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biominéralisation par les microorganismes

Karim Benzerara *, Jennyfer Miot, Guillaume Morin, Georges Ona-Nguema,
Feriel Skouri-Panet, Céline Férard
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Biominéralisation

Arsenic

Uranium
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A B S T R A C T

Microorganisms can mediate the formation of minerals by a process called biominerali-

zation. This process offers an efficient way to sequester inorganic pollutants within

relatively stable solid phases. Here we review some of the main mechanisms involved in

the mediation of mineral precipitation by microorganisms. This includes supersaturation

caused by metabolic activity, the triggering of nucleation by production of more or less

specific organic molecules, and the impact of mineral growth. While these processes have

been widely studied in the laboratory, assessment of their importance in the environment

is more difficult. We illustrate this difficulty using a case study on an As-contaminated acid

mine drainage located in the South of France (Carnoulès, Gard). In particular, we explore

the potential relationships that might exist between microbial diversity and mineral

precipitation. The present review, far from being exhaustive, highlights some recent

advances in the field of biomineralogy and provides non-specialists an introduction to

some of the main approaches and some questions that remain unanswered.

� 2010 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

Les microorganismes peuvent favoriser la formation de minéraux par un processus

nommé biominéralisation. Ce processus offre une voie efficace pour piéger les polluants

inorganiques dans des phases solides relativement stables. Ici, nous présentons les

principaux mécanismes impliqués dans la formation de minéraux par les microorga-

nismes. Cela inclut l’augmentation de la sursaturation des solutions pour un minéral,

induite par une activité métabolique, la stimulation d’une nucléation hétérogène par la

production de molécules organiques plus ou moins spécifiques et enfin la modification de

la croissance minérale. Alors que ces mécanismes ont été abondamment étudiés au

laboratoire, la quantification de leur importance relative dans le milieu naturel, c’est-à-

dire savoir à quel point les microorganismes influencent le cycle des polluants

inorganiques, reste très difficile. Nous illustrons cette difficulté en résumant les travaux

réalisés sur le drainage minier acide de Carnoulès (Gard, France). En particulier, nous

évoquons les éventuelles relations qui pourraient exister entre la diversité microbienne et

l’ampleur de la biominéralisation. Cette synthèse, loin d’être exhaustive, illustre quelques
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avancées récentes dans le domaine de la biominéralogie sur des problèmes environne-

mentaux et fournit des clés au non-spécialiste sur les principales approches et concepts

de la minéralogie, ainsi que sur les questions qui restent ouvertes.

� 2010 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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1. Introduction

Metal and metalloid pollutants are of particularly
critical environmental concern as they can accumulate
throughout the food web and induce severe health
problems (e.g., Boyd, 2010). Some mineral phases abun-
dant in nature offer huge reactive surfaces and can sorb or
release metal pollutants depending on chemical conditions
prevailing in the environment (e.g., Stumm et al., 1994).
They can also catalyze redox reactions modifying the
speciation of inorganic pollutants, and hence their mobility
(e.g., Borch et al., 2010; Gadd, 2010). One goal of
environmental mineralogists is to understand which
mineral phases can impact the mobility of pollutants in
various environmental settings, such as freshwater or soil
systems, how they form, and finally how stable they are
under changing environmental conditions. As a result it is
possible to predict how modifications of environmental
conditions may foster pollution events or to design
efficient remediation strategies. Understanding interac-
tions between minerals and metal pollutants has long been
restricted to studies of abiotic systems.

