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Two alkaliphilic anaerobic bacteria, namely, the dissimilatory iron-reducer Geoalkalibacter ferrihydriticus and the
fermentative hydrolytic Clostridium alkalicellulosi, along with their co-cultures, are studied to examine their abil-
ity to release Si and Fe from two main Fe-containing phyllosilicates in Earth's crust: biotite and glauсonite. The
formation of magnetically ordered phase(s) within 200 days of incubation was only observed in the presence
of G. ferrihydriticus whether in a mono- or co-culture but not in the abiotic controls or a pure culture of C.
alkalicellulosi. The co-culture of these organisms could represent a simple trophic chain in which C. alkalicellulosi
decomposed microcrystalline cellulose to produce organic acids and ethanol, while G. ferrihydriticus, as we ex-
pected, utilized these products and reduces Fe(III) in phyllosilicate lattices. Unexpectedly, G. ferrihydriticus did
not utilize but instead produced an additional 3 mM of acetate during growth with phyllosilicates. An analysis
of the Mössbauer spectra of biotite and glauconite that were weathered in the presence of G. ferrihydriticus re-
vealed magnetically ordered phases that formed by Fe2+ oxidation rather than by Fe3+ reduction. The only pos-
sible explanation of this phenomenon could be in the ability of G. ferrihydriticus to produce acetate during
anaerobic Fe2+ oxidationwith carbonate as an electron acceptor. Thermodynamic calculations show the possibil-
ity of such a reaction. Thus, microorganisms with respiratory metabolism could play an active role in the
bioweathering of phyllosilicates under alkaline anaerobic conditions. The bacterial anaerobic oxidation of ferrous
iron with carbonate as an electron donor is supposed to have played a significant role in ancient environments,
serving as one of the causes of banded iron formations.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Earth's surface rocks are weathered through physical, chemical and
biological processes, and their relative effects depend on the environ-
mental conditions (Ferris et al., 1994; Vaughan et al., 2002; Uroz et al.,
2009; Gadd, 2010). The interaction between minerals and aqueous
fluid on the Earth's surface almost always involves the action of micro-
organisms and/or their metabolites (Banfield and Nealson, 1998). Mi-
croorganisms can participate in mineral dissolution, mineralization,
the alteration of mineral surface chemistry, and thus their reactivity
(Hutchens, 2009). In particular, mineral dissolution could be accelerat-
ed by microbially induced changes in pH and Eh and by the production
of organic ligands and siderophores (Grote and Krumbein, 1992; Van
).
Cappellen and Wang, 1996; Kraemer et al., 1999; Liermann et al.,
2000; Kalinowski et al., 2000; Gadd, 2010; Melton et al., 2014) or be
inhibited bymicrobial exopolysaccharides, which block reactive centres
on the mineral surface (Welch and Vandevivere, 1994; Welch et al.,
1999). In addition, carbon dioxide (CO2) that is released frommicrobial
respiratory processes could cause nonspecific carbonic acid attacks on
mineral surfaces (Zavarzina et al., 1996; Ehrlich, 1998; Gadd and
Sayer, 2000; Uroz et al., 2009). Several groups of microorganisms,
such as dissimilatory iron-reducing bacteria (DIRB), could mobilize
metals and attack the surface of minerals through their enzymatic
redox activity. These organisms are widespread in nearly all types of
natural sedimentary environments (Lovley et al., 2004; Slobodkin,
2005; Roh et al., 2006; Coupland and Johnson, 2008). To date, the phys-
iology and biochemistry of dissimilatory iron reduction has been exten-
sively studied for the representatives of two genera ofmesophilic Gram-
negative bacteria - Geobacter spp. and Shewanella spp. (Shi et al., 2007;
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Richter et al., 2012). In the majority of these studies, chemically synthe-
sized ferrihydrite (SF) was utilized as the model mineral source of
Fe(III) (Zachara et al., 2002). However, other iron minerals have been re-
ported to serve as electron acceptors for DIRB, namely, oxides and hy-
droxides (Lovley and Phillips, 1988; Zachara et al., 1998; Bond and
Lovley, 2002; Dong et al., 2003; O'Loughlin et al., 2010); silicates; the pri-
marily clay minerals nontronite, illite, and montmorillonite (Dong, 2012;
Pentrakova et al., 2013; Zhang et al., 2013; Zhao et al., 2013, 2015; Koo et
al., 2014; Liu et al., 2014); and even phyllosilicates (Brookshaw et al.,
2014, 2015). All these studies have been performed at neutral pH condi-
tions, and the process of Fe(III) reduction, which is a proton-consuming
reaction, becomes less favourable with increasing pH and concomitant
decreases in iron solubility (Bethke et al., 2011; Flynn et al., 2014). How-
ever, the ability to reduce iron(III) from SF and even phyllosilicates has
been documented in alkaliphilic microorganisms that inhabit soda lakes
(Gorlenko et al., 2004; Zavarzina et al., 2006, 2011; Pollock et al., 2007;
Zhilina et al., 2009a, 2009b, 2015; Chistyakova et al., 2012a, 2012b; Ma
et al., 2012; Shapkin et al., 2013; Liu et al., 2015).

Soda lakes are typical natural habitats of alkaliphilic microbial com-
munities. The main mechanism of soda lake formation includes the
CO2–induced leaching of rocks by water, followed by CaCO3 precipita-
tion and sodium carbonate accumulation from evaporation (Zavarzin
and Zhilina, 2000). Soda lakes are common terminal basins in hot, arid
regions, where silicates rather than carbonate minerals dominate
(Eugster and Hardie, 1978). At pH ˃ 9, the bioweathering of minerals
could be induced by the excretion of metabolites, while respiratory pro-
cesses, which lead to carbonic acid attacks on minerals, have minor ef-
fects at such environmental conditions.

The goal of this work was to study the ability of alkaliphilic anaer-
obes to release Si and Fe from two Fe-containing phyllosilicates, specif-
ically, biotite and glauconite, and to identify the prevailing mechanisms
of these minerals' bioweathering at high alkalinity. Biotite and glauco-
nite are chosen as themain Fe-bearingminerals inmagmatic,metamor-
phic and sedimentary rocks. Two metabolically different alkaliphilic
bacteria are tested for their ability to perform the bioweathering of
phyllosilicates at a pH of 9.0. Clostridium alkalicellulosi is an alkaliphilic
cellulolytic bacterium that degrades cellulose to form ethanol, lactate,
formate, acetate and molecular hydrogen as end products (Zhilina et
al., 2005). Thus, this organism should influence bioweathering through
the production of organic ligands. Geoalkalibacter ferrihydriticus is an
alkaliphilic DIRB that can reduce iron(III) from SF with acetate, formate,
ethanol or lactate as electron donors (Zavarzina et al., 2006, 2011). In bi-
nary cultures, these organisms could reproduce a simple trophic chain
to decompose complex organic substrates in the anaerobic microbial
community of soda lakes. The results of Mӧssbauer studies on iron(III)
reduction from biotite and glauconite by these organisms have previ-
ously been published (Chistyakova et al., 2012a, 2012b; Shapkin et al.,
2013). Here, we present microbiological, chemical and genomic data
to provide a new interpretation of the phenomenon of phyllosilicate
bioweathering at high alkalinity.

2. Materials and methods

2.1. Experimental methods

2.1.1. Bacterial strains and minerals
C. alkalicellulosi Z-7026T (=VKM B-2349 = DSM 17461T) was isolated

from the bottom deposits of the soda lake Verkhnee Beloe (Buryatiya,
Table 1
Oxide composition of the phyllosilicates as determined by the XRF method.

SiO2 Al2O3 FeOa Fe2O3
a MnO MgO

Biotite 36.4 19.01 17.3 3.8 0.45 8.0
Glauconite 50.9 7.9 5.1 16.2 0.01 3.6

a Data from Mӧssbauer spectroscopy.
Russia), which has a pH of 10.2 and mineralization of up to 24.0 g L−1

(Zhilina et al., 2005), and G. ferrihydriticus Z-0531T (=VKM B-2349 =
DSM 17461T) was isolated from the bottom deposits of the soda lake
Khadyn (Tuva, Russia), which has a water pH of 9.5 and mineralization of
17.0 g L−1 (Zavarzina et al., 2006). Selected grains of biotite
(K0·89Na0.03)(Mg0·9Fe2+1.1Al0·43Fe3+0.22Ti0·09Mn0.03)[Al1·26Si2.8O10](OH,F)2
(Karelia, Russia) and glauconite K0.8(Mg0·4Fe2+0.1)(Fe3+1.1-

Al0.4)[(Si3·7Al0.3)O10](OH)2 (deposit Maardu, Estonia) were crushed into
powder b50 μm in an agate mortar. The minerals were not washed before
the experiments because their purity was confirmed by X-ray diffractome-
try,whichobservednodetectable content of secondaryminerals. The chem-
ical composition of both minerals was determined by X-ray fluorescence
(XRF) spectroscopy (Table 1). The Fe3+/Fe2+ ratios were determined by
Mӧssbauer spectroscopy.

2.1.2. Cultivation conditions
The experiments were performed by using an anaerobically pre-

pared medium with the following composition (g L−1): KH2PO4−0.2;
MgCl2–0.1; NH4Cl – 0.5; KCl – 0.2; NaCl – 1.0; Na2CO3–3.0; NaHCO3–
16.0; yeast extract - 0.05; thioglycolate – 0.3; trace element solution
(Kevbrin and Zavarzin, 1992) – 1 ml L−1. Microcrystalline cellulose
(MCC) Sigmacell 101 (Sigma, US) (1 g L−1) or acetate (1 g L−1) was
added as a growth substrate. The pH value of themedium after steriliza-
tion was 9.0. This basal mediumwithout bicarbonate, phyllosilicates or
MCC was boiled and further cooled down under 100% N2 flux. After-
ward, bicarbonate was added, and the medium was dispensed under
N2 flux by 70-ml portions into 120-ml glass bottles that each contained
200mgof biotite, glauconite or ferrihydrite (to obtain a final Fe(III) con-
tent of 100 mM). The medium was heat sterilized at 120 °C for 30 min.
Ferrihydrite (SF)was synthesized by titrating a solution of FeCl3 × 6H2O
(60 g L−1, Fulka)with 10% (w/v)NaOH to a pH of 9.0. The obtainedmin-
eral was washed three times with distilled water and distributed into
the glass bottles. The size of the SF particles was previously verified by
Mӧssbauer spectroscopy, measuring 4.9 ± 1.5 nm (Chistyakova et al.,
2012a).

Before the experiments with phyllosilicates, C. alkalicellulosi was
sustained on the aforementioned medium with MCC as the substrate.
G. ferrihydriticus was sustained on the same medium, which lacked
thioglycolate and contained acetate (1 g L−1) as an electron donor and
SF (up to 10 mM of Fe(III)) as an electron acceptor. As G. ferrihydriticus col-
onized the surfaceof theminerals, the cultureswere strongly agitatedbefore
transfers, and culture supernatants were used as inocula after the complete
precipitation of the solid phase. The cell number of G. ferrihydriticus in the
supernatants was co. 2.5 × 106 cell ml−1. The media with phyllosilicates
were inoculated with C. alkalicellulosi (2 vol%), G. ferrihydriticus (5 vol%), or
both and incubated at 35 °C for 200 days. All the experiments were
performed in duplicates. All variants of the experiments and controls
are summarized in Table 2.

2.1.3. Analytical methods
Bacterial growth and the concentrations of fermentation products

and acetate were monitored during all the incubation periods. The bot-
tleswere slightly agitated before sampling. The growthwas determined
by direct cell counting with a phase contrast light microscope (Reichert
Zetopan, Austria). The growth ofG. ferrihydriticuswas alsomonitored by
epifluorescence microscopy with an AxioImager.D1 microscope (Carl
Zeiss, Germany) that was equipped with an AxioCamHR digital camera
CaO Na2O K2O TiO2 P2O5 PF Total

0.05 0.2 9.3 1.5 b0.01 4.0 100.0
0.6 b0.01 8.3 0.1 0.05 7.2 100.0
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and relevant filters (Zeiss 20 for Cy3-labeled probes and Zeiss 49 for
DAPI-stained cells) by cell staining with acridine orange.

The fermentation products were determined by high-performance
liquid chromatography (HPLC) on a Stayer chromatograph (Aquilon,
Russia) that was equipped with an Aminex HPX_87H column (Biorad,
US) and a Smartline 2300 refractometric detector (Knauer, Germany);
5 mM H2SO4 was used as the eluent. The cultures were sampled by
using anaerobic techniques with needles and syringes. Samples for
chromatography were pre-treated by centrifugation at 12,600g on a
ELMI CM-50 centrifuge (Latvia) for 3 min, followed by the acidification
of the clear supernatant with 5 M H2SO4 to a pH of 2.0. The detection
limit of the method was 0.2 mM.

The Fe(II) content was determined colorimetrically with ferrozine
(Stookey, 1970). The detection limit of the method was 10 μM.

Samples for solid phase analysis were collected at the end of the ex-
periment. The solid phase was separated by centrifugation at 200g on a
Joan C3i centrifuge (USA) for 5 min and further dried in a desiccator at
35 °C under a 100% N2 atmosphere over silica gel.

Samples were taken at the end of the experiments and centrifuged
as described above, and 50 ml of supernatant was filtered through a
0.22-μmmembrane filter to determine the Si content. The silica content
was determined colorimetrically with ammonium molybdate and
Mohr's salt (Lur'e, 1971). The Si content that transferred from biotite
or glauconite was determined according to the following protocol:
40 mg of solid phase was sampled and added to 40 ml of distilled
water and then agitated for one month until equilibration, which was
judged by approaching a stable concentration of dissolved Si. The equil-
ibrated samples were left to settle mineral particles for the next
2 weeks. Afterward, an optically clear liquid phase was subsampled, fil-
tered and analysed as described above. The detection limit of the meth-
od was 1 μM.

The morphology of the minerals was studied by scanning electron
microscopy (SEM) by using a TESCAN VEGA 3 LMU device with an
INCA Energy 350/X-max 80 energy-dispersive analysis system (OX-
FORD Instruments NanoAnalysis, UK). Specimens for analyses were
pre-fixed with carbon double-sized scotch tape and triply coated with
Au.

The mineral composition was studied by using X-ray diffractometry
on a Bruker D2 Phaser diffractometer with copper radiation and an Ni
filter and by Fourier transform infrared spectroscopy (FTIR) (Nicolet
6700 XT, Thermo Electron Corp.) with the KBr pellet technique.
Mӧssbauer spectroscopy was applied in accordance with the following
protocol. Spectra of 57Fe nuclei were recorded in a temperature interval
Table 2
Variants of experiments and controls.

Experiments Controls

Ex1 Ex2 Ex3 C1 C2 С3

Parameters
Clostridium alklalicellulosi + − + − + +
Geoalkalibacter ferrihydriticus − + + − − +
MCC (1 g L−1) + − + + + +
Acetate (1 g L−1) − + − − − −
Biotite/glauconite (200 mg) + + + + − −
SF (100 mM Fe(III) content) − − − − − +

Methods
Light microscopy + + + + + +
Epifluorescence microscopy − + + − − −
Scanning electron microscopy + + + − − −
High performance liquid chromatography + + + − + +
Fe(II) determination with ferrozine − − − − − +
Si determination with Mohr's salt + + + + − −
Fourier transform infrared spectroscopy + + + + − −
X-ray diffractometry + + + + − −
Mӧssbauer spectroscopy + + + + − +
Magnetic susceptibility + + + + − −

Designations: (+) presence, (−) absence.
of 4.5–295 K on anMS-1104Em (Research Institute of Physics, Southern
Federal University, Russia), which was operated in a constant accelera-
tion mode. Spectral measurements at low temperatures were per-
formed in the SHI-850-5 (Janis Research Co, United States) and
MKKMI (TsMII VNIIFTRI, Russia) helium and nitrogen cryostats. The
spectrometer was calibrated at room temperature by using standard
α-Fe absorbent and a 57Co source in an Rhmatrix. The SpectrRelax soft-
ware was used to process and analyse the Mӧssbauer spectra (Matsnev
and Rusakov, 2014). Themagnetic susceptibility (MS)wasmeasured by
using a KLY-2 Kappabridge device. Three measurements were made for
each sample, which were weighed with a precision of 0.001 g, and
normalized mass-specific MS data, which were expressed in
×10−8 m3 kg−1, were used.

2.2. Thermodynamic calculations

Thermodynamic calculations of the interaction of biotite with aque-
ous solutionweremade by using theHCh software (Shvarov, 2015). The
9-component system (H-C-O-Na-Mg-Al-Si-Cl-K-Fe) was selected for
calculations. This system consists of a formation of 25 solid phases
with permanent composition, biotite solid solution (phlogopite-annite)
and aqueous solution with 45 species. Acetate and carbonate were cal-
culated in equilibrium with solid phases. Equilibrium between organic
and inorganic carbon was not achieved experimentally because of ki-
netic limitations, but microorganisms can use this metastable state for
life. The calculations were performed under the following experimental
conditions: a temperature of 35 °C, a pressure of 1 bar, and the afore-
mentioned culture media and biotite compositions. Water-mineral in-
teractions were simulated by adding small amounts of biotite to the
solution (1 mg kg−1 in each step), with the calculation steps propor-
tional to the reaction time.

These types of calculations were not performed for glauconite
because its thermodynamic data are not defined.

2.3. Genome analysis

Tools from the IMG/ER server (https://img.jgi.doe.gov/cgi-bin/mer/
main.cgi) were used for genome analysis. The sequences that were
used as templates for specific gene searches are described in the
Results section.

3. Results

3.1. Sterile control, C1

Liquid-phase analysis for Si revealed no detectable silica in the
sterile controls after 200 days of incubation despite the high pH
value. The amount of Si that transferred to the liquid phase from
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Fig. 1. Changes in the equilibrium concentration of dissolved silica as measured after
200 days of incubation in the experiments (Ex1–3) and sterile control (C1).
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biotite and glauconite was 34.6 μMand 73.9 μM, respectively (see the
last column in Fig. 1). After 200 days of incubation in the sterile con-
trol, XRD, FTIR, Mӧssbauer spectroscopy and MS analyses of
phyllosilicates revealed no structural changes in the minerals (Figs.
1, 2, 3, last column bar).)
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Fig. 3. Total relative intensities of sub-spectra that correspond to Fe2+ and Fe3+ atoms and ma
incubation in all the experiments (Ex1–3) and in the sterile control (C1).
3.2. Interaction of Clostridium alkalicellulosi with phyllosilicates, Ex1,
compared to the mineral-free control, C2

The growth of C. alkalicellulosi in the presence and absence of min-
erals began after 5 days of incubation and was accompanied by MCC
degradation. After 10 days of incubation, the growth reached a station-
ary phase. The kinetics of the accumulation of MCC fermentation prod-
ucts in the presence (Ex1) and absence (C2) of minerals is provided in
Fig. 4 and Table 3. The growth rate of C. alkalicellulosi was unaffected
by the presence of minerals (Fig. 4), but the ratio of fermentation prod-
ucts was influenced by the minerals. In the presence of phyllosilicates,
the production of lactate decreased and the acetate concentration in-
creased. The pH after the end of incubation was 8.8 in the experiments
with biotite or glauconite and slightly lower (8.7) in the mineral-free
control (C2). XRD,MS andMössbauer spectroscopy analyses of themin-
erals in the cultures correlated with previously published results
(Chistyakova et al., 2012b; Shapkin et al., 2013) and did not differ
from those from the sterile control (C1) (see the first and last column
bars in Figs. 1-3, Tables 4,5). However, the FTIR spectra of glauconite re-
vealed a shift in Si-O vibrations from 997 to 1010 cm−1, which could be
explained by an increase in the number of swelling layers up to 15%
(Manghnani and Hower, 1964). Additionally, several new lines that
corresponded to newly formed kaolinite (470, 540, 3619 and
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Fig. 5. Epifluorescencemicrographs of Geoalkalibacter ferrihydriticus cells on the surface of
biotite (a) and glauconite (b), which were stained with acridine orange at the end of the
experiment.
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3696 cm−1) appeared in the grown cultures. The structure of biotite
remained untouched. Silica was not detected in the liquid phase of the
grown cultures, and the amount of Si that transferred to the liquid
phase from biotite and glauconite was 28.8 and 65.3 μМ, respectively,
even lower than that in the sterile control (C1) (see the first and last col-
umn bars in Fig. 1, Table 4).
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Fig. 6. Acetate concentration that was measured during the growth of Geoalkalibacter
ferrihydriticus with biotite (a) and glauconite (b). Grey and black triangles, duplicates 1
and 2; line, the average value.
3.3. Interaction of Geoalkalibacter ferrihydriticus with phyllosilicates, Ex2

The number of cells ofG. ferrihydriticus in culture supernatant during
the entire experimental period did not exceed 105 cells mL−1. However,
epifluorescence microscopy analysis of solid phases, which were
stained with acridine orange after the end of the experiment, showed
that the cells of G. ferrihydriticus were closely associated with minerals
and sometimes formed dense colonies (Fig. 5).



Ex3, biotite

0

1

2

3

days

C
, m

M

lactate

formate

acetate

ethanol

b 

Ex3, glauconite

0

1

2

3

days

C
, m

M

lactate

formate

acetate

ethanol

c 

C3, SF

0

1

2

3

4

5

6

1 10 100 1000

1 10 100 1000

1 10 100 1000
days

C
, m

M

0

2

4

6

8

10

12

14

16

18

Fe
(I

I)
, m

M

lactate

formate

acetate

ethanol

Fe(II)

a 

Fig. 7. Growth of Geoalkalibacter ferrihydriticus in a co-culture with Clostridium
alkalicellulosi in the presence of synthesized ferrihydrite (a) (C3) or in the presence of
biotite (b) or glauconite (c) (Ex3). Open circle, formate; filled triangle, acetate; cross,
lactate; filled square, ethanol; open rhomb, Fe(II).

103D.G. Zavarzina et al. / Chemical Geology 439 (2016) 98–109
Surprisingly, the concentration of acetate that was added to theme-
dium as a growth substrate did not decrease during the first days of the
experiment. Instead, approximately 3 mM was generated with both
minerals in both duplicates (Fig. 6, Table 3). After 14 days of incubation,
the acetate concentration reached its maximum and stabilized. The pH
after the end of the experiment in both duplicates did not change.
FTIR spectrometry and XRD analysis data showed that incubation with
G. ferrihydriticus had little or no apparent effect on the biotite structure.
On the contrary, XRD data for glauconite indicated a small but notice-
able shift in the (001) peak from 10.112 Å in the sterile control (C1) to
10.165 Å in the experiment (Ex2). We suppose that these changes
were connected to an increase in the number of swelling layers in the
glauconite structure. FTIR spectroscopy showed a shift in Si-O vibrations
from 997 to 1010 cm−1. This shift confirms the XRD data and corre-
sponds to an increase in swelling layers from 5 to 15% (Manghnani
and Hower, 1964).

Mӧssbauer spectroscopic analysis of biotite and glauconite at the end
of the experiment revealed that a novel, magnetically ordered phase
formedwith bothminerals after 200 days of incubation. Previously pub-
lished spectra that were recorded at 78 K (Chistyakova et al., 2012b;
Shapkin et al., 2013) were satisfactorily fit by a superposition of four
quadrupole doublets, which corresponded to ferric and ferrous ions in
residual biotite and glauconite structures, and one sextet for magneti-
cally ordered phases by using a many-state superparamagnetic relaxa-
tion model (Jones and Srivastava, 1986) (Table 5). The relative
contents of magnetic phases in biotite and glauconite were 10.7% and
16.2% of the total Fe, respectively (Table 5). An analysis of hyperfine pa-
rameters in this sextet showed that the magnetically ordered phases
were a mixture of magnetite (Fe3O4) and maghemite (γ-Fe2O3). Ac-
cording to the relaxation parameter α=KV/kT (K– anisotropy energy
constant, V – particle volume, k – Boltzmann's constant, T – tempera-
ture), the estimated diameter of the magnetically ordered particles
was d ~ 9 nm (assuming that the particles were spherical). The follow-
ing constants for magnetite used K = 1.3 · 104 J/m3 for these calcula-
tions (Goya et al., 2003). This particle size range and a small
magnetically ordered phase content that does not exceed 3% would
make this phase undetectable by XRD. Extreme enhancement in the
magnetic susceptibility was observed for both minerals: from 320 up
to ~6000 × 10−8 m3 kg−1 for biotite and from 60 up to
~8000 × 10−8 m3 kg−1 for glauconite (second column bar in Fig. 2,
Table 4). These changes support the formation of a ferrimagnetic
phase (magnetite or maghemite) based on theMӧssbauer spectroscopy
data. As with the C. alkalicellulosi experiment, the silica content of the
liquid phase in the experiment with G. ferrihydriticus was extremely
low (≤0.01 mg L−1). However, the concentration of dissolved Si after
the end of incubationwas 3 times higher in the experimentwith biotite
(97.7 μM) and nearly 40% higher in the experiment with glauconite
(87.9 μM) compared to the experiment with C. alkalicellulosi and sterile
controls (see the first, second and last column bars in Fig. 1, Table 4).

3.4. Growth of C. alkalicellulosi and G. ferrihydriticus co-cultures with
minerals

3.4.1. Growth with synthesized ferrihydrite, C3
After 14 days of growth, the colour of themediumbecame black and

magnetic precipitates formed. At the same moment, the concentration
of formate that was produced by C. alkalicellulosi fromMCC began to de-
crease (Table 3), completely disappearing by the 50th day of the exper-
iment. Afterward, the ethanol concentration began to decrease from
≈1 mM on the 50th day to ≈0.1 mM by the end of the experiment.
The acetate content increased during incubation, reaching 4.5 mM by
the end of the experiment. On the 14th day of the experiment, the num-
ber of C. alkalicellulosi and G. ferrihydriticus cells in the supernatant
reached 7×107 and 5×106 cellsmL−1, respectively, anddid not change
until the end of the experiment. The final concentration of Fe(II) was
22 mM (Fig. 7a). Mӧssbauer analysis after the end of the experiment
revealed the formation of a mixture of nonstoichiometric magnetite
and siderite as products of SF reduction by G. ferrihydriticus.

3.4.2. Growth with phyllosilicates, Ex3
The dynamics of the formation ofMCC degradation products and the

growth of C. alkalicellulosi cells in the co-culture on MCC and
phyllosilicate minerals are presented in Fig. 7b and c and Table 3. Simi-
larly to Ex2, no visible growth of G. ferrihydriticuswas observed, but its
cells were observed by epifluorescence microscopy. The results of
solid phase analyses with XRD, FTIR, Mӧssbauer spectroscopy, MS anal-
ysis, SEM and Si dissolution data after the end of the experiment were
rather similar to those for the pure culture of G. ferrihydriticus (Ex2)
(see second and third column bars in Fig. 1-3 and Tables 4, 5). However,
a comparison of the results of the experiments with G. ferrihydriticus
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alone and in a co-culture demonstrated that the relative amount of
magnetically ordered phases for glauconite in Ex3 was greater than
that in Ex2. This amount remained the same for biotite.

3.5. Genome analysis of G. ferrihydriticus

We clearly observed the production of magnetically ordered phases
and acetate during the growth of G. ferrihydriticus on phyllosilicates but
have not yet obtained any direct indications of Fe(III) reduction from bi-
otite or glauconite.We used genomeanalysis to investigate the ability of
G. ferrihydriticus to couple acetate production from CO2 with Fe(II) oxi-
dation tomagnetite.We analysed the high-quality draft version of theG.
ferrihydriticus genome in GenBank under the accession number
JWJD00000000 (Badalamenti et al., 2015). The analysis revealed that ac-
etate in G. ferrihydriticus could be produced from acetyl-CoA by the ac-
tivity of phosphate acetyltransferase (Gfer_00485) and acetate kinase
(Gfer_00490), while carbon dioxide could be fixed during the reversed
citric acid cycle and completely encoded by the genome, including the
main enzyme of the cycle: citrate lyase (Gfer_14125, Gfer_14130,
Gfer_14140, Gfer_14145). Additionally, the enzymes of the methyl
branch of the Wood-Ljungdahl pathway for CO2 fixation was identified
in the genome of G. ferrihydriticus. Acetyl-CoA from CO2 fixation could
be converted either into acetate as mentioned above or to pyruvate by
pyruvate-ferredoxin oxidoreductase for further biosynthetic utilization
in gluconeogenesis. Its genome encodes putative cation/acetate
symporters, consistent with the ability of G. ferrihydriticus to utilize or
produce acetate (Gfer_06630, Gfer_06625). Genome screening of G.
ferrihydriticus for MtoABCD porin-cytochrome complex genes, which
are used to determine Fe(II) oxidation in bacteria (Shi et al., 2014), re-
trieved homologs of MtoA putative outer membrane Fe(II)-oxidizing
cytochrome, which is encoded by Gfer_00954, and MtoC inner mem-
brane cytochrome with c-type and b-type domains, which are encoded
by Gfer_00569. The MtoA homolog was predicted to possess a signal
peptide and 17 heme-binding CXXCH motifs. A search for a chromo-
somal cassette that includes this gene with IMG/ER standard parame-
ters revealed that Gfer_00954 clusters with two other c-type
multihemes and two NHL-repeating proteins. Two multihemes of this
cluster (Gfer_00956 and Gfer_00958) possessed signal peptides but
shared no homology with typical periplasmic MtoD proteins. The ho-
molog of theMtoC/CymA/MtrH quinone reducing protein was encoded
in G. ferrihydriticus by Gfer_00569, which is clustered with the Na+-
translocating electron transfer complex RnfABCDEG genes and the
F0F1-type ATP-synthase subunits Z, I, a and c. Other subunits of the
ATP-synthase (ε, β, γ, α, δ and b) were encoded in a separate cluster:
Gfer_00841–848. Sequence analysis of the c subunit did not allow us
to reliably predict Na+ translocation by this ATP-synthase, as only 2 of
5 previously described direct Na+-coordinating residues, e.g., E65 and
S66 in Ilyobacter tartarticus (Mulkidjanian et al., 2008), have been
found in the atpC protein of G. ferrihydriticus.

4. Discussion

Despite many reports on dissimilatory iron reduction in alkaliphilic
prokaryotes, the biological weathering mechanisms of iron-containing
silicates have been extensively studied only under circumneutral condi-
tions (see references in Uroz et al., 2009; Gadd, 2010; Konhauser et al.,
2011; Melton et al., 2014). To our knowledge, only one work has ad-
dressed this topic (Liu et al., 2015), while Bethke et al. (2011) and
Flynn et al. (2014) showed that iron reduction as a proton-consuming
reaction is energetically unfavourable at alkaline pH, which does not
seem to us to be adequately justified. Indeed, Na+ ions might replace
protons in extremely alkaline environments to overcome their scarcity
and create an electron motive force that benefits certain alkaliphiles
(Kevbrin et al., 1998; Krulwich et al., 2001; Detkova and Pusheva,
2006; Mulkidjanian et al., 2008). Additionally, most forms of iron ox-
ides, carbonates and sulphides are stable at pH N 8.0 and low Eh
(Garrels and Christ, 1965). From a thermodynamic point of view,micro-
organisms develop in the field of stability of their metabolic products
and the field of metastability of substrates (Zavarzin, 1972); thus, alka-
line conditions seem to favour DIRB because of the stability ofmagnetite
and siderite, the main products of SF reduction. This observation could
explain the common occurrence of iron-reducing alkaliphiles in soda
lakes (Zavarzina et al., 2006). Iron-containing silicates are among the
most abundant minerals in the Earth's crust and could serve as a com-
mon source of iron for DIRB in alkaline environments.

4.1. Bioweathering of phyllosilicates by Clostridium alkalicellulosi

In thiswork, we studied bioweathering thatwas caused by the activ-
ity of anaerobic microorganisms that represent two terminal groups of
the alkaliphilicmicrobial trophic chain.C. alkalicellulosi is a cellulosolytic
bacterium that is responsible for the first step of polysaccharide degra-
dation and is a typical anaerobic fermentative bacterium that is incapa-
ble of respiration and the utilization of mixed valence elements as
electron acceptors for energy generation (Zhilina et al., 2005). Possible
interactions between C. alkalicellulosi and phyllosilicates are limited by
the action of organic acids (formate, acetate, and lactate), which are
formed as themainmetabolic products of MCC degradation. The results
of our studies confirmed that this weathering factor was not very signif-
icant under alkaline conditions. The solid phases, as analysed by differ-
ent methods, showed an absence of changes in the biotite structure.
Only FTIR analyses detected the appearance of a small amount of
newly formed kaolinite, which indicated changes in the glauconite
structure. This result could be explained by the differences between
glauconite and biotite structures. The structure of glauconite is an inter-
mediate structure between mica and smectite (nontronite). This struc-
ture contains less Al3+ and K+ but more OH– groups and thus exhibits
some properties that are typical of swelling (smectite)minerals, e.g., en-
hanced cation exchange capacity (CEC). The CEC changes from 5 to
40 mg-eq/100 g depending on the percentage of swelling layers in the
structure; for comparison, the CEC of biotite is around 10 mg-
eq 100 g−1 (Minerals, 1992). The absence of detectable Si in the solu-
tions in both the microbial cultures and sterile controls could be ex-
plained by silica sorption on MCC surfaces. Solubility measurements of
pure solid phases that were separated from the culture medium
reflected changes in the equilibrium concentration of dissolved silica
and showed that microbial interaction with phyllosilicates was even
lower than abiotic interaction (Table 4, first column bar in Fig. 1). This
result could have been caused by mechanical barriers, such as the
slime that C. alkalicellulosi forms during cellulose degradation, or by
the production of extracellular microbial polysaccharides, which block
reactive centres on minerals (Welch and Vandevivere, 1994; Welch et
al., 1999). At the same time, an analysis of fermentation products that
accumulated during MCC degradation by C. alkalicellulosi in the pres-
ence and absence of biotite or glauconite showed that the presence of
these minerals changed the ratio of the products, inhibiting lactate pro-
duction almost completely (Fig. 4). One possible explanation is that el-
ements with mixed valence, including the components of
phyllosilicates, acted as a sink for electrons that were released during
fermentation. Thus, these elements from phyllosilicates decreased the
production of reduced compounds and changed the ratios of metabo-
lites that were formed during MCC degradation.

4.2. Bioweathering of phyllosilicates by Geoalkalibacter ferrihydriticus

The alkaliphilic dissimilatory iron-reducing bacterium G.
ferrihydriticus exhibits only respiratory metabolism and grows through
the reduction of different iron- and sulphur-containing compounds
(Zavarzina et al., 2006). Microorganisms with this type of metabolism
are responsible for the last stage of the anaerobic destruction of non-fer-
mentable organic substrates, such as formate and acetate. Biotite and
glauconite minerals, which contain ferric iron, could serve as electron



Fig. 8. Results of the thermodynamic calculations for an experimental systemwith biotite,
which demostrate the possibility of simultaneous magnetite (a) and accetate (b)
formation.
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acceptors for G. ferrihydriticus. In this view, the increasing acetate con-
centration in the G. ferrihydriticus culture with minerals during the
first days of our cultivation experiments is the most intriguing part of
this work. We have previously observed the same phenomenon during
SF reduction by the co-culture of G. ferrihydriticus and Anaerobacillus
alkalilacustris, where acetate accumulated instead of being consumed
(Zavarzina et al., 2011). Later, we demonstrated the ability of
homoacetogenic alkaliphilic bacteria of the genus Fuchsiella to reduce
Fe(III) during dissimilatory processes (Zhilina et al., 2015). Based on
the results of this study, we propose the ability of G. ferrihydriticus to
promote acetogenic growth on iron-containing phyllosilicates.

Solid phase analysis, including MS and Mӧssbauer spectroscopy
(Chistyakova et al., 2012a, 2012b; Shapkin et al., 2013), clearly demon-
strated that G. ferrihydriticus can utilize structural iron from biotite and
glauconite lattices to form new magnetically ordered phases. Notice-
ably, the biotransformation of phyllosilicates resulted in magnetite for-
mation during both bio-reduction and bio-oxidation. This result raises
the following question: which valence state of iron was used by G.
ferrihydriticus for the growth in our experiments? The presence of four
quadrupole doublets on the Mӧssbauer spectra can be explained by dif-
ferent distribution of ferric and ferrous atoms in M1 (trans-octahedra)
and M2 (cis-octahedra) sites, which have different positions of OH-
groups (Govaert et al., 1979; Ali et al., 2001). The total intensities of
the sub-spectra that correspond to Fe2+ and Fe3+ atoms (doublet) are
shown in Fig. 3. Under the assumption that the recoil-less fractions
(probability of Mӧssbauer effect) are equal for iron atoms that are locat-
ed in different positions, the relative intensities of the relevant sub-
spectra equal the relative amount of iron atoms in these positions. An
analysis of theMӧssbauer spectra showed that the formationofmagnet-
ically ordered phases was accompanied by solid-phase iron redistribu-
tion in the absence of an increase in the relative amount of Fe2+

atoms. On the other hand, the relative amount of all Fe3+ atoms in-
creased in the experiments with G. ferrihydriticus (see the second and
third column bars in Fig. 3). We have previously noted and explained
this phenomenon by chemical iron oxidation (Shapkin et al., 2013). In
this work, we registered an increase in the amount of Fe3+ atoms in
the M1 and M2 sites of biotite in addition to the formation of magneti-
cally ordered phases. An increase in Fe(III) for glauconite was also ob-
served because the magnetically ordered phases contained at least 2/3
of the Fe3+atoms. Thus, the formation of magnetically ordered phases
in this experiment could be explained by Fe(II)-oxidation rather than
by Fe(III)-reduction.

We propose the ability of G. ferrihydriticus to perform acetogenesis
with Fe2+ as the electron donor and carbonate as the electron acceptor
to explain the production of additional acetate and the decrease in Fe(II)
instead of its expected increase. This assumption is supported by the re-
sults of genome analysis, which revealed possible genomic determi-
nants of acetate production, CO2 fixation and Fe(II) oxidation in G.
ferrihydriticus. The most convincing predictions were those for acetate
synthesis from acetyl-CoA by phosphate acetyltransferase and acetate
kinase and for Fe(II) oxidation, which is supposed to be determined
by the subunits of porin-cytochrome MtoABCD complexes (Shi et al.,
2012; Liu et al., 2012). Genome analysis revealed the presence of
outer membrane Fe(II)-oxidizing MtoA c-type multiheme cytochrome
and inner membrane MtoC quinone-oxidizing cytochrome in G.
ferrihydriticus. The first enzyme is encoded in a cluster with two other
secreted cytochromes, which may serve as relays of electrons from
MtoA toMtoC through the periplasmic space. TheMtoC homologmedi-
ates electron transfer between the quinone/quinol pool in the inner
membrane and redox proteins in the periplasm. The mtoC gene in G.
ferrihydriticus is clusteredwith the Rnf complex and F0F1-type ATP-syn-
thase genes. Rnf complexes may act as an energy-conserving ferredox-
in: NAD+ oxidoreductase (Biegel and Muller, 2010; Biegel et al., 2011)
couples the reduction of NAD+ with the electrogenic pumping of Na+

or H+ ions across the membrane out of the cell. Na+-pumping by the
ATP-synthase of G. ferrihydriticus remains unclear, but several features
of this enzyme that are specific to alkaliphiles could be derived from ge-
nome analysis. The ATP-synthase cluster in G. ferrihydriticus contains
additional atpI and atpZ genes whose products have been shown to en-
hance the stability of the synthase and the ability to acquire sufficient
magnesium in alkaliphiles (Preiss et al., 2015). The separation of the
clusters that encode AtpZIac and other subunits of the ATP-synthase,
as observed in G. ferrihydriticus, has also been previously mentioned in
the alkaliphile Bacillus pseudofirmus (Hicks et al., 2010). Generally, the
major enzyme complexes in G. ferrihydriticus that are supposed to cou-
ple Fe(II) oxidation with energy generation are encoded in the same
gene cluster.

Weperformed thermodynamic calculations for an experimental sys-
tem with biotite to check the principal possibility of energy generation
from Fe(II) oxidation under alkaline conditions. The results showed
that biotite was a stable phase in equilibrium with high concentrations
of acetate, which defined a reducing environment (Fig. 8). Iron was ox-
idized to magnetite, while the concentration of acetate increased from
12 to 17 mM. The acetate concentration in the experiments was lower
than in the calculations because bacteria cannot reach chemical equilib-
rium. The acetate concentration is determined by mineral associations,
so the acetate concentration increases at the beginning of the process
and then decreases. The results of our thermodynamic calculations
were strikingly similar to the experimental data. Accordingly, G.
ferrihydriticus could produce acetate by Fe(II) oxidation under our ex-
perimental conditions.



Table 3
Fermentation products that formed in the experiments (Ex1–3) and controls (C2–3)
during bacterial growth and determination Fe(II) production.

Fe(II) and fermentation
products, mM

Fe(II) Formate Acetate Lactate Ethanol

Days\Duplicates 1 2 1 2 1 2 1 2 1 2

Ex1, biotite
2 0.5 0.4 0.3 0.3 0.2 0.1 0.4 0.4
8 0.7 0.6 1.2 1.1 0.5 0.5 2.2 1.8
14 0.5 0.6 1.2 0.9 0.4 0.5 2.4 1.4
22 0.6 0.2 1.3 1.2 0.6 0.2 2.0 1.0
50 0.2 0.3 1.7 1.8 0.2 0.2 2.2 2.3
165 0.7 0.5 1.8 1.7 0.5 0.6 2.5 3.0
200 0.6 0.5 2.2 1.5 0.5 0.6 2.3 3.0

Ex1, glauconite
2 0.5 0.6 0.3 0.3 0.2 0.1 0.4 0.2
8 0.7 0.7 1.2 1.2 0.5 0.6 1.4 2.2
14 0.6 0.7 1.0 1.2 0.5 0.6 2.1 2.5
22 0.7 0.8 1.3 1.4 0.5 0.7 1.5 2.3
50 0.5 0.6 0.9 1.3 0.5 0.6 1.8 3.0
165 0.7 0.6 1.3 1.3 0.7 0.6 3.2 3.1
200 0.6 0.7 1.3 1.3 0.6 0.7 3.1 3.3

Ex2, biotite
2 11.9 9.3
8 13.0 11.6
14 13.4 13.6
22 13.7 13.2
50 13.5 11.9
165 14.0 13.1
200 14.1 13.2

Ex2, glauconite
2 9.9 9.5
8 12.1 13.0
14 12.0 13.8
22 13.3 13.0
50 11.5 12.2
165 12.5 12.9
200 12.1 13.0

Ex3, biotite
2 0.4 0.4 0.5 0.5 0.1 0.1 0.2 0.2
8 0.5 0.4 1.2 1.2 0.3 0.1 0.7 0.0
14 0.4 0.2 1.2 1.2 0.3 0.2 1.1 0.9
22 0.3 0.3 1.6 1.6 0.3 0.2 1.6 1.8
50 0.3 0.3 1.6 1.6 0.2 0.2 1.6 1.8
165 0.4 0.2 2.1 1.7 0.3 0.2 2.5 2.2
200 0.4 0.3 2.2 2.0 0.3 0.2 2.5 2.2

Ex3, glauconite
2 0.3 0.3 0.4 0.5 0.1 0.1 0.2 0.2
8 0.0 0.3 1.2 1.2 0.2 0.2 1.1 0.9
14 0.1 0.3 0.5 1.2 0.1 0.2 0.2 0.8
22 0.4 0.3 2.0 2.0 0.2 0.3 1.0 1.3
50 0.4 0.2 2.1 2.0 0.2 0.2 2.2 2.0
165 0.4 0.0 2.0 2.6 0.2 0.2 2.3 2.2
200 0.4 0.0 2.0 2.6 0.2 0.2 2.2 2.0

C3, synthesized ferrihydrite
2 2.6 3.5 0.0 0.0 0.5 0.5 0.0 0.0 0.0 0.0
8 8.5 9.4 0.3 0.4 1.9 2.0 0.2 0.2 0.9 0.0
14 13.3 12.9 0.2 0.2 2.1 2.6 0.1 0.1 0.8 0.5
22 10.3 11.6 0.3 0.2 2.6 3.4 0.2 0.2 0.8 1.0
50 13.5 15.9 0.1 0.0 2.9 4.6 0.1 0.1 1.3 0.7
165 14.6 16.7 0.0 0.0 3.2 5.9 0.3 0.1 0.4 0.0
200 13.8 15.3 0.0 0.0 3.3 5.5 0.2 0.1 0.2 0.0

C23
2 0.3 0.5 0.1 0.2 0.2 0.3 0.1 0.2
8 0.5 0.5 0.9 0.7 2.3 1.8 1.1 1.5
14 0.5 0.5 1.1 1.0 2.5 2.1 1.9 1.5
22 0.5 0.5 1.0 1.1 2.4 2.1 1.5 1.6
50 0.4 0.4 0.9 0.9 2.3 1.9 2.0 1.9
165 0.4 0.4 1.0 0.9 2.4 1.8 2.2 1.7
200 0.5 0.5 1.0 1.0 2.6 2.2 2.0 2.2

Table 4
Data of Si that dissolved from phyllosilicates during bacterial growth and magnetic
susceptibility.

Experiments Duplicates Si, μM МS, ×10−8 m3 kg−1

Biotite Glauconite Biotite Glauconite

Ex1 1 27.1 60.4 314 53
2 30.4 70.0 324 65

Ex2 1 98.1 91.0 4191 7062
2 97.4 84.8 6978 6217

Ex3 1 78.7 79.9 7595 7460
2 72.5 87.3 7248 15321

C1 34.6 73.9 360 85
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When compared to the results from the sterile controls (C1) and the
experiment with C. alkalicellulosi (Ex1), the influence of G. ferrihydriticus
on biotite caused a three-fold increase in the dissolved Si concentration,
while the difference for glauconite was only 40%. However, glauconite
contains three times less ferrous iron than biotite (Table 1). The forma-
tion of new phases from the oxidation of ferrous iron can explain why
the dissolved Si concentration was much less for glauconite than for bio-
tite: the concentration of dissolved silica directly depends on the amount
of ferrous iron that is oxidized by G. ferrihydriticus. When the cells of G.
ferrihydriticus attack Fe2+ atoms in the octahedral layers of biotite and
glauconite and remove them from the crystal lattice, the silicate lattice
structure collapses, increasing the dissolved Si concentration.

4.3. Growth of Clostridium alkalicellulosi and Geoalkalibacter
ferrihydriticus in co-cultures

A binary culture of C. alklalicellulosi and G. ferrihydriticus reproduces
the simplest trophic chain of anaerobic destructors, performing the
complete mineralization of organic matter (e.g., MCC). Our results in
the control experiment with SF as the electron acceptor showed that
this trophic chain works. We observed a stepwise decrease in formate
and ethanol that was utilized by G. ferrihydriticus as electron donors
concomitantlywith acetate accumulation and SF reduction tomagnetite
and siderite. These data are in complete agreement with our previous
results (Zavarzina et al., 2011) and demonstrate that G. ferrihydriticus
growth does not depend on the fermentative partner. The increase in
the acetate concentration during the entire incubation period could be
explained by its production by G. ferrihydriticus during the oxidation
of ethanol according to the following reaction:

C2H5OH + 4Fe3+ + H2O = CH3COO– + 4Fe2+ + 5H+.

The oxidation of ethanol began on the 50th day of the experiment
after the exhaustion of formate. Approximately 1 mM of ethanol was
oxidized during the last 150 days of the experiment, which correspond-
ingly increased the acetate content during this period.

The results of silicate bioweathering by a binary culture of G.
ferrihydriticus and C. alklalicellulosi were almost completely identical to
those of a G. ferrihydriticus monoculture. An analysis of the Mössbauer
spectra revealed thatmagnetically orderedphaseswas formedwhen bi-
otite was used because of the oxidation of Fe2+ (Table 5, third column
bar in Fig. 3a). Moreover, the relative amount of ferric iron in the biotite
structure increased by up to 5% compared to the sterile control (C1). The
data for glauconite were not so clear (Table 5, third column bar in
Fig. 3b). The summarized ratio between Fe3+ and Fe2+ before and
after the experiment remained almost unchanged. However, the
Mössbauer spectroscopy data did not allow us to determine how
much magnetite or maghemite had been formed. The very similar Si
equilibrium concentrations as those in Ex2 (Table 4, Fig. 1) indicate
that themechanism of G. ferrihydriticus action on biotite and glauconite
in both experiments was similar.



Table 5
Relative intensities of sub-spectra that correspond to ferric and ferrous ions and the magnetically ordered phases in biotite (Ali et al., 2001) and glauconite (Anbar et al., 2007).

Experiments Fe3+ (M1), % Fe3+ (M2), % Fe2+ (M1), % Fe2+ (M2), % Magnetically ordered
phase, %

1 2 1 2 1 2 1 2 1 2

Ex1 9.4 ± 0.1 51.0 ± 3.4 9.4 ± 0.2 24.3 ± 3.4 62.6 ± 0.9 14.5 ± 2.8 18.7 ± 0.8 10.3 ± 2.5 0 0
Ex2 9.8 ± 0.2 39.3 ± 4.2 9.7 ± 0.2 23.7 ± 3.9 59.0 ± 0.9 10.6 ± 0.8 10.8 ± 0.4 10.2 ± 0.7 10.7 ± 1.3 16.2 ± 1.9
Ex3 11.8 ± 0.3 17.1 ± 1.1 11.8 ± 0.3 45.0 ± 1.1 53.5 ± 1.4 9.4 ± 0.3 13.3 ± 0.7 7.1 ± 0.3 10.1 ± 2.0 21.5 ± 0.8
C1 8.8 ± 0.2 47.0 ± 1.7 8.7 ± 0.2 28.9 ± 1.8 64.4 ± 0.8 14.6 ± 2.4 18.1 ± 0.7 9.5 ± 2.2 0 0
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5. Conclusions

The above experiments allowed us to draw the following
conclusions:

• Alkaliphilic bacteria significantly influenced the bioweathering of
iron-containing phyllosilicate minerals. C. alkalicellulosi changed the
structure of glauconite and participated in the neoformation of kaolin-
ite.

• The presence of biotite and glauconite in the culture medium directly
influenced the ratios of metabolic products that were formed by C.
alkalicellulosi and repressed lactate production.

• G. ferrihydriticus, both alone and in a co-culture with C. alkalicellulosi,
transformedbiotite and glauconitewith the formation of a novelmag-
netically orderedmineral phase, which represented amixture of non-
stoichiometric magnetite and maghemite. To our knowledge, this
study is the first report on the ability of DIRB to use iron from glauco-
nite during its catabolism.

• The increasing acetate concentration in the experiments with pure
cultures of G. ferrihydriticus that grew on phyllosilicates could be ex-
plained by the oxidation of Fe(II) from biotite or glauconite to
Fe(III), with carbonate being the electron donor. This hypothesis is
supported by the results of Mössbauer spectroscopy, genome analysis
of G. ferrihydriticus and thermodynamic calculations, thus revealing
the ability of the organism to perform acetogenesis coupled with
Fe(II) oxidation.

6. Geological applications

The unexpected results of this research allow us to make some geo-
logical speculations. The source of iron for banded iron formations (BIF)
during almost the entire late Archean (2.7–2.4 Ga) is agreed to have
been Fe(II) (Trendall, 2002; Klein, 2005). The presence of Fe(III) min-
erals in BIFs dictates that some form of Fe(II)-oxidizing mechanism(s)
was necessary for their formation (Posth et al., 2013). Because the
Great Oxygenation Event occurred at approximately 2.5 Ga (Anbar et
al., 2007), an alternative, O2-independent mechanism is proposed to
eхplain the deposition of the earliest BIFs. The participation of microor-
ganisms in BIF depositionwas first proposed by Cloud (1968). The pres-
ence of ferric iron minerals in banded iron formations (BIF) is generally
accepted to have been caused by the metabolic activity of planktonic
bacteria in the oceanic photic zone (Johnson et al., 2008; Konhauser et
al., 2011; Li et al., 2011; Posth et al., 2013). Two biological processes
that may cause the anaerobic oxidation of iron are known to be driven
by microorganisms: (i) photosynthetic Fe(II) oxidation (Widdel et al.,
1993) and (ii) nitrate reduction that is coupled with iron(II) oxidation
(Straub et al., 1996; Zhao et al., 2013; Zhao et al., 2015). Both of these re-
actions have some limitations in relation to the Precambrian conditions
of BIF deposition. Photoferrotrophic microorganisms face a problem in
the limited availability of dissolved Fe(II) and require very special sur-
face habitats to receive light and, on the other hand, to access ferrous
iron. Nitrate-dependent Fe(II)-oxidizing bacteria require the presence
of nitrates, which is unlikely in anoxic environments, and strongly de-
pend on organic substrates (Konhauser et al., 2011). If our suggestion
on the ability of G. ferrihydriticus to oxidize ferrous iron with carbonate
as an electron acceptor is correct, this biological process could have
played a significant role in ancient environments. The growth of such
microorganisms would not be limited by the availability of the energy
source or the electron acceptor in the Archaean biosphere; thus, these
microorganisms could have acted as efficient primary producers of or-
ganic matter.

Several hypotheses have postulated that alkaline conditions may
have predominated in large areas of the Precambrian ocean (termed a
soda ocean) (Kempe and Degens, 1985; Kempe et al., 1989), the Pre-
cambrian continent (termed soda continent) (Zavarzin, 1993) and
even the subsurface of Europa (Kempe and Kazmierczak, 2002). Some
evidence exists of continental alkaline lakes during the Archean
(Stueeken et al., 2015). High-temperature hydrothermal fluids in the
Archean sub-seafloor basalt-hosted hydrothermal system were likely
highly alkaline, unlikemodern conditions (Shibuya et al., 2010). The ex-
istence of a soda ocean seemsdoubtful, but the appearance of large shal-
low Magadi lake-like ponds on the Precambrian continents is highly
probable because the environmental conditions of the ancient conti-
nents favoured such formations for the following reasons: (i) a lack of
plants and soil to contribute to the weathering of igneous rocks and
smooth out the relief; (ii) carbon dioxide partial pressure that was not
below but rather above the present values; (iii) the atmospheric hydro-
logical cycle that formed during the early stages of Earth's history; and
(iv) the higher temperature on the Earth's surface, which contributed
to the rapid evaporation of water and concentration of salts in drainage
areas. In such ponds, where the sulphur cycle did not occur because of
the absence of sulphates, microorganisms such as G. ferrihydriticus
could play a central role in microbial communities because of their abil-
ity to couple both iron reduction and oxidationwith acetate production.
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