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Abstract The studies of mineral-microbe interactions lie
at the heart of the emerging field of Geomicrobiology, as
minerals and rocks are the most fundamental earth
materials with which microbes interact at all scales.
Microbes have been found in a number of the Earth’s
extreme environments and beyond. In spite of the diverse
geological environments in which microbes are found and
diverse approaches taken to study them, a common thread,
mineral-microbe interactions, connects all these environ-
ments and experimental approaches under the same
umbrella, i.e., Geomicrobiology. Minerals and rocks
provide microbes with nutrients and living habitats, and
microbes impact rock and mineral weathering and
diagenesis rates through their effects on mineral solubility
and speciation. Given a rapid growth of research in this
area in the last two decades, it is not possible to provide a
comprehensive review on the topic. This review paper
focuses on three area, i.e., microbial dissolution of
minerals, microbial formation of minerals, and certain
techniques to study mineral-microbe interactions. Under
the first area, three subjects are reviewed; they include
siderophores as important agents in promoting mineral
dissolution, microbial oxidation of reduced minerals (acid
mine drainage and microbial leaching of ores), and
microbial reduction of oxidized minerals. Under the
second topic, both biologically controlled and induced
mineralizations are reviewed with a special focus on
microbially induced mineralization (microbial surface
mediated mineral precipitation and microbial precipitation
of carbonates). Under the topic of characterization, the
focus is on transmission electron microscopy (TEM) and
electron energy loss spectroscopy. It is the author's hope
that this review will promote more focused research on
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mineral-microbe interactions and encourage more colla-
boration between microbiologists and mineralogists.
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1 Introduction

The last decade has seen an extraordinary growth of
Geomicrobiology, the interdisciplinary field of Geology
and Microbiology. The studies of mineral-microbe inter-
actions lie at the heart of Geomicrobiology, as minerals and
rocks are the most fundamental earth materials with which
microbes interact at all scales, from macroscopic to
microscopic. Microbes have been found in a number of
the Earth’s extreme environments (Dong and Yu, 2007),
ranging from crystalline rocks of the deep subsurface
(Boone et al., 1995; Stevens and McKinley, 1995;
Fredrickson and Onstott, 1996; Fredrickson et al., 1997;
Krumholz et al., 1997; Pedersen, 1997; Chapelle et al.,
2002; Fredrickson and Balkwill, 2006), frozen ice from
thousands of meters under Antarctic ice sheets (Priscu and
Christner, 2004), acid mine drainage (Edwards et al,
2000b; Baker and Banfield, 2003; Johnson and Hallberg,
2009a), hot springs (Reysenbach et al., 2000a; Kashefi et al.,
2002; Meyer-Dombard et al., 2005; Costa et al., 2009), and
deep ocean hydrothermal vent systems (Zierenberg et al.,
2000; Reysenbach et al., 2000b; Reysenbach and Shock,
2002). Even signatures of ancient life in Mars are being
revealed ( Thomas-Keprta et al., 2000; Friedmann et al.,
2001; Thomas-Keprta et al., 2002), although the subject has
been hotly debated (Buseck et al., 2001). In spite of the
diverse geological environments in which microbes are
found and diverse approaches taken to study them, a
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common thread, i.e., mineral-microbe interactions, con-
nects all these studies under the same umbrella, i.e.,
Geomicrobiology. Minerals and rocks provide microbes
with nutrients and living habitats and microbes impact rock
and mineral weathering and diagenesis rates through their
effect on mineral solubility and speciation ( Edwards et al.,
2000a; Bennett et al., 2001; Rogers and Bennett, 2004).
The recognition of the importance of mineral-microbe
interactions has revived the classical discipline of miner-
alogy (Hochella, 2002), where modern mineralogists study
minerals in the broadly defined field of “environmental
mineralogy.” The unique and diverse microbes discovered
in various earth habitats have also provided microbiolo-
gists with unique opportunities to study them.

Silicates and oxides are ubiquitous earth materials, and
these two groups of minerals are among those first and best
studied in terms of mineral-microbe interactions. In earth
surface environments where oxygen is abundant, aerobic
microorganisms interact with oxide and silicate minerals to
obtain essential nutrients and to use them as protection
from lethal habitats. The production of surface polymers
and siderophores help them attach and dissolve minerals as
a way to extract nutrients (Liermann et al., 2000b; Maurice
et al., 2000, Hersman et al., 2001a; Ams et al., 2002;
Roberts et al., 2006; Maurice et al., 2009). In the
subsurface conditions, where oxygen becomes limited,
anaerobic microorganisms thrive by respiring oxidized
forms of metals in place of oxygen (Lovley, 2000;
Newman, 2001; Lloyd, 2002) with a consequence of
either dissolving or precipitating minerals. In either
process, it is the microbes that gain energy and grow.

2 Overview of mineral-microbe interactions

Many rocks and minerals contain nutrients essential to
microbial growth, and microbes actively extract nutrients
from solid materials (Uroz et al., 2009). Due to low
solubility of phosphorous-containing mineral, such as
apatite, phosphorous is often limited in natural environ-
ments. Thus, microbes preferentially colonize those
mineral and rock surfaces that contain phosphorus, mostly
apatite, olivine, feldspars, glass, and basalt to support
growth (Bennett et al., 2001; Roberts, 2004; Rogers and
Bennett, 2004; Roberts et al., 2006; Mauck and Roberts,
2007; Mailloux et al., 2009) (Fig. 1). Iron is another
essential nutrient that is often limited because of formation
of insoluble iron oxides under oxic conditions. Microbes
can recognize Fe-containing minerals and accelerate the
release of Fe from silicate mineral, such as hornblende
(Kalinowski et al., 2000; Liermann et al., 2000a) and
feldspars (Mauck and Roberts, 2007). In order to attach to
mineral surfaces and use Fe as an nutrient, certain bacteria
(such as Shewanella oneidensis MR-1) seem to be able to
modify the molecular arrangement at its outer cell
membrane and react to molecular configurations present

at the crystal surface of goethite (Lower et al., 2001). Using
vertical scanning interferometry and phase shifting inter-
ferometry, Liittge and Conrad (Liittge and Conrad, 2004)
demonstrated that Shewanella oneidensis MR-1 can
recognize not only mineral surfaces (such as calcite) but
also specific high-energy sites to form trenches on the
calcite surfaces. This observation is consistent with another
study in showing that the dissolution features of hematite
by Shewanella putrefaciens display crystallographic con-
trol and alignment with structural defects associated with
screw and step dislocations (Rosso et al., 2003). The
implication is that the electron transfer need not be local
and microorganisms have a strategy to access specific sites
on mineral surfaces.

Fig. 1 Scanning electron microscope (SEM) photomicrograph of
rod-shaped cells on basalt surface with precipitation of ferroan
dolomite on cell surfaces after three months in anaerobic
groundwater. Scale bar is 0.5 um. Image courtesy of Jennifer A.
Roberts (Roberts et al., 2004) with permission from the Geological
Society of America

In the process of microbial attachment to mineral
surfaces, extracellular polymeric substances (EPS) and
other surface appendages may play important roles as they
serve as anchors to solid surfaces and subsequent mineral
dissolution (Barker et al., 1998; Welch et al., 1999) (Fig. 1).
Some surface appendages could conduct electricity and
may represent a common bacterial strategy for efficient
electron transfer under anaerobic conditions (Gorby et al.,
2006). As individual microbes discover advantages of
living on mineral and rock surfaces because of sufficient
supplies of nutrients and protection from lethal environ-
mental stress and predation, they tend to produce signal
molecules to attract other organisms to gradually build a
community called biofilm (Harrison et al., 2005). In such a
community, it is generally accepted that lichens (symbiotic
associations between fungi and photosynthetic algae or
cyanobacteria) are the first weathering pioneer organisms
(Banfield et al., 1999) and complex microbial communities
have been identified in lichens, and they work together to
access atmospheric nitrogen and inorganic nutrients
trapped in minerals and rocks. In natural environments,
organisms living in biofilm have specific assignments of
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duties in a syntrophic relationship. Once a biofilm
community is established and a function identified,
minerals and rocks undergo weathering, i.e., some
minerals and rocks dissolve, some precipitate, and some
undergo transformation. There are various mechanisms of
microbial weathering of minerals, i.e., via release of
organic acids (Barker et al., 1998; Welch and Ullman,
1993) and other ligands (such as siderophiles) ( Ullman
and Welch, 2002; Kulczycki et al., 2007; Maurice et al.,
2009), oxidation of reduced minerals and reduction of
oxidized minerals (Santelli et al., 2001; Uroz et al., 2009).
Each of these mechanisms will be reviewed in the
following sections in the context of microbial effects on
mineral reactions.

As a result of microbial activity, minerals and rocks are
weathered at a significantly faster rate than in abiotic
systems (Barker et al., 1997), often by orders of
magnitudes (Barker et al., 1998). In the presence of
microbial activity, the mineral weathering sequence is
altered relative to abiotic systems (Bennett et al., 2001). In
its absence, the most unstable silicate mineral weathers
first, followed by more stable silicates. The order of
weathering roughly follows the Bowen series (crystal-
lization temperature), i.e., olivine — pyroxene — amphi-
bole — biotite — orthoclase — muscovite — quartz, and
Ca-rich plagioclase — Ca/Na plagioclase — Na-rich plagi-
oclase — orthoclase — muscovite — quartz. However, the
observed weathering sequence of minerals in an anaerobic,
microbially controlled system, however, is almost oppo-
site, with olivine stable with respect to microcline, and the
relationship between microbial colonization and weath-
ering rate is almost perfectly correlated. This opposite
sequence is ascribed to the fact that olivine usually does
not contain any phosphorous, whereas feldspars and quartz
can contain certain amounts of phosphorous (Bennett et al.,
2001).

In addition to microbial dissolution of minerals (Dong
et al., 2003), microbial activity also contributes to the
formation of different minerals, a process termed as
biomineralization ( Liittge et al., 2005; Konhauser,
2007). Oxides, sulfides, and carbonates (Lian et al.,
2006) are typical examples of biogenic minerals (Kon-
hauser, 2007).

Microbial weathering of minerals and rocks has
important implications for mobility and the ultimate fate
of nutrients and contaminants. Those nutrients released
from minerals and rocks not only support microbial growth
but also contribute to soil fertility (Wu etal., 2007; Lian
et al., 2008; Wu et al., 2008). For example, the release of K
during the degradation of silicate minerals by bacteria has
been reported in numerous studies (Lian et al., 2008 and
references therein), and it may account for a significant
fraction of K taken up by plants. Some elements released
from minerals and rocks are toxic and constitute a
significant environmental problem. For example, one
recent study has shown that arsenic is released when

Burkholderia fungorum dissolves apatite (Mailloux et al.,
2009). The released arsenic may account for a significant
fraction of arsenic in drinking groundwater in Southeast
Asia.

3 Microbial dissolution of minerals

3.1 Role of siderophores and other organic compounds in
mineral dissolution

Siderophores are low-molecular-weight organic ligands
that form strong complexes with metals and radionuclides
mostly in aerobic environments. Many recent researches
have focused on siderophore sorption and dissolution of
many minerals including Fe (hydr)oxides, Fe-rich alumi-
nosilicates, Mn oxides, and Pb phosphate (Duckworth
et al., 2009b; Maurice et al., 2009). Many aerobic microbes
can produce siderophores as a means to extract essential
nutrients from minerals. For example, Pseudomonas
mendocina can produce siderophores to extract iron from
goethite, hematite, ferrihydrite, and kaolinite (Hersman,
2000; Maurice et al., 2000; Hersman et al., 2001la;
Hersman et al., 2001b; Maurice et al., 2001) by dissolving
these minerals. The produced siderophores can dissolve
these Fe minerals and support bacterial growth. The
stability of siderophore-Fe(Ill) complexes is extremely
high (Kraemer, 2004; Kraemer et al., 2005), suggesting a
high efficiency of free siderophores in decreasing the
Gibbs energy of iron oxide dissolution reactions. As a
result, the bacterial growth rates may not be a simple
function of iron oxide surface area or crystallinity, and it is
probably the abundance of reactive sites in the structure of
the iron (hydr)oxides that is available for effective binding
of siderophores with bacteria (Hersman et al., 2001a).
Because of the prevalence of aerobic bacteria and (hydr)
oxides, siderophore-induced dissolution and precipitation
of iron oxides and silicates likely play an important role in
mineral reactions.

Siderophores and other ligands have been shown to form
stable complexes with many other metals including Mo
(Liermann et al., 2005), Cu (Kim et al., 2001), Co
(Duckworth et al., 2009a), Mn (Duckworth and Sposito,
2005), Al (Desroches et al., 1999), and others, and the
formation of certain siderophore-Mn(IIl) complexes is of
particular importance. Mn(III) is an intermediate product
of Mn(II) oxidation and Mn(IV) reduction. Because Mn
(IIT) is unstable as a free ion and rapidly disproportionates
to Mn(II) and Mn(IV) (Morgan, 2000), its presence in high
concentrations in natural environments is ascribed to the
formation of siderophore-Mn(III) complexes with excep-
tionally high stability constants. Siderophores can also
dissolve a number of Mn oxides via reduction and
nonreduction pathways (Duckworth and Sposito, 2007,
Pena et al., 2007), forming siderophore-Mn(IlI) complexes
in a number of aquatic environments.
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3.2 Microbial oxidation of reduced minerals

3.2.1 Microbial oxidation of sulfides
Past studies have focused on the microbial oxidation of
metal sulfides in coal mines and metal sulfide deposits. The
ability of bacteria to oxidize metal sulfides causes
significant environmental problems (e.g., acid mine
drainage) (Druschel et al., 2004) as well as economic
advantage (e.g., recovery of Au and other trace metals
from sulfides and mine spoils) (Hao et al., 2010 and
references therein). Microbial oxidation of reduced miner-
als occurs in a number of environments at both neutral and
acidic pH.

Bacterial oxidation of sulfide minerals is the major factor
in the formation of acid mine drainage (AMD). AMD
forms because of the following reactions:

2FeS, + 70, + 2H,0 — 2Fe** +4S03™ +4H" (1)
4Fe*™ 4+ 0, + 4H" — 4Fe*" + 2H,0 )
FeS, + 14Fe*™ 4+ 8H,0 — 15Fe*™ + 2803 + 16H" (3)

In the initial step, pyrite reacts with oxygen and water to
produce ferrous iron, sulfate, and acidity. The second step
involves the conversion of ferrous iron to ferric iron. This
second reaction is the “rate determining” step for the
overall sequence (Singer and Stumm, 1970), but its rate
can be greatly accelerated by Fe(II)-oxidizing microorgan-
isms. The third step involves the oxidation of additional
pyrite by ferric iron. The ferric iron is generated by the
initial oxidation reactions in steps one and two.