However, it has been increasingly shown over the last
20 years that microorganisms, in particular bacteria, can
impact significantly the mobility of metals as well (e.g.,
Warren and Ferris, 1998). Microorganisms are widespread
even in the most extreme environments, including those
with high metal concentrations (e.g., acid mine drainage,
AMD) (Belnap et al., 2010; Denef et al., 2010; Xie et al.,
2009). They comprise a high biomass including extracel-
lular polymers offering very large reactive surface areas
and high turnover rates (Nealson, 1997; Nealson and Stahl,
1997; Warren and Haack, 2001). In addition, they can
catalyze a wide diversity of reactions, including redox
reactions that can alter dramatically the speciation of
metals and enhance or reduce their mobility (Borch et al.,
2010; Newman and Banfield, 2002). As a consequence,
microorganisms can stimulate or reduce pollutions. Two
emblematic examples are the generation of acid mine
drainages involving microbially catalyzed oxidation of
metal sulfides in mine tailings (e.g., Elberling et al., 2000;
Fowler et al., 2001) and massive contamination of
groundwaters in SE Asia by arsenic released by microbially
mediated reductive dissolution of As-bearing iron oxides
(Islam et al., 2004; Polizzotto et al., 2008). Alternatively,
microorganisms can form minerals by a process called
biomineralization, which offers an interesting bioremedi-
ation strategy for capturing pollutants within relatively
stable solid phases. Biomineralization occurs naturally in
very diverse environments but may be artificially stimu-
lated for bioremediation purposes as proposed in several
past studies (e.g., Beazley et al., 2007; Senko et al., 2002;
Yabusaki et al., 2007). However, in order to optimize this
approach, assess its potential limitations and avoid
possible drawbacks, we need to better understand mineral
nucleation and growth processes in the presence of
microorganisms, better assess the importance of biomin-
eralization in natural environments and determine which
specific microbial actors are involved, and consider the
impact of biomineralization on the biology of microorgan-
isms.

The present review, far from being exhaustive, high-
lights some recent advances in the field and provides non-
specialists with an introduction to some of the main
approaches and some of the unanswered questions

2. Mechanisms of microbial biomineralization in
polluted environments

Mechanisms involved in biomineralization have been
extensively covered by many previous reviews to which
readers are referred for additional details (Bäuerlein, 2000;
Lowenstam, 1981; Mann, 2001; Weiner and Dove, 2003).
Notably, eukaryotes such as diatoms (Poulsen et al., 2003;
Sumper and Brunner, 2008), foraminifers (Erez, 2003), and
corals (Cuif and Dauphin, 2005; Meibom et al., 2008;Sto-
larski, 2003) have received much more attention than
prokaryotes (i.e., both bacteria and archaea) in the
biomineralization literature. This partly results from the
common assumption that eukaryote biomineralizing
systems are usually determined genetically and form
more complex, hence interesting, biomineral structures,
while prokaryotes have a passive indirect role in mineral
precipitation. However, prokaryotes, owing to the diversi-
ty of metabolic reactions they can catalyze, are able to
induce the formation of minerals that are much more
diverse chemically including oxides, oxi-hydroxides,
carbonates, phosphates, sulphates, and sulphides, which
results in the trapping of various metal and metalloids. As a
result, their impact on the global mobility and biogeo-
chemical cycling of metals in the environment is likely
stronger than that of eukaryotes, although the latter can
contribute to some extent (e.g., Brake and Hastotis, 2008;
Gelabert et al., 2007).

Three different types of bacterially mediated biomin-
eralization processes have been distinguished in the
literature (Dupraz et al., 2009): (1) biologically controlled
biomineralization, referring to cases in which a specific
cellular activity directs the nucleation, growth, morpholo-
gy, and final location of a mineral; the emblematic example
for that process in the case of bacteria is the formation of
intracellular chemically pure magnetite crystals in mag-
netotactic bacteria (e.g., Bazylinski and Frankel, 2004;
Blakemore, 1975; Komeili, 2007), but no significant impact
on immobilization of metal pollutants has been reported
so far; (2) biologically induced biomineralization resulting
from indirect modification of chemical conditions, such as
a pH shift or redox transformations, in the environment by
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biological activity; many examples are reported in the
literature for this process and can lead to efficient
immobilization of almost any known inorganic pollutant
(e.g., Borch et al., 2010; Lowenstam, 1981); and (3)
biologically influenced biomineralization, which is defined
as passive mineral precipitation in the presence of organic
matter, such as cell surfaces or extracellular polymeric
substances (EPS), whose properties influence crystal
morphology and composition. The term organominerali-
zation encompasses biologically influenced and biologi-
cally induced biomineralization (Dupraz et al., 2009).
Although by definition organomineralization involves
processes that are not supposed to involve specific genes,
they may have a negative or positive impact on cell
viability as discussed later. An increasing number of
studies have shown that microbial extracellular polymers
can be involved in biomineralization, hence inorganic
pollutant trapping (e.g., Benzerara et al., 2008; Chan et al.,
2009; Miot et al., 2009b) (Fig. 1).

Microorganisms can impact mineral formation in
several distinct ways (De Yoreo and Vekilov, 2003). They
can modify the composition of the solution so that it
becomes supersaturated or more supersaturated than it
previously was with respect to a specific phase. For
example, iron-oxidizing bacteria oxidize metabolically
Fe(II) into Fe(III). As Fe(III) is highly insoluble at neutral
pH, it precipitates spontaneously, typically in the form of
an oxyhydroxide such as ferrihydrite or goethite. As a
consequence, inorganic metal pollutants can be trapped by
co-precipitation or adsorption at the surfaces of these Fe-
biominerals (Hohmann et al., 2010). Manganese oxides are
also often formed by the oxidative activity of some
microbes and have a significant impact on pollutant
metals (Bargar et al., 2009; Francis and Tebo, 2002; Spiro
et al., 2010; Tebo et al., 2005). In addition to oxidative and
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Fig. 1. STXM analyses of a single SW2 cell with mineralized extracellular fibres (3
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Fig. 1. Analyse STXM d’une cellule de la souche SW2 montrant des filament

cartographie du carbone organique montrant la cellule et un filament à so

biominéralisation est restreinte au filament et n’affecte pas la cellule. L’étude de

seuil K du carbone suggère qu’ils sont composés d’un mélange de lipides insat
reductive processes, a pH increase due to metabolic
activities such as photosynthesis, sulphate-reduction, or
urea degradation can lead to mineral precipitation such as
carbonation, for example resulting in the capture of
common groundwater contaminants such as strontium,
uranium, or copper (Warren and Haack, 2001). Finally,
release of inorganic phosphates resulting from the
degradation of organic phosphates by microbial phospha-
tases is another significant microbial process involved in
the trapping of inorganic pollutants. It leads to precipita-
tion of various mineral phases containing inorganic
pollutants such as Cr(III)-phosphates (Goulhen et al.,
2006), Fe(II)- and/or Fe(III)-phosphates (Miot et al.,
2009b), U(VI)-phosphates (Beazley et al., 2007; Jroundi
et al., 2007; Macaskie et al., 1992), or Pb-phosphates
(pyromorphite, Templeton et al., 2001).

Such a microbial impact is sometimes referred to as
indirect, but this designation does not indicate whether the
resulting biominerals are directly associated with cells or
not. Metabolic reactions often occur within cells or cell
walls creating microenvironments that are locally highly
supersaturated.

In these cases, precipitates are thus expected to form
around cells and one may imagine that counting the type
and number of mineral grains associated with cells may
provide an effective way of quantifying the impact of
microorganisms on mineral precipitation. However this
approach does not work because it may first be difficult to
distinguish minerals precipitated in situ on microbe
surfaces from secondary minerals become attached to
microbial polymers (Glasauer et al., 2001). Moreover, some
microorganisms may have developed strategies to localize
precipitation away from the cells either by producing
extracellular enzymes or extracellular mineral templates
(Chan et al., 2009; Miot et al., 2009c). Recently, Miot et al.
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Fig. 2. TEM images of biomineralizing Fe-oxidizing bacteria showing different biomineralization patterns. (A) SW2, a phototrophic strain forms

extracellular precipitates under the form of vesicles. Bright field mode. (B) BoFeN1, a nitrate-reducing strain forms Fe-minerals encrusting its periplasm

(bright crown all around the cell). High angular annular dark field (HAADF) mode in scanning transmission electron microscopy.

Fig. 2. