the solution completely. Next day, we have injected 40uL. 50mM H,S in each tube (still

in the glove box) and measured the [H,S] as shown above at initial time and then every
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1.5h until 6 hours of incubation. For each time measurement series, we randomly took
out one tube representing a different [HCO;] sample and measured the results. Thus,
every time we made a series of measurements we have verified 8 different tubes

representing various times of incubation (Oh, 1.5h, 3h, 4.5h and 6h).

The effect of pH on the reaction
With regard to pH effects two experiments have been performed:

a. We have prepared three different pH solutions with (pH =5, 7 and 9) using a
Thermo Orion pH meter model 410, and adjusted the solutions’ pH with HCI or NaOH
solutions. Each pH sample had a control containing ImL of 2.5mM H,S. In the sample
tubes we have also added 0.25g of ground olivine. We prepared five 2mL centrifuge
tubes for each sample and for each control, to a total of 30 centrifuge tubes in each series.
After adding 1mL different pH solution to each tube and the 0.25g ground olivine in the
sample tubes, we incubated these tubes in the glove box for 24h to let the olivine react
with solution completely. We have injected 40ul. of 50mM H,S in each tube (still in the
glove box), measured [H,S] as shown above at the initial time and then after 2, 4 and 6
hours of incubation. For each time interval, we randomly took out one tube from each
different sample and made H2S measurements. Each sample was tested in six replicates.

b. We have prepared three different pH solution (pH =5, 7 and 9) as shown above.
For this experiment we have used 140 ml serum bottles. Each pH sample had a control
containing 50mL of 2.5mM H,S and 12g ground olivine. In total six 140 mL bottles were

used in each series of measurements. Each sample bottle contained 12g ground olivine.
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All bottles were incubated for 24h in the glove box prior to adding the H,S. We injected
2.5mL 50mM H,S per bottle in glove box, measured pH with a pH meter at the initial
time, and then after 1.5h, 3h, 4h and 6h of incubation. All preparations and

measurements were made in an O;-free glove box.

The effect of [PO43'] and [NH4] on the reaction

We prepared different concentrations of PO,* samples (OmM, SmM and 10mM)
by diluting from a 1M Na,HPO, solution, then mixed with one of two concentrations of
NH;" (OmM and 10mM) by dilution from a 1M NH,4CI solution. Each sample had a
control with 1mL of 2.5mM H,S and various [PO43 ] and [NH4"]. The samples also
contained 0.25g ground olivine. We have prepared four centrifuge tubes for each sample
and control, to a total of 40 centrifuge tubes per series. After adding ImL mixed solution
of PO,> and NH,* (pH=7) to each tube, 0.25g ground olivine was added as needed, and
the tubes were incubated in the glove box for 24h to allow the olivine to react with the
solution to completion. Then we injected 40uL. of S0mM H,S in each tube (still working
in the glove box), measured [H,S] at the initial time and after, 2h, 4h and 6h of incubation.

For each time interval we randomly took one tube and used it for measurements.

The effect of [PO43'] on the reaction
We have prepared different concentrations of PO43' samples (OmM, SmM, 25mM,
50mM and 100mM) by diluting from a 1M Na,HPO, solution. Each [PO43 '] sample had

a control containing ImL of 2.5mM H,S and different [PO43']. Sample tubes also
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contained 0.25g ground olivine. We have prepared four centrifuge tubes for each sample
and for each control to a total of 40 centrifuge tubes for each test series.

After adding 1mL of different PO, concentration solutions (pH=7) to each tube
and 0.25g ground olivine to all sample tubes, the tubes were incubated in the glove box
for 24h to allow olivine to react with solution completely. Next day, we have injected
40uL of 50mM H,S per tube (still in the glove box) and measured the [H,S] at the initial
time and then after 2h, 4h and 6h of incubation. For every time measurement, we
randomly took out one tube of each [PO43 ] and measured [H,S]. For each time interval

we have tested ten different tubes.

Isolate DSRs capable of oxidizing LASP from olivine-containing enrichments

The mineral medium used for culturing isolation contained (per liter) ImL trace
mineral solution, ImL vitamin mix, 30 mmol phosphate buffer (pH 7), 20 mmol
bicarbonate, 30 mmol nitrate, and 100 g ground olivine. The trace mineral solution
contained 5.6mM H;BO;, ImM NaCl, 0.54mM FeSO,, 0.5mM CoCl,, 0.5mM NiSOy,
0.39mMNa2Mo0Qy4, 0.15mM NaSeOs, 0.13mM MnCl,, 0.13mM ZnCl, and 0.02mM
CuCl,. The vitamin mix solution contained (per milliliter) 5 ug p-aminobenzoic acid, 5
ug biotin, 5 ug cyanocobalamin, Sug folic acid, 100 ug i-inositol, 100 ug nicotinic acid,
100 ug pyridoxine, 100 ug panthotenic acid, 100 ug riboflavin, and 1 ug thiamine. The
vitamin mix was added filter-sterilized after autoclavation. All chemicals were reagent
grade. The mineral medium solution contained 10 mMNa3;PO,4, 1 mM NaHCOs3, 0.05

mM MgCl,, 0.05 mM CaCl,, 0.05m MKCI and was adjusted to pH 7.0.
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We have inoculated roll tubes with a serial diluted sample originating from
Willamette river sediments. In each Hungate tube we have added SmL of organic
mixture medium (10mM Pyruvate, 20mM Succinate, 20mM Lactate, 50mM Acetate, 10
mL/L Wolfe vitamins, 4mM (NH4),SO4, 100uM FeCl;, 2% agar). All tubes were sealed
with a butyl rubber stopper and crimped. Then, we injected 100uL inoculum in the first
tube and 100uL inoculums in the rest of tubes. We incubated the roll tubes horizontally,
and verified the formation of black colonies at one week intervals. The LB plates used
for DSRs isolation contained 32 g/L. LB agar. Colonies picked up from the roll tube were
streaked on the LB plates to determine whether any of the isolates were also heterotrophs.
After 7days of incubation about, the colonies with dissimilar morphology were selected

for DNA extraction and phylogenetic identification.

DNA-based sequencing

We have prepared bottles with SOmL liquid medium for sulfate reducers (10mM
Pyruvate, 20mM Succinate, 20mM Lactate, 50mM Acetate, 0.5% L-cysteine, 5% yeast
extract and 4mM (NH,4),SO4 ). After autoclavation, we have injected each bottle with H,
for 15minutes, 1mL/Lvitamin mix was added filter-sterilized and 200uL inoculums was
added from LB medium isolates. For inoculation from colonies we have used sterilized
toothpicks and selected colonies with dissimilar morphologies from the LB plates. A
total of eight colonies were selected. We have incubated the culture tubes at 30°C in the
glove box for 7days. Cells were separated by centrifugation (7,500g, 10 min at 20°C) and

the cell pellets were used for DNA extraction.
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To extract genomic DNA we have used a direct hot TE extraction method directly
from cell pellets (modified after de Bruijn, 1992; cited in Siering and Ghiorse, 1996;
Emerson and Moyer, 1997; Mazza et al., 2003). Then we have added 1 mLof 1X TE
buffer (pH 8; 10 mM Tris/HCl; 1 mM EDTA). After vortexing, we transferred the
suspension in two 1.5 mL polypropylene centrifuge tubes and centrifuged for 2 min at
7,500g. The cell pellets were washed once with 500 uL of 1X TE buffer and vortexed
well. After resuspending the cells in 500 uL. of TE buffer, we placed the tubes over
boiling water for 10 min. The tubes were then cooled for 5 min and centrifuged for 3 min
at 7,500 g to eliminate cellular debris and mineral particles. We transferred, with a
pipette, 420 uL of the supernatant to a clean tube and stored it at 4°C. Next step was
DNA cleaning and the elimination of eliminating inhibitors. To achieve this we have
added 980 ul isopropanol to each tube (to a final concentration of 70% isopropanol), and
flipped the tubes gently 30-40 times to precipitate the genomic DNA. The tubes were
then centrifuged (20 min, 14,000 g, 1.5°C) and the pellet was washed twice with cold (-
40°C) 70% EtOH. The concentration of gDNA was quantified with a NanoDrop 1000
spectrophotometer.

16S rDNA amplification by PCR was prepared as follows. The concentration of
all samples was adjusted to 50ng/ul, then PCR reactions were prepared in 20ul final
volumes (10ul of 2X PCR mix (Fermentas); 0.8ul of 10 uM 8F forward primer
(5’AGAGTTTGATCCTGGCTCAG); 0.8ul of 10 uM 1492R reverse primer
(5’GGTTACCTTGTTACGACTT) (Baker et al., 2003); 1uL of 0.5ug/uLL bovine serum

albumin (BSA) and 7.4uL of 50 ng/uL. gDNA template). In the control tube we have
55



replaced the gDNA template with 7.4ul. nuclease free H,O (Fermentas). For all PCR
amplifications we have used a PCR kit (Fermentas) and a GeneAmp 2400 thermocycler
(Perkin Elmer). The PCR conditions were: denaturing 95°C for 15 min; 45 cycles of
95°C for 30sec, 52°C for 1min. and 72°C for 2min; and final extension 72°C for 5min.
The size of the PCR products was verified by 0.7 % agarose electrophoresis at 120V for
30min. 10uL of PCR products were cleaned with an UltraClean PCR DNA purification
kit (MoBio, G-3148-250). After purification, we have quantified the PCR products using
a Nanodrop. The DNA concentration was brought to a concentration of about 17.4 ng/ul.
Amplicons were sequenced at the DNA Sequencing Core facility of Oregon Health and
Sciences University using three primers: 8F, 515F (5’-GTGCCAGCMGCCGCGGTAA)
and 1492R (Baker et al. 2003) by capillary electrophoresis on an ABI 3130xI instrument.
Duplicate sequences were manually aligned, and when differences between duplicates
were found we repeated the PCR and sequencing to compare triplicates for each
sequence. The sequence of each isolate were assembled into contiguous DNA fragments

and blasted in the Ribosomal Database for phylogenetic identification.

The effect of olivine on the growth of DSRs

We have prepared six 140mL bottles with 50mL solution, using triplicate for each
sample and control. The sample bottles contained SOmL solution made from mineral
medium (pH=7), 10g ground olivine, I0mMNaH,PO,, 4mM(NH,4),SO4, LASP(10mM
Pyruvate, 20mM Succinate,20mM Lactate, 10mM Acetate), 2.5g/L yeast extract, 0.1g/L

L-Cysteine (used as an antioxidant). We adjusted the pH to 7 using a pH meter, sealed
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with a rubber stopper and crimped with an aluminum seal. The bottles were filled with
N; (containing 1.6% O,), autoclaved and cooled off. The vitamin mix was added filter-
sterilized at a final proportion of 1mL/L. The preparation for control bottles was similar,
except that olivine was not added. We injected 200uL of isolated DSRs inocula to each
bottle in the glove box, and incubated all samples and controls with stirring (150 rpm) at
room temperature.

We did cell counting every day by using live/dead cell stain (Baclight bacterial
viability kit, Invitrogen) and acridine orange stain. For these observations we have
extracted and vortexed 400uL of from each culture the bottles a different time intervals.
We have added 900uL of PBS buffer in 3 microcentrifuge tubes and labeled them 10" to
10°. We added 100uLof culture to the 10’ tube, vortexed very well for ~10seconds and
continued with the serial dilution down to 107, Using forceps, we placed polycarbonate
0.2 um filters (Poretics) on a vacuum funnel and filtered 1mL of the 107 dilution on each
filter. For staining with acridine orange we have added 100ul 1X acridine orange
solution in PBS buffer. The filter tower was covered with aluminum foil to avoid
exposure to light and incubated in the dark for 5 minute. The cells were washed with
PBS and the filters were observed by epifluorescent microscopy at 1000X magnification.
We have counted the cells from five microscope fields and calculated averages. Using the
formula below we calculated the density of cells per mL:

Number of cells/mL= (Average cell count * X *11053)/Y

X=ImL (the volume of cell suspension filtered)
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11053= the approximate number of fields on the filter when the 1000X
magnification is used.

Y= the dilution factor (10'3 , etc)

Results

H,S/olivine chemical reaction

Fig 3.3 illustrates the relationship between the concentration of H,S ([H,S]) and
650nm absorbance in the methylene blue method. These standard solutions we have used
were based on seven data points (OmM, 0,156mM, 0.313mM, 0.625mM, 1.25mM,
2.5mM, 5mM H,S). For this application, we have used an order 2 polynomial fit. In
order to obtain the large R-squared value shown in Fig. 2.2 six replicates had to be used
for each measurement and [H,S]. Because H,S is highly sensitive to oxidation and the
methylene blue reactions gives different curves in different days we have created new

standards for each series of measurements.
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Fig 3.3. Example of standard curve used to determine the concentration of H,S with the
methylene blue method.

To obtain the results for the H,S/olivine chemical reaction (such as the example
from Fig 3.4), we prepared triplicate of controls and samples in centrifuge tubes with
4mM H,S and measured the [H,S] concentration after Oh, 2h, 4h, and 24h of incubation.
The [H,S] dropped in time in controls as well. After 24h the final [H,S] in controls was
about 2mM. This was attributed to slow oxidation of H,S with traces of O, from the gas
phase and to loss of H,S from the liquid phase by evaporation. The [H,S] in the sample
tubes dropped fast in the first 4 hours from 4mM to about 1.5mM, then this rate slowed
down for the remaining 20 hours until the [H,S] reached zero with regard to the

methylene blue method.
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The consumption of [H2S]

===-4mM H>S

. 4mM H2S
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Fig 3.4. The consumption of H»S in the liquid phase during 24h of incubation with and
without olivine. The error bars are standard deviations based on six replicate
measurements of each sample and control.

The reaction between H»S and olivine iron produces a black precipitate rich
dominated by amorphous FeS and causes the consumption of H,S. During incubation, a
black precipitates can be observed on olivine surfaces. Based on results such as those
from Fig. 3.4 we have seen that the fastest and most important part of the reaction
between H,S and olivine iron occurred in the first 4 hours. Thus, for the next step we
have shortened the incubation time to 8.5 hours, and measured the H,S concentration at

1.5 hour intervals. One example of such results is shown in Fig 3.5.
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The consumption of [H2S]
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Fig 3.5. The consumption of H,S concentration in liquid phase during 8.5 hours of
incubation w/wt olivine present. Graph A. Six separate readings comparing the
consumption of H,S with and without olivine present. Graph B. Plots comparing the
consumption of H,S with and without olivine based on averages from Graph A ploted by
usign polynomial equations. The error bars from Graph A are standard deviations based
on six replicate measurements of each sample and control. The error bars on B are
standard deviations based on the triplicate readings from Graph A.
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We have prepared tripliate control and sample tubes with an initial H,S
concentration of about 3.5mM. Each sample tube contained 0.25g gound olivine while
the control tube contains no olivine. We measured the [H,S] after Oh, 1.5h, 3h, 6.5h and
8.5h of incubation. Results have shown that the [H,S] in control tubes has dropped
smoothly to about 2mM after 8 hours of incubation (Fig. 3.5). The [H,S] in the sample
tubes dropped fast to 1.0 mM in the first 3 hours. Then, this consumption rate decreased
until most H,S from the liquid phase has been consumed. The reaction between H,S and
olivine iron was considered to be primarily responsible for the consumption of H,S, and

the rate of this reaction was faster in the first 4hours.

The consumption of [H2S] in the presence of olivine
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Fig 3.6. The evolution of net consumption of H,S from the liquid phase due to reaction
with olivine iron. The plot shown in this figure was obtained by subtracting results of
incubating H,S without olivine from results of incubating H,S with olivine. Each initial
measurement used to obtain results was based on six replicates (similar to Fig. 3.5).
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Using results such as those from Fig 3.5, we have corrected the H,S concentraion
data in the sample tubes. This subtraction eliminated the oxidation of H,S with O, traces
from the gas phase or to H,S evaporation (Fig. 3.6). Based on this corrected curve, the
bulk of the reaction between H,S and olivine iron happened in the first 3 hours of
incubation. After about 8 hours, this reaction reached near full completion with regard to
the sensitivity of the methylene blue method.

For the next series of experiments we have prepared serial dilutions of H,S,
incubated in centrifuge tubes and compared the H,S consumption rate starting from

various initial [H,S] (Fig 3.7).

The consumption of[H2S]w/wt olivine

0 - Time(hour) 8

Fig 3.7. The evolution of the consumption of H,S w/wt olivine starting from various
[H,S]. The error bars are standard deviations based on six replicate measurements of
each sample and control.

For better understanding of the relationship between the H,S consumption rate

and the initial H,S concentration, we have prepared serial dilutions containing
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0.156mM,0.313mM, 0.625mM, 1.25mM and 2.5mM H,S. We have measured H,S
concentrations after Oh, 1.5h, 3h and 9h of incubation when the [H,S] reached about
OmM. To analyze the effect of the initial [H,S] on the H,S consumption rate, we have
corrected the changes as shown in Fig. 3.6. An example of such corrected data is shown

in Fig 3.8.

The consumption of [H2S] in the presence of olivine

= H2S+
Olivine

Time(hour)

Fig 3.8. The effect of the initial [H,S] on the evolution of [H,S] during reaction with
olivine. The data shown in this graph are based on differenes between samples and
controls (Fig. 3.7), similar to the analysis from Fig. 3.6.

Fig 3.8 was corrected based on data from Fig 3.7. Results indicate that the
reaction rate was faster, and most of the reaction occurd in the first 3 hours of incubation.
As expected, the initial rate was faster when the [H,S] was larger. Eventualy, after 9

hours, the [H,S] was similar amog all samples. In order to determine the relationship
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between H,S consumption and the initial [H,S], we have calculated the initial rates of

H,S consumption, and plotted them as shown in Fig 3.9.

y=0.196x+0.074
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Fig 3.9. The relationship between the initial [H,S] and the initial H,S consumption rate.
This plot is based on results from Fig. 3.8.

Fig 3.9, calculated based on data from Fig 3.8, showed the relationship between
the initial [H,S] concentration and the initial consumption rate of H,S. These readings
were based on five initial [H,S] values: 0.14mM, 0,48mM, 0.65mM, 1.2mM and 2.8mM
H,S. The initial consumption rate calculated from:

V= ([HS]° -[HaS] )/t

[HgS]0 is Initial H,S concentration

[HgS]’ is H»S concentration after 2 hours

t is time (Zhours)
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Using the results from Fig. 3.9 we have produced a linear equation explaining the
effect of [H,S] on the reaction rate between H,S and olivine iron.

Y=0.196X+0.074 (R* = 0.997).

where: Y is initial rate and X = [H,S]

Based on results such as those from Fig 3.9, we have determined the relationship
between the initial reaction rate and [H,S]. This can be used to analyze the order of the
reaction. The order of a reaction tells us about the functional relationship between
concentration and rate and determines how the amount of a compound speeds up or
retards a chemical reaction. The order of a reaction is simply the sum of the exponents of
the concentration of reagents:

Rate = k[A]'[B]’ reaction order =x +y

Based on the different sum of exponents, the reaction can be zero order, first
order, seconder order, mixed order, or negative order. In our experiment, the rate was
linearly correlated with the [H,S] when olivine was not limiting. Based on these we
propose that this is an abiotic first order reaction. Based on these results we find no
reason to suspect that this reaction has to be catalyzed by bacteria and in incubations of
DSRs with olivine the formation of iron sulfide precipitates is most probably an example

of passive (or induced) biomineralization.

Although the chemical reaction between H,S and olivine is a first-order reaction,

and the rate is primarily influenced by the [H,S], some other factors from nature of
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culture media may still influence this reaction. We have analyzed the effect of three such

factors: pH, bicarbonate and phosphate.

The effect of [HCO3], [PO43'] and pH on the reaction

Fig 3.10 shows the effect of bicarbonate concentration [HCO;'] on the chemical
reaction between H»S and olivine. Bicarbonate is the result of deprotonating carbonic
acid or a conjugate acid derived from COs™.

H,CO; +2H,0 = HCO5™ + H;0" + H,0 = CO5> +2H;0"

CO5> +2H,0 = HCO;5™ + H,0 + OH = H,CO; +20H"

Bicarbonate is used to produce pH buffers, in conjunction with water, hydrogen
ions and carbon dioxide. Bicarbonate is also commonly used in culture media for DSRs.

In the DSR growth experiments used in this study we have used about 1 mM HCOs'.
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The consumption of[H2S|with different|HCO3~]
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Fig 3.10. The consumption of H,S in the prescene of varius [HCO;5']. These chemcial
reactions have occurred after bicarbonate was initially incubated with olivine for 24 hours
(see: Materials and methods). The error bars are standard deviations based on six
replicate measurements of each sample and control.

For these experiments we have used serial dilutions of HCO3; (OmM, 10mM,
20mM and 50mM) Before making H,S/olivine reaction experiments 0.25 g of olivine
has been incubated in anaerobic conditions with 1 ml of media containing bicarbonate at
pH 7.0 for 24 hours. After 24 hours of incubation, we have injected 40ul of 50mM H,S
in each tube (inside the glove box) and measured the [H,S] at time zero and at 1.5 h
intervals.

When the initial [HCO5] was OmM, the sharpest drop in [H,S] has occurred in the
first 3 hours of incubation. In the first three hours the H,S consumption rate was

negatively correlated with the [HCOj5] in the range OmM to 20Mm. The trend line of
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H,S change was yet similar between 20mM HCOj3; and 50mM HCOs'. After 6 hours of
incubation, the [H,S] dropped to near OmM in all samples irrespective of the [HCO5].
Based on these results, our working hypothesis is that “Bicarbonate inhibits the
reaction between H,S and olivine, but does not change the final equilibrium”. The
negative correlation between bicarbonate concentration and H,S consumption during the
first three hours is attributed to HCOj reacting first with olivine iron, producing
amorphous iron carbonates or siderite on olivine surfaces, thus temporarily blocking the
reaction between H,S and iron. The predicted chemical reaction is shown below:

1. During early reaction during the incubation of olivine with bicarbonate in the

oxygen-free glove box for 24hours.
2HCO5 + Fe (II) => Fe (HCO;3),<=> Fe**+ 2HCO;’

2. The equilibrium shown below indicates the relationship among solutes (ferrous
bicarbonate) and aquifer minerals (siderite) in this system. Siderite (ferrous
carbonate) is often associated with calcite, especially in sedimentary rocks, and
may be a likely solid phase in carbonate-rich rocks when the environment is
relatively reducing. These conditions should be relatively common in ground-
water aquifers (Hem, 1960).

Fe*'+HCO; <=> FeCO; (siderite) +H*
The equilibrium constant for this reaction, calculated based on free-energy results,

is 0.46 (Latimer 1952).
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3. We assume that siderite has covered the olivine surfaces, blocking the reaction
between H,S and iron. But this unstable mineral (i.e. siderite) can react with
dissolved H,S in aqueous solution producing amorphous iron sulfide. This causes
consumption of hydrogen sulfide.

FeCOs + H,S => FeS + H,CO5 (amorphous FeS)
The next logical step was to analyze the H,S consumption rate during reaction

with olivine when bicarbonate was also present.

The effect of [HCO3]on the consumption of [H2S]
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Fig 3.11. Example of results showning the evolution of H,S during reaction with olivine
in the presence of various bicarbonate concentrations.

In order to produce the results shown in Fig 3.11, we have subtracted the H,S
consumed in the control experiments. Results showed that when the concentration of
bicarbonate was larger the reaction of H,S with olivine was stronger. With increased
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incubation time, the H,S concentrations became positively correlated with the
bicarbonate concentration, most likely due to the reaction between siderite and H,S.
Large amounts of siderite produced led to more H,S to be consumed after 3hour
incubation, until all the H,S dissolved in the solution has been consumed. These results
were confirmed in repeat experiments.

For the next series of experiments we have focused on the influence of pH on the
reaction between H,S and olivine. Fig 3.12 shows the H,S consumption after Oh, 2h, 4h
and 6h of incubation. Based on our initial results, changes in the reaction between H,S
and olivine were not significantly influenced by pH in the range pH 5 to pH 9. This wide
pH range is beyond the expected variation of pH in our experiments and during DSR
incubations. The [H,S] has decreased in experiments with olivine as expected from

earlier experiments (Fig. 3.12).

" The consumption of [H2S| with different pHs
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Fig 3.12. The consumption of H,S at varius pHs with and without olivine.
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Next we have studied changes in pH during the H,S/olivine chemical reaction
(Fig. 3.13). In this experiment, we have measured the pH with a pH meter after Oh, 1.5h.
3h, 4.5h and 6h of incubation. For each sample we have used controls with similarly
treated composition and without olivine. These measurements were made in an oxygen-
free glove box to avoid H,S from being oxidized.

Based on the pH results we have calculated proton concentration in solution using:

pH = -log [H']

[H]=10P"

where: [H+] is the concentration of hydrogen ions in mol/L

Based on our results, the pH has changed little (d[H'] = + 0.1mM) during the
reaction between H,S and olivine. Both Fig3.12 and Fig 3.13 indicate that the reaction
between H,S and olivine was not influenced by acidic or alkaline solutions, and that the
pH was relatively stable during this reaction. Although the pH did not interfere in this
reaction, to keep al experiments similar we used an initial pH of 7 in all experiments
including DSR incubations. Reis (1992) has measured the effect of pH on the growth rate
of sulfate reducing bacteria in the range pH 5.8 to 7.0 and found largest growth rate at pH

6.7 (Reis et al. 1992).
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The change in pH
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Fig 3.13. The changes in the pH and protons concentration during the incubation of H,S
solution with and without olivine. Graph A: the change of pH during the reaction. Graph
B: the evolution of protons concentration, calculated from resutls shown in graph A.

For the next step we have analyzed the effect of PO43' and NH,;* on the reaction
between H,S and olivine. Phosphate salts that are commonly used in pH buffer solutions.

In my experiments, the concentraion of phosphate was 10 mM in the mineral medium

used for cell growth. The ammonium ion is mildly acidic and is also present in DSRs
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culture media. We have injected 4mM (NH4),SO; in culture media so that the final

concentration of ammonium was 8mM.

The consumption of[H2S] with different[PO43-]
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Fig 3.14. The evolution of H,S in the presence of various PO43 “and NH,4" concentrations
when olivine was present and absent. A: Evolution of H,S in the presence of 100mM
NH.* and various concentrations of PO43 " (0mM, 10mM, 50mM and 100mM). B:
Evolution of H,S with two concentrations of PO43' (OmM and 10mM) and to
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concentrations of NH;* (OmM and 10mM). The error bars are standard deviations based
on six replicate measurements of each sample and control.

We expected to see that when PO,> and NH,* were present in the presence of
olivine their reaction with Mg loosely bound on olivine surfaces and produce small
amounts of struvite precipitate (NHsMgPOy4-6H,0). Struvite is soluble in acid conditions
but less soluble in neutral and alkaline conditions. We assumed that if struvite was
formed, it should inhibit the reaction between H,S and olivine.

From Fig. 3.14 it can be seen that the concentration of H,S in controls, which
contained various concentrations of phosphate and ammonium but no olivine, only
decreased by ImM. This decrease in H,S concentration was attributed to chemical
oxidation. In samples, which contained olivine as well, the fastest HS consumption in
the first 3 hours occurred with 10mM PO43 and Om NH,*. On the contrary, the slowest
H,S consumption in the first 3 hours occurred with 100mM NH4* and 0OmM PO43'. After
6 hous, the [H,S] reached OmM in all samples.

The results did not support the initial struvite hypothesis that both phosphate and
ammonium have to be present to inhibit the reaction between H,S and olivine. Based on
Fig 3.14 , it can be deduced that PO43' and NH4" do not react with Mg from olivine
surfaces to make measurable amounts of struvite. This is consistent with earlier reports
that the formation of magnesium ammonium phosphate on olivine surfaces with
phosphate and ammonium from solution requires acidification and high temperature

conditions, 90~100°C (Maclntire and Marshall, 1959)
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Because the fastest consumption of H,S in the first 3 hours happened in the
presence of 10mM PO,> without NH,* present, the next step was to investigate the
consumption of H»S in the presence of olivine with various concentrations of phosphate.
The solid lines from Fig 3.15 represent the evolution of [H,S] in samples with various
concentrations of phosphate and with olivine present. For this experiment, I have
prepared five different concentrations of PO,”. In Fig 3.15, the consumption of H,S in
controls was about 1mM, a decrease attributed to chemical oxidation. In the olivine
samples after 4 hours of incubation, the [H,S] reached similar values irrespective of the
phosphate concentration. However, after 6 hours of incubation the [H,S] was 0OmM when
phosphate was present, but higher in the absence of phosphate. My interpretation was
that phosphate did not influence the rate but only the equilibrium of the reaction between
H,S and olivine. PO, which is a weak iron chelator (Fe** and Fe®*), is proposed to

increase the solubility of olivine iron, making it more available for reaction with H,S.
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Fig 3.15. The evolution of [H,S] during the reaction with olivine in the absence of olivine
and with various concentrations of PO43'. The error bars are standard deviations based on
six replicate measurements of each sample and control.

The effect of olivine on the growth of DSR communities

To study the effect of olivine on the growth of DSR communities, we have
analyzed growth at room temperature with stirring at 150 rpm. Our expectation was to
find higher cell densities when olivine was present than with olivine present. One
example of results showing the effect of olivine on the growth of a DSR community is

shown in Fig. 3.16.
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Fig 3.16. The growth of a DSR community in the presence and absence of olivine. The
arrow indicates the day 20 when nutrients were added again to the incubation bottles.
This was done because of the assumption that growth has slowed down, not because of
lack of energy, but because of lack of nutrients. The error bars represent standard
deviations based on five cell counting of each culture bottle.

In Fig. 3.16, the solid line represents the evolution of cell density in a sample
containing olivine present in bottles, while the dash line represents a control without
olivine. All cultures started from ~10° cells mL™" and were incubated in 140mL sealed
serum bottles containing SOmL of culture medium. Our results showed that when olivine
was present the growth rate was faster during the exponential. The exponential phase
was shorter (about 10 days) when olivine was present compared to controls without
olivine (about 16 days). At the end of the exponential phase the cell density was very

similar in samples (~2.1xlO9 cells/mL) and controls (~1.3)(109 cells/mL). The inhibition
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of growth in the stationary phase could have been due to accumulation of H2S or
depletion of nutrients.

The nutrients added during day 20 contained organic acids and sulfate to a final
concentration of 4mM (NH,4),SO4, 10mM pyruvate, 20mM succinate, 20mM lactate and
10mM acetate. After the 20 day injection, the profile of the olivine sample did not
change, cell density remained at a level of about 1.5x10° cells/mL for eight more days
after which (day 27) the death phase has begun. On the opposite, cells in control bottles
proliferated and continued the exponential growth, peaking at 2.3 x10° cells/mL.
Eventually growth stopped, the stationary phase was very brief and the control culture
entered in the death phase in day 27. This rapid death is consisted with inhibition due to
H,S produced by dissimilatory sulfate reduction. This fast inhibition did not occurred in
controls, most likely due to the reaction between H,S and olivine.

Our results confirmed that the activity of DSR is positively influenced by the
presence and abundance of olivine. DSRs ran out of nutrients faster when olivine was
present and the final cell density was similar with and without olivine. This indicates that
olivine is not as source of energy for DSR but most likely only a trap for H,S. We

hypothesize that olivine helps DSR obtain energy more efficiently.

Identify DSRs
To identify species present in our DSR communities, we have inoculated cultures
in DSR roll tubes, and isolated colonies on LB plates in oxygen-free atmosphere. The

approximate growth time between incubation and visible colonies was about 10 days at
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room temperature. The clones we have isolated were putatively DSRs and facultative
organotrophs. Two colony types were identified in the cultures. The general appearance

of the colonies is shown Fig 3.17 A. The colonies were similar but were of different

sizes.

B

Fig 3.17. A: The appearance of DSR colonies on a LB plate (200X magnification using
bright field microscopy). B: Acridine orange stained cells visualized in a DSR
community grown in DSR medium without olivine (1000X magnification, epifluorescent
microscopy).

Acridine orange stain (AQO) is a differential stain for double vs single stranded
nucleic acids. Double-stranded DNA has green fluorescence (around 520 nm) while
single stranded DNA or RNA have an orange fluorescence (around 610 nm). Dead cells
which contain fragments of single stranded DNA fluoresce orange (Darzynkiewicz et al.,
1992) similar to cells showing high mRNA and rRNA expression. Resting cells (such as
cells in stationary phase) fluoresce green. In Fig 3.17. image B, most cells had a green

fluorescence.
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We have attempted to extract DNA from DSR medium with olivine but although
the concentration of DNA was high the PCR amplification was very poor. This was most
likely due to increased concentration of iron. Attempts to clean the DNA samples were
unsuccessful. Another concern was that the organotrophic isolates may not be DSR as
well. In order to verify that our isolates were both organotrophic and DSR we have
inoculated clones from each colony type in two types of culture media: a) 5% yeast
extract with 10 mM lactate, 10 mM acetate, 10 mM succinate and 10 mM pyruvate
(LASP); and b) DSR medium with LASP and olivine. If the olivine bottle has shown
black precipitates, then the isolate was confirmed as positive for DSR activity and the
yeast extract/LASP medium was used to separate biomass for DNA extraction. Both
colony types separated from the role tubes were confirmed to be DSRs. We concluded
that most isolates from the roll tubes and from the DSR community were dissimilatory
sulfate reducers. Results have indicated that most DSR from the community we have
worked with belong to two genera: Pseudomonas and Clostridium/Desulfotomaculum.
Pseudomonas is a well known group of organotrophs with some sulfur oxidizing
representatives. The strains of Clostridium we have isolated have close relatives that are
DSRs (Fig 3.1.). Most likely these taxa are not the only DSRs in the community, but
based on our results we believe these two genera were common in the DSR community

we have used to analyze the effect of olivine on DSR.
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Conclusions

My results showed that the reaction between H,S produced by DSRs and olivine
is abiotic, not catalyzed and exergonic. The pH does not vary during this process and
changes in pH in the 5-9 range do not significantly influence this reaction. Bicarbonate
inhibits the reaction between H,S and olivine, but does not influence its equilibrium.
Phosphate, which is a weak iron chelator, may increase the solubility of iron from
olivine, and influence the equilibrium of the reaction and most likely the rate of olivine
weathering in the presence of DSRs. The activity of DSRs is positively influenced by the
presence and abundance of olivine. Olivine helps DSR obtaining energy more efficiently
from DSR activity but it is unlikely to represent a source of energy or nutrients for the
cells.

Based on our results we propose a potential mechanism to explain how DSR
communities use olivine and grow on olivine surfaces. Clostridium utilizes organic acids
(e.g. LASP) to reduce sulfate and produce hydrogen sulfide. Hydrogen sulfide is toxic to
the cells but reacts with iron present on olivine surfaces leading to black iron sulfide
precipitates. This reaction rate is controlled by the concentration of hydrogen sulfide
when sufficient olivine was present, and it is not catalyzed or induced by bacteria
activity. The fast reaction between hydrogen sulfide and olivine means that of the sulfide
produced by Clostridium will begin reacting with olivine as soon after it is produced.
Even if the full reaction may take hours to complete the concentration of hydrogen

sulfide is kept low protecting the cells from its toxicity. The consumption of hydrogen
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sulfide makes cells grow faster but, in my opinion, this is not due to the redox energy
being added to the growth medium. Most of the iron sulfide formed in the reaction
between hydrogen sulfide and olivine is amorphous FeS. This is important because
unlike all other iron sulfides amorphous FeS is the only form that is easily oxidized with
diosygen at room temperature. Our results indicated almost full oxidation of the
amorphous FeS if the precipitates were exposed to air for 24 hours. I propose that in
nature, some of the iron sulfides formed by DSR on olivine surfaces are chemically
oxidized generating iron oxides and elemental sulfur. These chemicals are a byproduct of
the corrosion of olivine induced by DSR, may help convert amorphous FeS into pyrite
(FeS2) and can be used subsequently as oxidants on other processes such as iron
reduction and sulfur oxidation. Both neutrophilic iron oxidation and sulfur reduction
were cited among pseudomonads. Our results indicate that DSR communities are more
complex than previously thought. The details of this mechanism and the diversity of
olivine hosted DSR communities remains unknown.

Further research will have to include two parts. 1%. Study in more detail the
mechanisms present in olivine hosted DSR communities, in particular the role associated
microorganisms such as iron reducers and iron oxidizers. The formation of pyrite is
important because pyrite is very stable and can be used as a biosignature of this activity.
2", Characterize the precipitates formed on olivine surfaces. More needs to be known
about the evolution of the various mineral phases and amorphous precipitates from this

process to describe its evolution.
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