As AMD flows across the land, its high acidity and metal
content can kill vegetation and other biota (Nordstrom and
Alpers, 1999). AMD flow paths become “dead zones” that
remain barren indefinitely (Fig. 2). The Fe(Il) concentra-
tion decreases as AMD flows out to nearby streams and
soils, and pH and Eh change in different ways depending
on specific geochemical reactions involved (Fig. 2). In
well-drained uplands, AMD dead zones often consist of
bright orange mounds capped with tough crusts of
oxidized iron (oxy)hydroxides (Fig. 2). In streams and
wet lowlands, AMD pollution often results in the
formation of “slime streamers” composed of algae and
filamentous, acidophilic Fe(Il), and sulfur-oxidizing
microorganisms (Baker and Banfield, 2003).

Both autotrophic and heterotrophic archaea and bacteria
catalyze iron and sulfur oxidation in AMD and may
ultimately determine the rate of release of metals and sulfur
to the environment. Due to the harsh chemical conditions
overall, AMD communities contain fewer prokaryotic
lineages than many other environments. The most
extensively studied and common autotrophic groups are
Acidithiobacillus ferrooxidans (up to 100,000 culturable
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Fig. 2 Acid mine drainage in the Appalachian region of the
United States and Shanxi Province, China, caused by extensive
coal mining activities. Top left —- Gum Boot Run, McKean County,
Pennsylvania, US, photo taken by William Burgos. Top right —
Sitai mine, Shanxi Province, photo taken by Fenghua Zhao.
Bottom graphs (a) and (b): Lateral geochemical gradients
measured in these AMD-impacted systems as acidic fluids pass
over the iron mound in the Gum Boot Run system. (c) and (d):
Lateral gradients downstream of Sitai mine into the Shili River
watershed. The images and the data are provided by William
Burgos and Fenghua Zhao

cells per milliliter of AMD) and Leptospirillum ferroox-
idans (Baker and Banfield, 2003; Nicormat et al., 2006).
Because they are chemolithoautotrophic (i.e., they derive
cellular carbon from CO, fixation and ATP from the
oxidation of Fe(Il) to Fe(Ill)); these Fe(Il)-oxidizing
bacteria can thrive in AMD and associated precipitates,
both of which contain very little organic carbon. The
activity of these bacteria is pH dependent with optimal
conditions in the range of pH 2 to 3. Thus, once pyrite
oxidation and acid production have begun, conditions are
favorable for bacteria to further accelerate the reaction rate.
At pH values of about 6 and above, bacterial activity is
thought to be insignificant when compared to abiotic
reaction rates. The catalyzing effect of the bacteria
effectively removes constraints on pyrite weathering and
allows the reactions to proceed rapidly. These microbial
streamers and associated sediments also harbor aerobic
organoheterotrophic bacteria, which may compete with Fe
(II) oxidizing bacteria for O,. Alternatively, these hetero-
trophic bacteria could enhance Fe(Il) oxidation by
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consuming dissolved organic carbon (which may be toxic
to autotrophic bacteria) and produce CO, (as a C source for
autotrophic Fe(Il) oxidizers) (Johnson and McGinness,
1991; Marchand and Silverstein, 2003).

As a result of microbial iron and sulfur oxidation, many
Fe(IIl) minerals precipitate, and they play important roles
in water quality and trace metal biogeochemistry in AMD
sites. Fe(Il) minerals usually formed in AMD include
jarosite at pH < 3 and high sulfate concentration, whereas
ferrihydrite and goethite precipitate at pH 6.5 or higher
(Bigham et al., 1996; Schwertmann and Carlson, 2005).
Schwertmannite is a common precipitate at intermediate
pH (3—4) and acts as an important sink for trace metals
through adsorption or coprecipitation (Bigham and
Nordstrom, 2000; Fukushi et al., 2003; Regenspurg and
Peiffer, 2005; Espana et al., 2006). In time, this metastable
phase transforms to more stable goethite (Bigham et al.,
1996; Schwertmann and Carlson, 2005; Peretyazhko et al.,
2009). A most recent laboratory study illustrated that the
type of precipitates in AMD environments could be
influenced by the concentrations of 4. ferrooxidans and
Fe?*. When these concentrations are high, externally
supplied ammonium is depleted, and K-jarosite may form.
When these concentrations are low, high concentrations of
externally supplied ammonium and Fe’* results in the
formation of K-NH4-H3;O jarosite and schwertmannite
(Wang et al., 2010b).

The AMD system most intensively studied is within the
Richmond Mine at Iron Mountain in northern California
(Nordstrom and Alpers, 1999; Nordstrom, 2000; Baker
and Banfield, 2003) and Appalachian coal mines (Senko
et al., 2008; Senko et al., 2009). The Richmond mine
contains some of the most acidic mine waters in the world,
with measured pH values as low as —3.6, dissolved metal
concentrations as high as 200 g/ and sulfate 760 g/L
(Nordstrom and Alpers, 1999). Many soluble metal sulfate
minerals form from these mine waters. Extremely
acidophilic prokaryotes with very low diversity make up
microbial communities in these waters and precipitates,
and their main ecological function is iron oxidation, but
iron reduction can be present in underlying anoxic
precipitates (Baker and Banfield, 2003). Because of their
extremely high tolerance to low pH, these organisms can
possibly be used as agents to remediate AMD as a better
alternative than abiotic remediation.

Remediation strategies for AMD are divided into
passive and active treatment systems. Active systems
involve chemical addition, sludge production, and operator
maintenance, and typically employ abiotic processes to
neutralize acidity so that Fe, Al, and Mn (oxy)hydroxides
precipitate (Johnson and Hallberg, 2005). Passive treat-
ment systems are more cost-effective (Younger, 1997) and
typically employ a combination of biotic and abiotic
processes. In such systems, limestone beds and/or wetlands
are used to neutralize acidity and precipitate the metals. In
oxic limestone drains, AMD is passed through a limestone

bed to neutralize the acidity and to promote the oxidation
of Fe(Il) and precipitation of Fe(Ill) oxides. As the AMD
acidity is neutralized, the elevated pH in the bed enhances
the rate of abiotic Fe(Il) oxidation, subsequently resulting
in the precipitation of Fe(IlI) (Cravotta and Trahan, 1999).
Fe(Ill) (hydr)oxides typically accumulate on limestone
surfaces (referred to as “armoring”), and this armoring
limits further limestone dissolution and neutralization
capacity. Armoring necessitates the replacement of lime-
stone or flushing periodically during the life time of
remediation in order to remove Fe(Ill) oxides from
limestone surfaces. To overcome this armoring problem,
biological low-pH Fe(Il) oxidation can be exploited to
spatially separate Fe oxidation and Fe(Ill) (hydr)oxide
precipitation. The method involves two steps, i.e., the
oxidative precipitation of Fe at low-pH, and the acid
neutralization by a limestone bed. This method is expected
to limit limestone armoring and clogging, decreases
maintenance costs, and improves the overall system
performance.

3.2.2 Biological recovery of precious metals from sulfides

The ability of acidophilic bacteria to oxidize metal sulfides
not only causes significant environmental problems such
as AMD but also brings economic advantage, such as
microbial leaching and recovery of ores. If the concentra-
tion of metal in the ore is too low to economically mine it
and it may be too expensive to concentrate it by
conventional chemical means, microbial leaching and
concentration may be a preferred choice. Microbial
leaching and recovery is commonly used for metals, such
as Au and Cu in sulfides. These metals can be released
from refractory minerals by oxidation of the covalent
metal-sulfide bond by strong oxidant, such as Fe**, and the
process is catalyzed by acidophilic iron- and sulfur-
oxidizing microorganisms (Ubaldini et al., 2000). After
biooxidation, insoluble sulfide is totally or partially
dissolved, and most of precious metals within sulfides
can be extracted in the subsequent cyanidation process.
Microorganisms in these biooxidation processes are added
to the leaching solution, and some of them may be sorbed
onto mineral particle surfaces (Ghauri et al., 2007).
Compared with any conventional pretreatment processes,
biooxidation has proven to be the most promising method
for recovering refractory ores from both economic and
environmental perspectives. The biooxidation process to
recover gold from sulfides is commercially used in
countries such as Australia, China, Ghana, Peru, and
South Africa (Canales et al., 2002; Olson et al., 2003).
Microorganisms involved in the biooxidation process
are usually mixed populations of acidophiles, and their
diversity and mutual interactions are important considera-
tions during the design of the bioleaching process.
Therefore, understanding microbial community structure
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and its dynamic change during bioleaching of refractory
gold from sulfide minerals is important to optimize
environmental conditions so that the biooxidation rate
can be optimized for commercial applications. It has now
been shown that Leptospirillium ferriphilum and Acid-
ithiobacillus caldus are widely distributed in bioleaching
plants operating between 40°C and 55°C, as well as other
species from other genera, including Acidiphilium,
Acidocella, and Ferroplasma (Clark et al., 2006; Dhugues
et al., 2008; Johnson and Hallberg, 2009b). These species,
along with certain heterotrophic bacteria, may undergo
succession in the bioleaching process in response to
changes of pH, redox potential, ferrous iron concentration,
and organic carbon availability (Hao et al., 2010).

3.2.3 Microbial oxidation of oceanic basalts and glass

Another important environment where microbes oxida-
tively dissolve minerals is oceanic crust. Microorganisms
at and beneath the ocean floor play an important role in
rock/glass alteration (Fisk et al., 1998; Furnes and
Staudigel, 1999; Staudigel et al., 2006), chemical and
isotopic exchange between the oceanic crust and the sea
water (Furnes et al., 2001), and biogeochemical cycles of
C, Fe, S, and other elements ( Fisk et al., 1998; Edwards et
al., 2005). The prominent role of microorganisms in the
weathering of basalt and glass has been demonstrated in
both laboratory culture study (Staudigel et al., 1995;
Thorseth et al., 1995a; Staudigel et al., 1998; Bach and
Edwards, 2003; Wu et al., 2007) and in-situ incubation
experiments (Bach and Edwards, 2003). In these studies,
Fe- and Mn-oxidizing lithoautotrophs obtained from deep-
sea environments have been demonstrated to be capable of
growth on basalt glass as the sole source of energy and they
are found to enhance the rate of basalt dissolution by up to
an order of magnitude (Edwards et al., 2004; Templeton
et al., 2005). In these processes, they predominantly derive
energy from the oxidation of sulfides, methane, ferrous
iron and manganese, and H2, the reduction of certain ferric
iron, sulfate, and CO,, and the respiration and fermentation
of organic matter.

Some unique textures result when microorganisms
weather basaltic glass in the oceanic crust, such as tubular
structures (Fig. 3) (Thorseth et al., 1995b; Fisk et al.,
1998). These textures are typically accompanied by
characteristic enrichments of certain elements and deple-
tion of others as well as isotope variations ( Thorseth et al.,
1995b; Furnes et al., 2001; Fisk et al., 2003; Thorseth et al.,
2003; Storrie-Lombardi and Fisk, 2004; Banerjee et al.,
2006). Taken together, these features have been used as
biosignatures to determine biogenicity of ancient rock
records on early Earth and Mars (Furnes et al., 2004;
Furnes et al., 2005; Fisk et al., 2006; McLoughlin et al.,
2007). However, cautions have to be exercised not to
overinterpret the importance of these lines of textural and

geochemical evidence, unless other supporting evidence,
such as nucleic acids and lipid biomarkers, is presented.

Fig. 3 Optical micrographs of tubular bioalteration textures in
volcanic glass from pillow lavas and interpillow hyaloclastite. (a)
Thin section from interpillow sample from the Euro Basalt of the
Warrawoona Group, Pilbara Craton, Australia; (b) details of the
bioalteration tubular textures. (c) & (d) bioalteration structures in
Cretaceous fresh glass from pillow rims, Troodos ophiolite,
Cyprus. Images courtesy of Hubert Staudigel (Staudigel et al.,
2006) with permission from the Geological Society of America

3.2.4 Microbial reduction of oxidized minerals

In anaerobic environments, certain microorganisms are
capable of utilizing Fe(Ill) as the electron acceptor in
microbial respiration, a process called Fe(IIl) respiration
(Lovley, 2000). Such microorganisms are called dissim-
ilatory metal-reducing prokaryotes. Many other metals
have been recently discovered to serve as the electron
acceptor as well, and such studies are often conducted in
the context of geochemical cycling and environmental
remediation. Many metals are soluble in water in their
high-valence states and become insoluble when reduced.
For example, microbial reduction of Cr(VI) to Cr(Ill), U
(VD) to U(IV), and Tc(VII) to Te(IV) results in precipitation
of these metals (Lovley, 2000; Lloyd, 2002; Wall and
Krumbholz, 2006).

A great number of minerals have been studied in the
context of microbial reduction of metals including iron and
manganese oxides (Lovley, 2000; Kappler and Straub,
2005; Roden, 2006), phyllosilicates (Dong et al., 2009;
Stucki and Kostka, 2006), and other minerals containing
oxidized forms of metals. Dissimilatory metal-reducing
prokaryotes are also capable of reducing a number of other
metals including Mn, Cr, U, Tc, As, and V, among others
(Lovley, 2000), and many of them have been identified,
isolated, and characterized (Lovley, 2000; Lovley et al.,
2004). These organisms consist of both Bacteria and
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Archaea with diverse physiological characteristics (from
psychrophilic to thermophilic, facultative to obligate
anaerobic, etc.). Two mostly intensively studied genera
of bacteria are Geobacter and Shewanella (Pennisi, 2002).

How bacteria respire metals in solid minerals is still not
well known, in part because we have not been able to
observe the processes at the molecular level at the microbe-
mineral interface under physiologically relevant condi-
tions. The current understanding is that electron transfer
process from bacteria to solid minerals is accomplished via
six possible mechanisms, i.e., direct contact (Arnold et al.,
1988; Nevin and Lovley, 2002), natural humic substances
and related compounds as electron-shuttling compounds
(Lovley and Blunt-Harris, 1999; Lovley et al., 1996; Nevin
and Lovley, 2002), soluble shuttles produced by bacteria
themselves (quinones and redox-active antibodies) (Mar-
sili et al., 2008; Newman, 2008), nanowires (Reguera et al.,
2005; Gorby et al., 2006; Reguera et al., 2006), EPS, such
as polysaccharides (Marshall et al., 2006), and chemotaxis
(Childers et al., 2002).

Oxides and phyllosilicates are the two most intensively
studied categories of minerals to date. The rate and extent
of microbial reduction of Fe(IlI) and Mn(IV) in oxides and
phyllosilicates are generally correlated with crystallinity,
surface area, and redox potential with amorphous Fe(III)-
and Mn(IV)-containing minerals most bioreducible and
more crystalline minerals least reducible (Roden and
Zachara, 1996; Kostka et al., 1999; Dong et al., 2009;
Jaisi et al., 2009). Microbial reduction of Fe(Ill) and Mn
(IV) oxides often results in dissolution of the minerals and
release of other adsorbed or structurally incorporated
elements. Under favorable conditions, various biogenic
minerals, such as siderite, vivianite, magnetite, and green
rust precipitate depending on the solution chemistry and
the saturation state of the precipitating minerals (Fredrick-
son et al., 1998; Fortin and Langley, 2005; Konhauser,
2007; Zhang et al., 2009a). These biogenic minerals may
exhibit peculiar morphology, structure, and chemical and
isotopic compositions that may be used as biosignatures
(Beard et al., 1999; Vali et al.,, 2004; Benzerara and
Menguy, 2009). In contrast, microbial reduction of Fe(III)
in phyllosilicates only results in partial dissolution (Dong
etal., 2003), and the extent of dissolution is influenced by a
number of factors including the nature of the clay mineral,
the extent of bioreduction, solution chemistry, and the
nature of microorganisms involved (Dong et al., 2009).
Although the phyllosilicates may be resistant to microbial
dissolution, their physical and chemical properties may
change substantially as a result of microbial activity
(Stucki and Kostka, 2006) with profound consequences on
soil fertility and contaminant mobility (Stucki, 2006).
Some studies have taken an advantage of microbially
promoted dissolution of iron oxides and phyllosilicates to
purify kaolin (Shelobolina et al., 2005) and bauxite for
industrial applications (Zhou et al., 2010). Recent research

has focused on using bioreduced smectite clay mineral to
reduce heavy metals (such as Tc and U) (Jaisi et al., 2008;
Jaisi et al.,, 2009; Zhang et al., 2009b) and organic
compounds (Hofstetter et al., 2003; Hofstetter et al., 2006;
Neumann et al., 2008).

Given a growing body of research in this area in the last
two decades, it is not possible to provide a comprehensive
review on the topic. The interested readers are referred to
some recent review chapters and papers, such as the
following: Geomicrobiology: Interaction between
microbes and minerals (Banfield and Nealson, 1997);
Environmental microbe-metal interactions (Lovley, 2000) ;
Biomineralization (Baeuerlein, 2000; Dove et al., 2003);
Molecular Geomicrobiology (Banfield et al., 2005);
Introduction to Geomicrobiology (Konhauser, 2007);
Geomicrobiology (Elrlich and Newman, 2009); and
Microbe-clay mineral interactions (Dong et al., 2009).

4 Microbial formation of minerals
4.1 Biologically controlled mineralization (BCM)

Biologically controlled mineralization refers to the process
by which microorganisms exert a genetic and biochemical
control over the nucleation and growth of certain minerals.
The minerals produced by bacteria in BCM are usually
well-ordered crystals with narrow size distributions,
specific particle morphologies, and chemical purity
(Bazylinski and Frankel, 2003). Magnetite in BCM
represents a best studied example, and it possesses several
unique characteristics, including high chemistry purity,
crystallographic perfection, narrow size range, elongated
hexaoctahedral prisms, and chains of crystals (Thomas-
Keprta et al., 2000). These unique characteristics are
distinct from those induced by microbial activity (see
below) and have been used as biosignatures for life on
Mars (Thomas-Keprta et al., 2000; Friedmann et al., 2001;
Thomas-Keprta et al., 2002), although the subject has been
hotly debated (Buseck et al., 2001; Golden et al., 2001;
Golden et al., 2004), as discussed in a recent review paper
(Benzerara and Menguy, 2009). It is argued that similar
features may be found in abiotic magnetite as well ( Golden
et al., 2001; Golden et al., 2004).

Previous studies have focused on intracellular magnetite
and gregite as typical examples of biologically controlled
mineralization (Bazylinski and Frankel, 2000). The
formation of these minerals, called magnetosomes, is
genetically controlled by a group of bacteria called
magnetotactic bacteria. These crystals are of single
domain, have small size range (35-120nm), and form
chains of crystals. The arrangement of the magnetosomes
in chains in a bacterium is supposed to maximize its
magnetic dipole moment by overcoming its thermal forces.
The magnetic dipole moment resulting from the presence
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of magnetosomes causes the cell to passively align along
the geomagnetic field lines while it swims (magnetotaxis).
Magnetotaxis is advantageous to motile microorganisms in
vertical concentration gradients because it increases the
efficiency of finding and maintaining an optimal position
in vertical concentration gradients (such as oxygen
gradient) (Bazylinski and Frankel, 2003). The formation
of these magnetosomes involves iron uptake into the cell
and some intracellular reduction/oxidation (Bazylinski and
Frankel, 2004).

There are other intracellular precipitates, i.e., Fe-, As-,
Mn-, Au-, Se-, and Cd-precipitates, but their biological and
environmental functions remain unclear (Edwards and
Bazylinski, 2008). Of particular note is the intracellular
formation of iron and manganese granules by a dissim-
ilatory metal-reducing bacteria Shewanella putrefaciens
strain CN32 when this bacterium reduces Fe(IIl) in
ferrihydrite and Mn(IV) in birnessite or pyrolusite
(Glasauer et al., 2002; Glasauer et al., 2004; Glasauer et al.,
2007). The iron granules consist of ferric hydroxide
partially composed of small amounts of magnetite and/or
maghemite, and the identity of the manganese granules is
not determined. These intracellular granules have been
proposed to be "reservoir of oxidant," a source of energy
during the time periods of depletion of electron acceptors
from natural environments (Glasauer et al., 2007). It is
emphasized that it is not currently known if these granules
are genetically controlled, because they have qualities of
minerals produced by both MCM and BIM.

4.2 Biologically induced mineralization (BIM)

Biologically induced mineralization, BIM, is a much
looser term than BCM and refers to mineral precipitation
induced by microbial activity via alteration of local pH,
removal of certain inhibitors, and mineral saturation state.
Because of these diverse pathways and minerals formed,
the presence of these biominerals cannot be used as
biosignatures. Below, we review a few examples of BIM.

4.2.1 Microbial surfaces as nucleation sites for mineral
precipitation

Living cells themselves can provide nucleation sites for
mineral precipitation on their surfaces, and they induce the
formation of biominerals (Dove et al., 2003). The cell
surface has certain functional groups, mainly carboxyl,
hydroxyl, amine, and phosphate groups. Most of these
functional groups are negatively charged and thus attract
positively charged metal cations from the natural environ-
ments (Beveridge and Murray, 1976; Beveridge and
Murray, 1980), the first step for authigenic mineral
formation (Beveridge et al., 1983; Ferris et al., 1986;
Ferris et al., 1987). Cell surfaces often contain many
appendages, including lipopolysaccharide (LPS) and

extracellular polymeric substances (EPS). These appen-
dages further help bind metal ions and serve as nucleation
sites. Because metal binding to cell surfaces not only
triggers mineral precipitation but also affects metal
mobility in natural environments, a great deal of research
has been devoted to quantitatively assess and predict the
kinetics and capacity of metal binding to cell surfaces (Fein
et al., 1997; Daughney et al., 2001; Borrok et al., 2005).
Mineral precipitation around cell surface eventually
encrusts the cell and results in preservation of bacterial
cells in sedimentary records (Beveridge et al., 1983).

The newly formed precipitates are usually amorphous,
but with time, they undergo transformation to more
crystalline minerals. Many types of minerals have been
observed on cell surfaces, including (hydr)oxides, silicates,
amorphous silica, carbonates, phosphates, sulfates, and
sulfides ( Rickard and Morse, 2005; Pdsfai and Dunin-
Borkowski, 2006; Konhauser, 2007). These minerals are
usually fine-grained and lack particular morphology.
Because of large surface areas, these precipitates are
important sorbents for a number of metals, organic
compounds, and other agents in natural environments.

4.2.2 Microbial formation of carbonates

The study on microbial formation of carbonates has had a
long history, beginning in the late nineteenth century
(Ehrlich and Newman, 2009) when extensive evidence was
presented for biogenic precipitation of CaCO;. The early
studies demonstrated that CaCO; precipitation was not
specific to any group of bacteria and depended on
environmental conditions. Subsequent work focused on
the origin of massive carbonates in the Bahamas, and to
date, it is clear that carbonates of the Bahamas are of both
biogenic and chemical origins. Biogenic CaCOj is usually
in the form of aragonite. It is also clear that phototrophic
bacteria, such as cyanobacteria, play an important role in
carbonate precipitation from diverse environments (Ehr-
lich and Newman, 2009). The precipitated carbonates are
extracellular via diverse mechanisms, such as aerobic or
anaerobic oxidation of carbon and nitrogen compounds,
reduction of sulfate to sulfide by sulfate-reducing bacteria,
hydrolysis, and removal of CO, from bicarbonate-contain-
ing solution (Ehrlich and Newman, 2009). More recent
studies have expanded depositional environment of
carbonates from marine environments (the Bahamas and
the Gulf of Mexico) to caves (Barton and Northup, 2007)
and saline lakes/lagoons (Wright, 1997; Wright and
Wacey, 2005). In cave environments, the role of micro-
organisms has been demonstrated in the formation of
speleothem and moonmilk (Barton and Northup, 2007).
Despite the oligotrophic nature of caves, heterotrophic
bacteria can be active in mediating calcium carbonate
precipitation by increasing pH and providing nucleation
sites (Wang et al., 2010a). In addition to biogenic
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formation of CaCOs, other biogenic carbonates include
dolomite, siderite, and rhodochrosite are also commonly
present in these environments.

Biogenic precipitation of dolomite has recently received
much attention and this biogenic mechanism may provide
a partial solution to the well-known "dolomite problem."
The problem can be simply stated as follows: dolomite
rock is one of the most common sedimentary materials, yet
efforts to chemically synthesize dolomite in the laboratory
under simulated conditions (i.e., low temperature and
pressure) have largely failed (Land, 1998). Dolomite
formation is thermodynamically favorable but kinetically
slow, i.e., there exists a kinetic energy barrier in its
formation (Krauskopf and Bird, 1995).

Dolomite can be formed via the following pathways, as
shown in Table 1.

Geological observations (i.e., poor preservation of
fossils, the coarseness of grains, cavities, and pore spaces)
indicate that many dolomite rocks are formed via the
replacement of preexisting calcite (Reaction 1 and 2) over
a long time under conditions of high salinity and pH, a low
Ca/Mg ratio, and an elevated temperature (Krauskopf and
Bird, 1995). Dolomite can also be formed via primary
precipitation from aqueous solution (Reaction 3), espe-
cially for those dolomites that are associated with saline
evaporite deposits (Vasconcelos and McKenzie, 1997,
Wright, 1999; Wright and Oren, 2005; Wright and Wacey,
2005) and methane-bearing sediments and gas hydrates on
ocean floor (Baker and Burns, 1985; Cavagna et al., 1999;
Rodriguez et al., 2000; Pierre and Rouchy, 2004; Sassen
et al.,, 2004). However, neither the replacement nor the
direct precipitation mechanism has been rigorously
demonstrated in the laboratory at low temperatures in the
absence of microbial activity.

The recent discovery of microbially mediated dolomite
formation in culture experiments with sulfate reducing
bacteria (SRB) suggests that bacteria can overcome the
kinetic energy barrier to dolomite formation by increasing
pH and carbonate alkalinity (Vasconcelos et al., 1995;
Warthmann et al., 2000) and by removing sulfate, a known
inhibitor to homogeneous nucleation of dolomite in
solution (Baker and Kastner, 1981). SRB may be important
in mediating dolomite precipitation in nature, such as
modern saline lakes and lagoons (Vasconcelos and
McKenzie, 1997; Wright, 1999; Wright and Oren, 2005;
Wright and Wacey, 2005). Among these, dolomites in the

Table 1 Possible pathways for dolomite formation

distal ephemeral lakes of the Coorong Region of South
Australia are probably the best studied example. The role
of SRB in dolomite precipitation in these lakes has been
demonstrated with a combination of mineralogical,
geochemical, isotopic, and microbial studies in both
laboratory and in the field (Wright, 1999; Wright and
Wacey, 2005; Wacey et al., 2007). One halophilic SRB that
can promote dolomite precipitation has been isolated from
a hypersaline coastal lagoon, Lagoa Vermelha, Rio de
Janeiro, and Brazil (Warthmann et al., 2005). Some
halophilic bacteria can precipitate dolomite even in the
presence of sulfate (Sanchez-Roman et al., 2008), and they
may account for primary precipitation of dolomite in
modern hypersaline environments. Methanogens may also
be important in mediating dolomite precipitation (Roberts
et al., 2004; Kenward et al., 2009). These results
collectively suggest that SRB, halophiles, and methano-
gens all play an important role in dolomite formation,
especially in saline environments and that removal of
sulfate may not be a necessary prerequisite for dolomite
precipitation (Sanchez-Roman et al., 2009).

Gas hydrate and methane-seep deposits in deep oceans
are the largest potential fossil fuel reservoir on Earth, and
they play an important role in regulating global carbon
cycle. Formation of dolomite in these environments is
globally significant, both in modern (Kulm and Suess,
1990; Roberts and Aharon, 1994; vonRad et al., 1996;
Sample and Reid, 1998; Stakes et al., 1999; Aloisi et al.,
2000; Rodriguez et al., 2000; Greinert et al., 2001; Sassen
et al., 2004; Formolo et al., 2004) and ancient (Jorgensen,
1992; Terzietal., 1994; Cavagna etal., 1999; Peckmann
et al., 1999; Peckmann et al., 2001; Peckmann and Thiel,
2004; Pierre and Rouchy, 2004) methane seeps and gas
hydrate deposits. Multiple studies have published negative
13C values of authigenic dolomite associated with these
deposits ( Roberts and Aharon, 1994; Sample and Reid,
1998; Stakes et al., 1999; Aloisi et al., 2000; Greinert et al.,
2001; Peckmann et al., 2001; Campbell et al., 2002; Pierre
and Rouchy, 2004; Sassen et al., 2004), implying that
dolomite may be formed by microbial oxidation of
methane or organic matter coupled with sulfate reduction
(Mazzullo, 2000). A recent study shows that dolomite
formation in organic-rich marine sediments is controlled in
part by competition between anaerobic methane oxidation
and methanogenesis, which controls the speciation of
dissolved CO,. Anaerobic methane oxidation (AMO)

mechanism reaction Ca Mg St Mg/Ca Sr/Ca case study
replacive CaCO; + Mg2+ +2HCO® — CaMg(COs;), + CO, + H,O — l T l 1 (Baker and Burns, 1985)
replacive 2CaCO; + Mg®™ — CaMg(CO3), + Ca> " 1 ! 1 ! 1 (Kastner et al., 1990)
primary Ca®" + Mg? T + 4HCO® — CaMg(CO;), + 2CO, + 2H,0 ! ! ! 1 1 (Wright and Wacey, 2005)

1 = increases in aqueous concentration. | = decreases in concentration. — = no change in concentration (Rodriguez et al., 2000). The relative decrease or increase in Ca
and Mg is obvious from the reactions. Sr substitutes for Ca more easily than Mg. Thus, Sr is released to solution when calcite is replaced by dolomite (reaction 1 & 2)
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increases the concentration of CO, through sulfate
reduction, favoring dolomite formation, while methano-
genesis increases the pCO, of the pore waters, inhibiting
dolomite formation (Moore et al., 2004). However, a direct
link between a microbial function and dolomite formation
pathways has not been established for important carbon
reservoirs, such as gas hydrate and methane seep deposits.
Moreover, dolomite formation under the in-situ conditions
of gas hydrate deposits (i.e., in-situ pressure, temperature,
and water chemistry) has not been attempted.

5 Techniques for studying mineral-microbe
interactions

5.1 Transmission electron microscopy (TEM) and
environmental cell TEM

TEM has been a primary tool to study mineral-microbe
interactions at high spatial resolutions ( Fredrickson et al.,
1998; Dong et al., 2000; McLean et al., 2000; Dohnalkova
et al., 2001; McLean and Beveridge, 2001; Glasauer et al.,
2001; Liu et al., 2002; Glasauer et al., 2002; Glasauer et al.,
2007; Geesey et al., 2008), but the spatial relationship of
mineral-microbe interface for such studies may not be
preserved intact, partly due to sample preparation
necessary for conventional TEM observations. In conven-
tional TEM, high vacuum is required not only to reduce
scattering of the electron beam by gas molecules but also to
minimize corrosion of the electron source. In such a high
vacuum, biological materials and hydrous minerals (such
as clays) dehydrate, resulting in bacterial cell rupture and
mineral structure collapse. Thus, these materials have to be
processed via fixation, dehydration, and embedding and
sectioning prior to TEM observations (Kim et al., 1995;
Fredrickson et al., 1998; Dong et al., 2000; McLean et al.,
2000; Glasauer et al., 2001; Dohnalkova et al., 2001;
McLean and Beveridge, 2001; Glasauer et al., 2002; Liu
et al., 2002; Dong et al., 2003; Kim et al., 2004), assuming
that the structure and the composition of these materials are
not altered during sample preparation. However, these
assumptions are never verified. Even with these assump-
tions, the standard procedures may not be adequate for
observations of hydrous and expandable clay mineral
structure, such as those of nontronite and smectite, because
water-bearing nontronite and smectite tend to dehydrate
under the TEM vacuum. For example, despite the effort to
keep layer spacing of nontronite noncollapsed by impreg-
nation with the Nanoplast resin, Kim et al. (2003) still
observed collapse of (001) layers of nontronite in the
conventional TEM electron column, making d(001) of
microbially reduced nontronite indistinguishable from that
of unreduced material. Stucki and Tessier (Stucki and
Tessier, 1991) also observed homogenous layer spacing for
both reduced and nonreduced smectite, illustrating the
limitations of conventional TEM.

Alteration of oxidation states of metals introduced
during the dehydration and embedding procedure for
TEM observations is another issue, yet the preservation of
oxidation states is essential to quantitatively evaluate the
capabilities of bacteria to respire metals in mineral struc-
tures. Bulk chemical extractions (Stookey, 1970; Stucki,
1981; Stucki and Anderson, 1981; Amonette and
Templeton, 1998) and Mdssbauer spectroscopy (Dong
et al., 2000; Kukkadapu et al., 2001; Kukkadapu et al.,
2004) have been used to measure the extent of microbial
reduction of iron, where oxidation states are generally
preserved, but these techniques give no information on the
spatial distribution of oxidized and reduced metals,
relative to cell surface. Dohnalkova et al. (2001) attempted
to preserve anaerobic states of various minerals by
dehydrating, embedding, and sectioning samples in an
anaerobic glove box and by excluding most fixatives and
all heavy metal stains. The authors successfully observed
crystalline biogenic minerals outside the outer membrane
and amorphous or nanocrystalline material in cell
periplasm. This is consistent with the current under-
standing of electron transfer mechanisms in dissimilatory
metal reducing bacteria, where the mineral reductase
activity is associated with the cell membrane, periplasm,
and outer membrane.

Conventional TEM has not been used to probe time-
course change of oxidation state of metals during microbial
reduction, but this information is critical to reveal
mechanisms of biooxidation and bioreduction of redox-
sensitive metals. Lower et al. (2001) was probably the first
to quantify the attachment of Shewanella oneidensis to
goethite and diaspore surfaces by modified atomic force
microscopy and demonstrated that the affinity of S.
oneidensis for goethite was strongest under anaerobic
conditions. The authors presented compelling evidence
that a 150-kD protein in the outer membrane of the cell
specifically interacted with the goethite surface to facilitate
electron transfer. To truly understand the two-way
interactions between microbes and minerals, it is equally
important to simultaneously detect structural and composi-
tional change of mineral surfaces as bacteria approach
them. In other words, it is critical to observe how microbe
and mineral respond when these two entities approach and
interact with each other at the nanometer scale.

To overcome the sample dehydration problem asso-
ciated with high vacuum required in the TEM electron
column, material scientists have modified conventional
TEM to study gas-solid interactions (Sharma and Wesiss,
1998; Sharma, 2001). Several modifications, either to the
specimen holder or to the microscope vacuum system,
have been developed in order to restrict the gas path length
to the sample area only. In the first design, the sample is
sandwiched between two thin windows. This type of cell is
ideally suited to the study of wet samples (biological
materials) and is referred to as environmental cell (EC). In
the second design, small differentially pumped apertures
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are located just above and below the sample to restrict gas
flow into the rest of the microscope column and are
generally referred to as differentially pumped environ-
mental TEM.

Daulton et al. (2002) performed an elegant study in
which they combined environmental cell transmission
electron microscopy (EC-TEM) and electron energy loss
spectroscopy (EELS) to study microbial reduction of
chromium. To our knowledge, that is the first time to study
bacteria and reduction products in their hydrated “native”
states with comparable resolution and chemical capability
with conventional TEM. Without any sample preparation,
bacteria were observed intact inside EC-TEM, and in many
cases, they were encrusted within mineral precipitates. The
authors even determined the oxidation state of chromium
in bioproduced mineral precipitates.

The EC-TEM system is described previously (Daulton
et al., 2002; Kim et al., 2003). It is equipped with two
interchangeable JEOL EC specimen holders (a two-line
gas EC and a four-line gas/liquid EC) that are connected to
the EC-TEM system by flexible and stainless steel lines.
Both in-situ EC-TEM specimen holders are capable of
circulating gas through the specimen chamber using two
lines. The gas can be saturated with water vapor, enabling
hydrated specimens to be examined in their “natural” wet
state. The four-line holder has two additional service lines
that can be used to independently inject several microliters
of liquids from different reservoirs. Each EC holder
consists of a small cylindrical cell sealed by two electron
transparent windows on the top and the bottom. Each
window is made of a 15-20 nm thick amorphous carbon
(a-C) film covering seven hexagonally arrayed 0.15 mm
apertures on a 3.5 mm diameter Cu disk. Prior to use, the
windowed grids are tested to withstand a pressure
differential of 250 Torr for 60 seconds. The EC-TEM
system is fully computer controlled, facilitating the
insertion and retraction of EC holders from the microscope
column without breaching the delicate windows.

Kim et al. (2003) investigated microbially reduced
nontronite using EC-TEM and observed that intact bacteria
can be routinely imaged with EC-TEM with no evidence
for rupture by partial decompression in the TEM column
(Fig. 4). Multiple snapshots throughout the entire reduction
process would make it possible to make a nearly real-time
“video” of the attachment process. When EC-TEM
imaging is coupled with EELS, interaction dynamics can
be revealed. For example, it may be possible to determine
at what locations on the cell surface mineral attachment
occurs first, and at what location on the cell surface, the
extent of Fe(Ill) reduction is the largest.

In addition to the real-time observation of the attachment
process, the same authors (Kim et al., 2003) unequivocally
demonstrated that layer contraction of expandable clay
minerals associated with the high vacuum electron column
of conventional TEM was avoided. Without any sample

Fig. 4 Intact bacteria can be routinely imaged with EC-TEM
with no evidence for rupture by partial decompression in the TEM
column. The image shows dynamic attachment of nontronite onto
S. oneidensis cells. Image courtesy of Jinwook Kim

treatment, they observed the reduction of d(001) layer
spacing from 1.50 nm to 1.26 nm as a result of microbial
reduction of nontronite, whereas the conventional TEM
could not distinguish the difference in layer spacing
between unreduced and reduced nontronite. Recent
development of TEM includes cryotechniques to freeze
biological specimen so that they can be observed in their
native and hydrated states (Beveridge, 2006). This is an
alternative to EC-TEM and one of the best available means
to eliminate or minimize deformation of biopolymer
structure that is typically not possible to avoid using
conventional TEM.

5.2 Electron energy loss spectroscopy (EELS)

The EELS technique has been applied in mineralogy and
materials research to determine the oxidation states of
various metals including Fe (van Aken et al., 1998; van
Aken et al., 1999; Golla and Putnis, 2001; van Aken and
Liebscher, 2002), U (Xu and Wang, 1999), and Cr
(Daulton et al., 2002). However, this technique has not
been extensively applied in microbial reduction studies,
with the exception of a few studies (Daulton et al., 2002).
Compared to other techniques, such as electron microp-
robe analysis, Mdssbauer spectroscopy, and X-ray absorp-
tion near edge structure (XANES) spectroscopy, the EELS
technique possesses advantages of measuring oxidation
states at high spatial resolution with adequate accuracy. In
TEM’s equipped with energy filters, the Fe’™ and Fe*"
distribution maps can be created at nanometer scale with
adequate contrast (Golla and Putnis, 2001). This feature is
especially attractive to study microbe-mineral systems,
where microbial reduction of metals may be heterogeneous
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not only over the cell membrane but also across it, from the
outer membrane, periplasm, into cytoplasm (Fig. 5).

outer
membrane

periplasm

Fe oxides and/or

COs silicates

OH

Fig. 5 A schematic diagram showing heterogeneous distribu-
tions of microbial functional groups on cell surface. This
heterogeneity may result in heterogeneous mineral attachment
and metal reduction over and across the cell surface

It has been well documented that minerals heteroge-
neously attach to cell surface (Grantham et al., 1997;
Glasauer et al., 2001), and this may be due to
heterogeneous distribution of negative functional groups
on cell surface (Sonnenfeld et al., 1985; Sokolov et al.,
2001). Heterogeneous mineral attachment may result in the
extent of reduction and distribution of resulting biogenic
solids being heterogeneous. In conventional TEM obser-
vations, artifacts associated with sample preparation (such
as by centrifugation) cannot be completely eliminated. It is
common to observe features of mineral detachment from
cell surface, apparently associated with the centrifugation
force. A recent sample preparation technique developed in
our laboratory, embedding cell suspensions in agar prior to
the dehydration step, appears to alleviate this problem.
However, a better method is to observe cell-mineral
association in-situ without any sample treatment. For
example, heterogeneity in the extent of reduction over cell
surface has never been studied before (Fig. 5), but these
data can provide important information revealing mechan-
isms of microbial reduction of metals. With the advent of
EELS coupled with EC-TEM, it is now possible to determine
this heterogeneity at the nanometer scale. For example, the
higher ratio of Fe**/Fe** should reflect the higher extent of
bioreduction at a particular location on cell surface, and this
variability can be mapped at a nanometer scale.

Minerals have also been found inside cells. In the
magnetotactic bacteria, the chains of magnetosomes have
been found aligned parallel to the cell axis, and they are
believed to play a role in cell navigation (Bazylinski and
Frankel, 2000; Bazylinski and Frankel, 2003). Glasauer
et al. (Glasauer et al., 2002; Glasauer et al., 2004; Glasauer
et al., 2007) reported intracellular iron and manganese
minerals in Shewanella putrefaciens CN32, and Doh-
nalkova et al. (personal communication) even found

nanocrystalline uraninite formation inside CN-32 cells.
Cerussite (PbCO3) was even found inside yeast and
bacterial cells (Seabaugh et al., 2003). The distribution
of these intracellular minerals is heterogeneous. Except for
the well-documented magnetosomes, the formation
mechanisms of other intracellular minerals have not been
understood. Real-time high-resolution TEM observations
of the dynamics of both extra- and intracellular mineral
formation process, when coupled with EELS, could
provide critical information on the mineral-microbe
interaction mechanisms and metal biogeochemistry.

The value of the EELS technique is illustrated in the
following example. Figure 6 shows an Fe-M, ; electron
loss near edge structure (ELNES). The one on the left is
Fe-M, ; ELNES of Fe standards (pyroxene solid solution)
from van Aken et al. (1999), and the one on the upper right
is Fe-M, 3 ELNES of our standards hematite (100% Fe’™")
and ilmennite (100% Fe*™). The one on the lower right is
Fe-M, ; ELNES of unreduced and microbially reduced
nontronite. Van Aken (van Aken et al., 1999) demonstrated
that differences in the Fe-M,; ELNES are a result of
changes in Fe oxidation state and that differences in the
crystal structure of Fe standards are of secondary
importance. The authors further concluded that quantita-
tive determination of Fe oxidation state in an unknown
mineral can be accomplished by the energy difference
between main maximum and prepeak (also called pre-
edge). Using this criterion, the Fe**/Fe ratio was
determined to be 90% and 30% for unreduced and biore-
duced nontronite, respectively. These data are in good
agreement with bulk chemical results by HCI extraction,
illustrating the reliability of the method. Using the same
procedure, the change of Fe**/Fe with the distance from
the cell-magnetite interface from an earlier study (Dong
et al., 2000) was determined. The hypothesis was that
magnetite was actively reduced at the cell-magnetite
interface (Fig. 7(a)), eventually forming siderite in the
core encrusted by magnetite particles (Fig. 7(b)) by the end
of reduction experiment (14 days) (Dong et al., 2000).
Indeed, EELS detected the change of the Fe(Ill)/Fe ratio
from siderite to magnetite (Fig. 8).

5.3 Other techniques

There are a suite of other techniques that are available to
examine mineral-microbe interactions, such as synchro-
tron-based X-ray spectroscopy and X-ray microscopy
(Templeton and Knowles, 2009) and nanosecondary
mass spectroscopy (Herrmann et al., 2007), among others.
These techniques greatly enhance our capability to
investigate microbial growth, mineral dissolution, redox
transformation, and biomineralization processes owning to
their high chemical sensitivity and spatial resolution.
Interested readers are referred to these review articles for
information.
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Fig. 6 Fe-M, ; electron loss near edge structure of Fe standards (pyroxene solid solution acmite-hedenbergite Ac-Hd) from van Aken et
al. (van Aken et al., 1999) (left panel), Fe-M, 3 ELNES of hematite (100% Fe*™) and ilmennite (100% Fe2+) standards (upper right), and
Fe-M; 3 ELNES of unreduced and microbially reduced nontronite (lower right), image courtesy of Jinwook Kim

Fig. 7 (a) Magnetite coating Shewanella putrefaciens bacteria. The image was taken with conventional TEM. The sample was dehydrated,
embedded, and sectioned following the standard procedure; (b) siderite formation from bioreduction of magnetite
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Fig. 8 The EELS spectra of magnetite and siderite (in Fig. 7
above) individually shown (top two) and superimposed to
determine the Fe oxidation state in each mineral. The background
was extracted by the standard inverse power law. An energy shift
(~ 1.9eV) of Fe-L; edges of magnetite and siderite was measured
(dashed lines). The integral ratios of L; to L, for siderite (2.71) and
the bulk magnetite (away from the siderite interface) (6.29),
calculated by statistic analysis in the DigitalMicograph software,
corresponded to ~24% and ~71% of Fe(11l), respectively, based on
the calibration curve (see Figure 1) of van Aken et al. (1998).
These values of Fe(Ill) concentrations deviate from the stoichio-
metric Fe(IIT) content of siderite (0% Fe(Ill)) and magnetite (67%
Fe(IIl)), illustrating the transient nature of these phases toward to
their more stable structures, image courtesy of Jinwook Kim
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