
Bioreduction of biotite and chlorite by a Shewanella species†k

Diana R. Brookshaw1,*, Jonathan R. Lloyd1, David J. Vaughan1 and Richard A.D. Pattrick1

1Williamson Research Centre for Molecular Environmental Science, School of Earth, Atmospheric and Environmental Sciences,  
University of Manchester, Manchester, M13 9PL, U.K.

Abstract

The interactions between the Fe(III)-reducing bacterium Shewanella oneidensis MR-1 and the phyl-
losilicate minerals biotite and chlorite have been studied. In washed, non-growing cell suspensions, S. 
oneidensis MR-1 was able to mediate the reduction of Fe(III) in biotite and chlorite in the presence and 
absence of an artificial electron shuttle, and to reduce as much as 36% of the starting Fe(III) in biotite, 
and 21% in chlorite. This is predominantly a solid-state reaction, as no significant dissolution or change 
in morphology was observed after microbial reduction. In growing-cell experiments, with Fe(III) as 
the only electron acceptor, bacterial biomass increased over eight weeks of incubation. Combining the 
results of (weak acid-extractable) iron characterization by ferrozine assay and bulk solid iron mineral 
characterization using Mössbauer spectroscopy, has led to the development of a possible mechanism 
of reduction of Fe(III) in the bulk of the mineral. Long-distance electron transfer between M2 sites 
along octahedral layers may facilitate the reduction of the bulk mineral. To our knowledge, this is the 
first study to demonstrate microbially mediated reduction of Fe(III) within biotite, and show the ability 
of S. oneidensis MR-1 to conserve energy for growth from this reduction.
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Introduction

Microorganisms including bacteria and archaea are wide-
spread in the Earth’s surface environment and play a major 
role in element cycling in the shallow subsurface and bacteri-
ally driven redox cycling of iron has the potential to alter the 
structure (Kim et al. 2004; Kostka et al. 1999) and reactivity of 
minerals. This can affect contaminant transport and precipitation 
dynamics (Bishop et al. 2011; Zhang et al. 2011). Therefore an 
understanding of the effect that microbial Fe(III) reduction has 
on the structure of minerals, and thus the role minerals play in 
microbial respiration and ecology, is essential for long-term 
predictions of mineral behavior in the subsurface.

It is well known that specialist bacteria can reduce ferric 
iron [Fe(III)] associated with Fe(III) oxides (Cutting et al. 2009; 
Lovley and Phillips 1988; Roden and Zachara 1996) and clays 
including smectite (Dong et al. 2003a; Kostka et al. 1996), illite 
(Dong et al. 2003b; Seabaugh et al. 2006), and montmorillonite 
(Jaisi et al. 2007). The rate and extent of reduction of Fe(III) 
oxides relates to mineral surface area (Roden and Zachara 1996), 
crystallinity (Cutting et al. 2009) and the amount of biogenic 
Fe(II) adsorbed to the mineral surface (Roden and Urrutia 2002; 
Roden and Zachara 1996). These factors may also affect the 
availability of Fe(III) in phyllosilicates for microbial reduction 
(Dong et al. 2009; Jaisi et al. 2007).

Microbial reduction of Fe(III) can lead to the dissolution of 

the mineral as the reduced iron is solubilized; for example, in 
the Fe hydroxyoxides and, to a lesser extent, clay minerals such 
as nontronite (Dong et al. 2003a). New mineral phases such as 
illite can also be produced by the microbial reduction of smectite 
(Kim et al. 2004) or nontronite (Jaisi et al. 2011). Reduction of 
some phyllosilicates, such as smectite, is associated with a solid-
state change in the oxidation state of Fe(III) to Fe(II) (Stucki et 
al. 1984); in this case, the layers of linked SiO4 tetrahedra that 
sandwich the Fe(III)-containing octahedral layer may stabilize 
the overall mineral structure. This “structural” Fe(III) reduction 
reaction may be limited either to the site of the reduction, such 
as an edge site where the octahedral layer iron is exposed, or 
limited by the coordination of the Fe(III) with preferential re-
duction of Fe(III) in tetrahedral sites, as observed in nontronite 
(Jaisi et al. 2005). Clay minerals can also play a role in microbial 
ecology; for example, the Fe(III)-reducing bacterium Shewanella 
oneidensis MR-1 has been shown to reduce structural iron in 
smectite and to conserve energy for growth from this process 
(Kostka et al. 2002).

The wide distribution of phyllosilicates and their reactivity 
makes them the key reactive components in many Earth surface 
environments. Much research has concentrated on this group 
of minerals as they may control contaminant behavior (Dong 
2012; Dong et al. 2009). They are also the major iron-bearing 
phases in subsurface sediments. The interactions between sub-
surface bacteria and some clays such as smectite are relatively 
well characterized. However, despite their abundance in many 
near-surface environments and their potential importance in 
contaminant retardation (Baik et al. 2010; McKinley et al. 2001), 
the microbial reduction of biotite and chlorite has not been as 
well studied as for other phyllosilicates.
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Biotite mica {general formula: [K(Mg,Fe)2(AlSi3O10)(OH)2]} 
is the main Fe-bearing mineral in granitic rocks and many crys-
talline gneisses and is also an important phase in near-surface 
environments; including, for instance, at the Hanford Nuclear 
Reservation, Washington State (U.S.A.). Chlorite {general for-
mula: (Mg,Fe)5Al[(OH)8(AlSi3O10)]} is an alteration product of 
other ferromagnesian minerals including biotite (Eggleton and 
Banfield 1985) and is found in altered basic and intermediate 
igneous rocks, in low-grade metamorphic rocks and as a detri-
tal or diagenetic component in a range of soils and sediments. 
Both are 2:1 phyllosilicate minerals and have an octahedrally 
coordinated layer of Mg and Fe ions between sheets of linked 
SiO4 tetrahedra. In biotite, these layers are held together by in-
terlayer K+ cations, whereas in chlorite, the interlayers contain 
a Mg-rich brucite-like interlayer (which may also contain Fe). 
Both of these phyllosilicates can contain both Fe(II) and Fe(III) 
iron in octahedral coordination.

Geomicrobiological studies of these phyllosilicates have 
concentrated on their weathering. Abiotic dissolution studies 
suggest that biotite is an important source of potassium in soils. 
Plants, fungi (Balogh-Brunstad et al. 2008) or lichens (Barker 
and Banfield 1996) can extract K or other elements from biotite, 
and may cause its alteration to vermiculite. The observed loss of 
cations from the mineral can be correlated with the release of or-
ganic acids (Balogh-Brunstad et al. 2008; Barker et al. 1998) and 
the acid dissolution of biotite has been shown to be incongruent. 
Microbially mediated weathering also causes preferential loss of 
cations from the interlayers and octahedral sheets of biotite, with 
the tetrahedral sheet remaining relatively unreactive (Hopf et al. 
2009). These weathering studies were carried out under aerobic 
conditions, despite anaerobic conditions being prevalent at depth.

The dissolution and weathering behavior of chlorite in 
systems without microorganisms has been studied (Brandt et 
al. 2003; Kameda et al. 2009; Krawczyk-Barsch et al. 2004). 
In addition, recent studies demonstrated the ability of Fe(III)-
reducing bacteria to enzymatically reduce the ferric iron as-
sociated with this mineral (Bishop et al. 2011; Jaisi et al. 2007; 
Zhang et al. 2011). However, the availability of Fe(III) within 
biotite, the mechanism of reduction of both biotite and chlorite, 
and the effect of such reduction on the minerals, remain poorly 
characterized. In this study, we investigate: (1) the ability of the 
“model” Fe(III) reducing bacterium S. oneidensis MR-1 to reduce 
Fe(III) associated with biotite or chlorite, both directly and in the 
presence of an artificial electron shuttle and humic compound 
analog (AQDS); (2) the impact of microbial reduction on the 
physical structure and chemistry of biotite and chlorite; and (3) 
the ability of S. oneidensis MR-1 to conserve energy from the 
reduction of Fe(III) in biotite.

Method

Mineral preparation
The biotite and chlorite used in this study were obtained from the Excalibur 

Mineral Company, New York. The biotite was originally sourced from Silver Crater 
Mine, Cardiff, Ontario, Canada, and the chlorite from Michigamme Michigan, 
U.S.A. Their mineral structures were confirmed by powder X‑ray diffraction (XRD, 
performed using a Philips PW 1730 and Bruker D8Advance diffractometer fitted 
with Göbel mirror, using CuKa radiation scanning over a 2q range of 5 to 70° 
with a step size of 0.02° and counting time of 2 s) and their chemical formulas 
were calculated based on electron probe microanalysis (EPMA) results (using a 

CAMECA SX100 instrument operating at 20 kV accelerating voltage and 20 nA 
beam current and silicate and metal standards).

The biotite was finely powdered and sieved and the 180 to 500 mm fraction 
extracted for use in the experiments, although this size fraction may have contained 
a minor amount of biotite flakes with diameter of <180 mm. The powdered mineral 
was stored in air-tight containers at room temperature until used in experiments.

The chlorite used was a retrograde metamorphic product in samples compris-
ing garnet porphyroblasts (up to 8 cm in size) surrounded by chlorite, as well as 
some smaller garnet inclusions and minor amounts of magnetite. The chlorite was 
extracted from the rock by careful abrasion and hand picking, and the resulting 
powder was sieved through a 100 mm sieve. The chlorite produced a very fine 
powder and the sieving allowed the removal of garnet fragments (typically larger 
than 100 mm). The magnetite fraction could not be separated magnetically from the 
chlorite powder but these impurities in the chlorite were below the detection limit 
of XRD analysis, which showed the samples to be a monomineralic clinochlore.

The surface areas of the samples were determined by Brunauer-Emmett-Teller 
(BET) analysis using N2 gas adsorption. The relative proportions of Fe(III) and 
Fe(II) in the bulk mineral were determined by Mössbauer spectroscopy.

Bacterial cultures
Shewanella oneidensis MR-1 was obtained from the University of Man-

chester Geomicrobiology Group culture collection. The bacterium was grown 
using standard aseptic techniques. Anerobically grown cells were harvested at 
late log phase via centrifugation for inoculation of further experiments (further 
details of culturing and harvesting protocols are included in the supplementary 
information1).

Resting cell experiments
Aliquots of the washed cell suspensions were added via a degassed syringe 

to sealed bottles containing: anaerobic 30 mM NaHCO3 buffer with 80% N2:20% 
CO2 headspace (pH 7); mineral (either biotite or chlorite) in a 1:40 solid to solution 
ratio by weight; and 10 mM lactate as an electron donor [the mineral-associated 
Fe(III) acting as the sole electron acceptor]. In specific experiments 10 mM of 
anthraquinone-2,6-disulfonate (AQDS) was added as an electron shuttle. Mineral-
solution/slurry samples for analyses were extracted from each experimental bottle 
at selected time intervals via syringe. The concentration of soluble Fe(II) was 
analyzed in aliquots of the supernatant by ICP-AES (see below). Any remaining 
supernatant was removed under a 95%N2:5%H2 atmosphere in a glove box after 
28 days of reaction, and the mineral residue was dried and retained for analysis 
by Mössbauer spectroscopy.

Growing cell experiments
Harvested and washed bacteria were also suspended in bottles where the 

solution comprised a modified version of the Shewanella minimal growth medium 
[SMM, von Canstein et al (2008), and see supplemental information1]. Here, biotite 
was supplied as large flakes (1–2 cm in diameter) in a 1:40 solid to solution ratio 
by weight. The growth medium was modified by exclusion of fumarate, so that 
the only electron acceptor that could be used for conserving energy for growth 
was biotite-associated Fe(III). The cultures were incubated for up to eight weeks. 
Sampling was done sacrificially, and the bacteria fixed immediately with formalin 
(in a concentration giving the equivalent of 2% final concentration of formaldehyde) 
for fluorescence imaging using Acridine orange (see supplemental information1). 
The fixed samples were kept at a temperature of 4 °C prior to further analysis.

ICP-AES analysis
At each time point, samples were centrifuged and the supernatant separated 

for analysis of the concentration of Fe in aqueous solution. Weak acid extraction 
(in 0.5 N HCl for 1 h) of the bioreduced solids was performed, and aliquots of 
the supernatant were analyzed for major cations (Fe, Al, Si, Mg, Mn, K). These 
aqueous cation concentrations were quantified by ICP-AES analysis. Aliquots 
of 0.5 mL of sample were acidified with 2% HNO3 to a final volume of 5 mL. 
The analyses were performed using a Perkin-Elmer Optiman 5300 dual view 
ICP-AES unit.

1 Deposit item AM-14-801, Supplementary Figures 1–3. Deposit items are stored on 
the MSA web site and available via the American Mineralogist Table of Contents. 
Find the article in the table of contents at GSW (ammin.geoscienceworld.org) or 
MSA www.minsocam.org), and then click on the deposit link.
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Ferrozine assay
Aliquots of the slurry were used for determination of the weak acid-extract-

able Fe speciation [Fe(II) and total dissolved Fe] by ferrozine assay (Lovley and 
Phillips 1987). This method does not extract all structural Fe in silicates, but is 
used to understand the relative change in the weak acid-extractable fraction of 
Fe within biotite and chlorite. A slurry sample was reacted with 0.5 N HCl for 
1 h. An aliquot of the acid-extracted sample was added to the ferrozine solu-
tion, filtered through a 0.22 mm filter and the absorbance at 562 nm recorded 
(giving a measurement of the Fe(II) in the sample by reference to an appropri-
ate standard curve). Then, an excess of hydroxylamine hydrochloride solution 
was added to each sample extraction and allowed to react for a further 1 h and 
measurement step repeated to give the total dissolved Fe in the sample. Fe(II) 
was converted to a percentage of the total acid-extractable iron, thus normal-
izing for variations between samples due to the differences in amount of solid 
extracted from each sample.

Mössbauer spectroscopy
In an anaerobic glove box, dry mineral residues from the control (non-inoc-

ulated) and fully bioreduced experiments were mounted on a layer of aluminized 
polyethylene terephthalate (PETP) with one layer of 0.5 mm clear PETP holding 
the sample, and a capping layer of 0.075 mm PETP sealed with an epoxy resin 
to contain the powder anaerobically. Transmission 57Fe Mössbauer spectra were 
collected at room temperature (~22 °C) using a FAST ComTec 1024-multi-channel 
analyzer system (g-ray source: Co-57, 25 mCi). The spectra were fitted using Lo-
rentzian line shapes with Recoil software (version 1.05). Spectra were calibrated 
with reference to metallic Fe foil.

Environmental scanning electron microscopy
Droplets of bioreduced and non-inoculated mineral slurry from the resting cell 

experiments were placed directly onto an adhesive carbon pad attached to a sample 
stub and dried in air. The samples were imaged under low vacuum conditions us-
ing an environmental scanning electron microscope (Philips XL30 ESEM-FEG) 
employing a beam potential of between 10 and 20 kV; elemental analysis, where 
necessary, was obtained using energy-dispersive X‑ray spectrometry (EDAX).

Atomic force microscopy
For imaging by atomic force microscopy (AFM), mineral flakes with microbial 

biomass were extracted from fixed experimental bottles and dried in air. The dried 
mineral flakes were placed on carbon stubs and imaged by atomic force microscopy 
using a Nanoscope III instrument with 10 × 10 mm scanner used in tapping mode. 
The data collected were analyzed with Nanoscope III software (Veeco instruments). 
All measurements were based on data recorded with height images.

Results

Mineral characterization
The structures and chemistries of both minerals were character-

ized prior to their use in experiments with bacteria. No secondary 
minerals or inclusions were detected in the biotite powder by XRD. 
Electron probe microanalysis showed that it was iron-rich (17.1 ± 
0.1 wt% Fe, Table 1) and had a chemical formula of

K0.90Na0.06[Mg1.51Fe(II)0.96Fe(III)0.14Ti0.13Mn0.03](Al0.98Si3O8)(OH,F)2.

The chlorite was an Fe-rich clinochlore, with chemical formula

[Mg0.93Fe(II)3.3Fe(III)0.38Ti0.01Mn0.02]Al1.31[(OH)8(Al1.4Si2.6O10)].

This chlorite composition was similar to that of the chlorite 
“CCa-2” (Brandt et al. 2003), used in studies of microbial re-
duction by other workers (Jaisi et al. 2007; Zhang et al. 2011). 
The chlorite used in the present study contained 38.4 ± 1 wt% 
Fe (see Table 1). Approximately 12.6% of the Fe in the biotite 
(~0.14 atoms per formula unit) and 10.4% of the Fe in the chlorite 
(~0.38 atoms per formula unit) were determined to be Fe(III) 
from the Mössbauer spectra of the fresh minerals (see below). 
For the samples used in this study, the two minerals had similar 
surface areas (biotite: 9.02 m2/g, chlorite: 6.43 m2/g).

Microbial reduction
In non-inoculated treatments of both minerals the propor-

tion of acid-extractable Fe(II) as a percentage of the total acid-
extractable iron remained stable over the course of the experiment 
(see Figs. 1a and 1b), but in treatments with bacteria, a large 
increase in acid-extractable Fe(II) showed that bioreduction had 
occurred. In fact, S. oneidensis MR-1 was able to reduce fully 
the acid-extractable Fe(III) in biotite with acid-extractable Fe(II) 
percent in those experiments reaching 99.7 ± 3.6% after 3 days. 
In the presence of AQDS the microbial reduction proceeded at 
a more rapid rate, with Fe(II) reaching 98.4 ± 2.3% of the total 
acid-extractable Fe only 24 h after inoculation with bacteria, and 
remaining stable thereafter.

Maximum microbial reduction of chlorite was also achieved 
in approximately three days (showing a similar rate of reduc-
tion to that observed by Bishop et al. 2011). However, unlike 
in experiments with biotite, reduction was incomplete; acid-
extractable Fe(II) was 89.4 ± 2.1%. As with biotite, the rate of 
reduction was enhanced by the addition of AQDS. However, the 
addition of the electron shuttle did not significantly enhance the 
extent of reduction of this mineral [with maximum Fe(II) reached 
being 91.7 ± 1.5% of the total acid-extractable iron], indicating 
that some of the weak-acid-extractable Fe(III) in chlorite was 
recalcitrant to microbial reduction.

The majority of the bioreduction-generated Fe(II) is likely 
to remain associated with the mineral (as a sorbed or edge-
complexed fraction, or as bulk mineral structural Fe). However, 
microbial reduction also stimulated a release of Fe(II) into solu-
tion. A small amount of Fe(II), on average 5.0 ± 0.4 mg/L for 
biotite and 17.6 ± 3.8 mg/L for chlorite, was found to be soluble 
in abiotic experiments, and its concentration remained relatively 
stable throughout the experiment (Figs. 1c and 1d). In contrast, 
the Fe(II)aq concentration increased significantly in all treatments 
with S. oneidensis MR-1. Without an artificial electron shuttle, 
the maximum Fe(II)aq in experiments with biotite (41.8 ± 4.1 
mg/L) was recorded one week after inoculation. The rate of re-
duction of chlorite was lower, and Fe(II)aq reached a maximum 
14 days after inoculation (113.4 ± 1.0 mg/L). In experiments 
with AQDS, the maximum Fe(II)aq was recorded earlier than in 
the equivalent experiments without AQDS (1 day and 7 days for 
biotite and chlorite, respectively).

The iron speciation and coordination environments within 
the bulk mineral were determined by Mössbauer spectroscopy. 
The biotite spectrum was typical for this mineral (Dyar 1993; 
Rancourt et al. 1992) and had a prominent doublet with a large 
quadrupole splitting [representing the Fe(II) contribution], 
and a small shoulder indicating a doublet at lower isomer shift 

Table 1. 	 Summary of mineral characteristics
Mineral	 Size	 Surface areaa	 Iron content	 Fe(III) % of the
	 (µm)	 (m2/g)	 (wt%)b	 Total Fec

Biotite	 180–500	 9.02	 16.4–17.5	 12.6
Chlorite	 <100	 6.43	 37.6–39	 10.4
a Determined by BET analysis.
b wt% = determined by electron microprobe analysis (EPMA).
c Determined by Mössbauer spectroscopy.
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Figure 2. Mössbauer spectra for iron in: (a) unaltered biotite; (b) bioreduced biotite; (c) unaltered chlorite; and (d) bioreduced chlorite. Note 
the decrease in the shoulder feature attributable to Fe(III) after microbial reduction.

Figure 1. Microbial reduction of Fe(III) in biotite and chlorite (as the figures and text list biotite first and chlorite second). The Fe(II) percentage 
of the total iron in the supernatant and acid-extractable fractions: (a) biotite (weak acod-extractable); (b) chlorite (weak acid-extractable); (c) biotite 
(aqueous); and (d) chlorite (aqueous). Treatments with resting cells of S. oneidensis MR-1 in the presence and absence of AQDS are shown in 
relation to abiotic controls. The error bars represent the standard error of triplicate measurements. 
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attributable to the Fe(III) present (Fig. 2). The spectra were fitted 
with doublets arising from two octahedral Fe(II) sites correspond-
ing to the two sites in the octahedral layer of phyllosilicates, and 
present in a 2:1 ratio. Those are the M1 site (where hydroxyl 
groups are in trans configuration) and M2 site (with hydroxyl 
groups in cis coordination) with M2 being the more abundant. 
The Fe(III) contribution was associated with a single unresolved 
Fe(III) octahedral site doublet (see Table 2). An asymmetry in 
the intensities of the two Fe(II) doublets of the spectrum was 
attributed to preferential orientation of the biotite grains within 
the prepared sample, and has been fitted with asymmetric dou-
blets. This provided a good fit to the experimental data (c2 = 2.64 
and 1.35 for the unaltered and bioreduced (+AQDS) samples, 
respectively). There was no detectable Fe(III) in tetrahedral 
coordination in the biotite.

The chlorite spectrum also contains the prominent doublet 
characteristic of Fe(II) and the shoulder associated with Fe(III) 
(Fig. 2) as in previously published chlorite spectra (Smyth et al. 
1997). The data were fitted with three doublets attributable to 
Fe(II) in octahedral sites: two in the octahedral sheet (M1, M2), 
and one in the brucite-like interlayer (site 3). A single doublet 
attributable to Fe(III) in octahedral sites was also fitted. A second 
shoulder seen on the Fe(II) doublet at a higher velocity, was 
similar to a feature observed in a published chlorite spectrum 
interpreted as being from Fe(II) in tetrahedral coordination 
(Gregori and Mercader 1994). However, this is a very unlikely 
coordination for Fe(II). The shoulder may be due to an impurity, 
but is not due to ilmenite (Dyar et al. 2006) or garnet. Our spectra 
also display a very weak sextet, indicating a minor component 
from a magnetically ordered iron species, consistent with mag-
netite. Although the room-temperature spectra of magnetite 
require fitting with two partly overlapping sextets arising from 
iron in tetrahedral and octahedral sites, the quality of the data 
obtained here mean that we can only report an average value for 
these combined sextets.

Based on the relative areas of the fitted doublets, Fe(III) ac-
counted for approximately 12.6% of the total Fe in biotite, and 
10.4% in chlorite. These spectra showed that microbial reduction 
of the minerals led to a decrease in the intensity of the doublet 
attributable to Fe(III) for both minerals, indicating that the bulk 
Fe speciation was affected by the microbial activity. The differ-
ence between the unaltered and bioreduced minerals was small 
overall; however, this result was highly reproducible. Using data 
reported in this paper and two independent preliminary experi-

ments, there was a statistically significant difference between 
the average of the Fe(III) in the unaltered minerals compared 
to the average of the Fe(III) in the bioreduced minerals at the 
1% level (this indicates that there is 99% chance that the result 
reflects a true difference between the averages. The percentage 
Fe(III) of the total iron after reduction was approximately 8% 
in both minerals, a decrease of approximately 36% of the start-
ing Fe(III) amount in biotite, and 21% in chlorite. In biotite, the 
decrease in Fe(III) was associated with an increase of Fe(II) in 
the more abundant Fe-site, interpreted as the M2 cis site based 
on the mineral structure. This suggests that the transformation of 
Fe(III) to Fe(II) within the bulk of the mineral occurs predomi-
nantly at the M2 sites. The small change in relative abundance 
of Fe(II) in the M1 sites may be because most of those sites 
were already occupied by Fe(II), as can also be inferred from 
theoretical calculations indicating that the M1 sites may act as 
electron traps (Rosso and Ilton 2003).

Effect of bioreduction on the mineral structure
No large-scale changes in the structures of the minerals were 

seen in the XRD patterns of the bioreduced minerals and no new 
secondary minerals were detected (XRD patterns are shown in 
Supplementary Figs. 1 and 21). There was a slight increase in 
the surface area of biotite after bioreduction from 9.02 to 10.65 
m2/g, although results for biotite could be influenced by the grains 
clumping together due to static charge. There was no change in 
the surface area of the chlorite after bioreduction (6.15 m2/g).

To investigate further the effect of bioreduction on the stabil-
ity of the minerals, a 0.1 mL aliquot of mineral-solution slurry 
from each microbial reduction experiment was suspended in 0.5 
M HCl for 1 h. A subsample of the supernatant was analyzed 
by ICP-AES for cations that were released from the modified 
mineral structure after reduction (Fig. 3). This operationally 
defined extraction allowed an assessment of the effect of reduc-
tion on mineral stability.

In biotite, the amount of Si that is dissolved can be used as a 
guide to the dissolution rate of material in the tetrahedral layer, 
and the amount of Mg for the dissolution of the octahedral layer 
(Hopf et al. 2009). The dissolution of the biotite by 0.5 M HCl 
led to non-stoichiometric release of cations (Acker and Bricker 
1992; Hamer et al. 2003). Based on the solid-to-solution ratio 
used in these experiments, there were 56 mmol of biotite and 37 
mmol of chlorite per liter. The dissolution of the silicate tetra-
hedral layer by the weak acid was calculated as being 4.7–7.0% 

Table 2.	 Mössbauer parameters for biotite and chlorite
	 Isomer shifta	 Quadropole	 Hyperfine	 Area (%) in	 Area (%) 
	 (mm/s)	 splittinga (mm/s)	 fielda (kOe)	 unaltered mineral	 after bioreduction
Biotite
Fe(II)(M1)	 1.151	 2.639		  27.2	 28.4
Fe(II)(M2)	 1.158	 2.281		  60.2	 63.5
Fe(III)	 0.602	 0.562		  12.6	 8.1
Chlorite
Fe(II)(site 1)	 1.239	 2.621		  26.2	 21.3
Fe(II)(site 2)	 1.121	 2.620		  43.7	 46.2
Fe(II)(site 3)	 1.173	 2.162		  6.1	 10.8
Fe(III)	 0.375	 0.738		  10.4	 8.2
Impurity	 0.898	 1.150		  9.4	 7.9
Magnetiteb	 0.670	 –0.38	 482	 4.2	 5.6
a The parameter values are those for the unaltered sample. They varied by <1% from those in the bioreduced sample.
b Values reported for magnetite are an average for the combined sextets.
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of the available Si. On the other hand, as much as 15.0–15.8% 
of the interlayer K from the biotite was lost during the weak 
acid extraction, probably due to exchange with H+. Al was 
preferentially dissolved (12.5–13.1%) compared to Si, possibly 
relating to the lower activation energy of sites occupied by this 
element (Malmström and Banwart 1997) or destabilization of 
Al-substituted sites in the tetrahedral sheet. Loss of Fe was almost 
stoichiometric with that of Mg (11.7–12.4% and 12.2–13.2%, 
respectively) suggesting that, in the biotite, dissolution of the 
octahedral sheet was congruent. Interestingly, Mn was preferen-
tially extracted compared to Mg (17.2–18.6%). The concentration 
of dissolved Mg was approximately twice that of Si, suggesting 
that the octahedral layer was more susceptible to dissolution 
than the Si-tetrahedral layer in all treatments. However there 
was no significant difference between the HCl-extractable cation 
profile of unaltered compared to bioreduced biotite, indicating 
that bioreduction in this mineral does not significantly affect its 
overall stability.

Dissolution of chlorite was also incongruent (Brandt et al. 
2003). The pattern in the chlorite was similar to that of biotite, 
but the differences in relative release were less pronounced. 
Here, preferential loss of Mn (9.3–14.7%) occurred, presumably 
by similar processes to those in biotite. The difference between 
the loss of the octahedrally coordinated cations Mg (7.2–10.1%) 
and Fe (4.6–6.6%) and the tetrahedral Si (4.6–6.6%) was less 
than in biotite suggesting that the octahedral sheet in chlorite is 
more stable to acid dissolution than that in biotite. Interestingly, 
in contrast to the biotite, there was a notable difference in the 
acid-extractable cation concentration in chlorite between the 
different treatments. Greater concentrations of all cations were 
detected in the extractions from the microbially reduced chlorite 
samples compared to the abiotic samples, indicating that micro-
bial reduction of this mineral may make it more susceptible to 
dissolution and that bioreduction destabilises the whole structure.

Reduction of biotite and microbial growth
The physical relationship between the bacteria and minerals 

was studied using imaging techniques. Bacteria were seen at-
tached to mineral surfaces in all experiments. Images obtained 
by ESEM from treatments with washed resting cells of S. onei-
densis MR-1 (see Fig. 4), show oval shapes approximately 1–2 

Figure 3. Concentrations of cations in acid extractions of unaltered 
and bioreduced minerals. Error bars show the standard error of triplicate 
measurements.

Figure 4. Mineral surfaces in experiments with washed cell suspensions of S. oneidensis MR-1 in bicarbonate buffer amended with 10 
mM lactate. ESEM images of biotite (a) and chlorite (b) after bioreduction. AFM height image of a biotite flake after bioreduction (c) and 3D 
representation of the height data (inset) show a stepped biotite edge and an attached cell.
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mm long (approximate size of the cells), distributed randomly 
over the surface of the biotite flakes.

There was no clustering of these oval-shaped features at 
particular regions of the surface such as steps, suggesting that 
the ability of S. oneidensis MR-1 to reduce the mineral was not 
predicated on the bacteria being located near points of access to 
the octahedral layer.

Mineral flakes were also imaged using AFM. Here, bacteria 
were seen clearly on the mineral surface. AFM images showed 
S. oneidensis MR-1 cells had two or more appendages with an 
approximate thickness of 5–7 nm. These appendages may be 
dehydrated flagella, but the dimensions are also similar to those 
of the pili S. oneidensis MR-1 can produce for attachment to 
mineral surfaces (Bouhenni et al. 2010). They may also play 
a role in electron transfer, as has been shown for similar-sized 
“nanowires” produced by this bacterium (Gorby et al. 2006).

Fluorescence microscopy images of the bacteria on the biotite 
flakes were used to estimate the increase in biomass in growing-
cell experiments, in which biotite was added to fully defined 
medium lacking other electron acceptors [i.e., Fe(III) associated 
with the biotite was the only available electron acceptor]. In the 
early stages of the experiment (two weeks), increase in biomass 
was observed predominantly as an increase in the number of 
discrete bacteria at mineral surfaces in growth treatments. Under 
growth conditions, higher bacterial densities were visible along 
some structural irregularities, e.g., biotite steps parallel to the 001 
layer (see Supplementary Fig. 31). Despite differences in samples 
from each experiment due, for example, to mineral heterogeneity, 
the average cell numbers per grid square in growth treatments 
(6.9 ± 1.9 and 6.3 ± 1.4) were significantly higher than those 
in no-donor treatments (2.6 ± 0.6, see Fig. 5). No cells were 
observed in non-inoculated controls.

Four weeks after the start of the experiment, the cell numbers 
were also greater in the growth treatments (where electron donor 
had been added) (7.9 ± 2.4 and 5.3 ± 1.9) than in the no-donor 
treatments (1.3 ± 0.4). The number of discrete bacteria was lower 
than that in the corresponding treatments at two weeks while the 
number of micro-colonies had increased. A micro-colony was de-
fined as a cluster of more than 10 cells and forming a continuous 
cover over the biotite surface. This trend toward concentration 

of biomass in colonies was seen to continue to eight weeks, by 
which time most areas were covered with numerous colonies, in 
some cases formed by fusing together smaller colonies with the 
number of single cells decreasing even further. The cell number 
estimates at eight weeks show that under growth conditions, 
overall biomass, expressed as approximate cell numbers, had 
increased further (7.6 ± 2.0 and 7.3 ± 1.0) and cell numbers in 
the no-donor control had continued to decrease (1.0 ± 0.5). This 
suggests a growth progression from survival of the added cells 
and some division (leading to discrete cells visible after two 
weeks), to concentration of growth in certain locations where 
colonies started to form after two weeks of growth (Zhang et al. 
2010). Progressively fewer single cells were visible in areas free 
of colonies in the later stages of the experiment, suggesting that 
after four weeks, survival of cells away from colonies may have 
been limited. This is also supported by the observed decrease in 
cell numbers in the no-donor controls, possibly reflecting cell 
death and degradation after 2–4 weeks. By contrast, cell division 
in colonies in the growth experiments led to formation of new 
cells that were then visible as parts of these colonies at four and 
eight weeks. Similar colony progression of S. oneidensis MR-1 
has been observed by Thormann et al. (2004) in flow-through 
experiments and was shown to be associated with strong attach-
ment of the colony to the substrate surface.

The significant increase in cell numbers and the increase in 
the number of micro-colonies in experiments with bacteria in 
growth medium compared to the abiotic controls indicate that S. 
oneidensis MR-1 was able to conserve energy for growth from 
the reduction of structural Fe(III) within biotite.

Discussion

Method of microbial reduction of biotite and chlorite
The results presented here show that bacteria can mediate the 

reduction of Fe(III) in biotite and chlorite, and that this reaction 
affects both the acid-extractable and structural iron within the 
minerals. The rates of reduction were similar to those reported 
for the bioreduction of chlorite by Shewanella putrefaciens 
CN32 by Bishop et al. (2011). The overall extent of reduction 
of chlorite reported here was lower than indicated by these au-
thors, likely relating to the greater particle size used. There was 

◄Figure 5. Cell counts in growth 
experiments compared to abiotic and no-
donor controls. Main figure shows counts of 
individual cells per grid square (each point 
represents the average of 300 measurements 
per experiment) including linear trendlines 
of the results of the growth experiments and 
no donor controls. Inset figure shows the 
number of colonies visible in a field of view 
for the same experiments (average of 15 
measurements per experiment). Error bars 
represent the combined standard deviation, 
reflecting the three levels of variability in the 
counts (grid square, view area, and flake).
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no significant difference in the integrity of the minerals after 
bioreduction (when compared to non-inoculated controls); no 
features were observed that could be attributed to dissolution of 
the mineral by microbial activity, such as etch pits, or roughen-
ing of the mineral surface as seen in long-term experiments with 
fungi (Balogh-Brunstad et al. 2008; Kapitulcinova et al. 2008), 
or formation of secondary minerals. This is consistent with the 
chemical data, which suggest that microbially mediated mineral 
reduction is predominantly a solid-state reaction.

There was also no effect of microbial reduction on the stability 
of biotite when exposed to acid dissolution. This may be due to 
the layers of linked SiO4 tetrahedra stabilizing the overall mineral 
structure. In contrast, bioreduced chlorite was more susceptible 
to acid dissolution than unaltered chlorite, suggesting that its 
structure is more destabilized by microbial reduction than is that 
of biotite, despite greater and more unequal loss of cations from 
the biotite. In chlorite, the reductive transformation of Fe(III) to 
Fe(II) in the tetrahedral-octahedral-tetrahedral layer may com-
promise the integrity of the overall mineral by causing greater 
destabilization of the brucite interlayer. In biotite, the ratio of 
release of the octahedral cations Mg:Fe by acid dissolution was 
slightly less than one, whereas in chlorite it was greater than 
one. This suggests that, whereas in biotite loss of cations from 
the octahedral layer was almost stoichiometric, in chlorite there 
was a relatively enhanced release of Mg. This suggests enhanced 
instability of the brucite-like interlayer in chlorite, which is likely 
to have a greater Mg:Fe ratio than the 2:1 unit octahedral layer.

Mechanism of reduction
Several studies have shown that Fe(III) within phyllosilicates 

is available for microbial reduction (Bishop et al. 2011; Dong 
et al. 2009; Jaisi et al. 2007; Kostka et al. 1996; Stucki 2011). 
However, the mechanism of this solid-state reduction remains 
elusive. The electrical conductivity properties of such minerals 
suggest the likely pathways of electron transfer through them. 
For biotite, greatest conductivity has been recorded parallel to 
the mineral cleavage [along the (001) surface] and is two to five 
orders of magnitude greater than the conductivity recorded per-
pendicular to basal planes (along the “z” mineral axis; Ruscher 
and Gall 1995). Their results suggested that in biotite (and also 
in chlorite) electrons travel most readily two-dimensionally 
through octahedral layers. In our experiments, we observed 
greater microbial biomass growing along mineral surface features 
interpreted as edges and steps in biotite (see Supplementary 
Figure 31), indicating greater availability of energy for growth 
at sites where the octahedral layer is directly accessible.

There was almost complete conversion of Fe(III) to Fe(II) 
near the mineral surface (suggested by the weak acid extractable 
ferrozine results, see Figs. 1a and 1b) and incomplete reduction 
of the bulk Fe(III) (see Fig. 2, Table 2), consistent with an inter-
pretation of enhanced reduction near to the location of microbial 
activity. Our results suggest that reduction of the bulk mineral 
may occur through electron transfer from the site of reduction 
(an area of higher electron density) to more “distal” Fe(III) sites 
(Wilkins et al. 2007). This transfer would effectively regenerate 
the Fe(III) near the mineral surface for further reduction, while 
increasing the zone of the microbial reduction. A similar “re-
duction front” advancing from the mineral surface to the center 

of mineral grains was suggested for the microbial reduction of 
nontronite (Ribeiro et al. 2009) and may prevail in microbial 
reduction of sheet silicates.

Implications

Previous studies have demonstrated the ability of S. onei-
densis MR-1 to respire and grow using Fe(III) in iron oxides 
(Roden and Zachara 1996) or smectite (Kostka et al. 2002) as 
the sole electron acceptors. However, to our knowledge, this 
is the first study to demonstrate the ability of this bacterium to 
reduce structural Fe(III) in biotite and conserve energy from 
this reduction. The proposed mechanism of microbial reduction 
of sheet silicates creates a framework for further research into 
the bioavailability of mineral Fe(III), and to elucidate pathways 
of contaminant immobilization by these minerals. This work 
has important implications for our understanding of microbial 
metabolism and ecology in biotite-dominated horizons such as 
granite rock environments or phyllosilicate-rich soils, and the 
role of these minerals in contaminant dynamics.
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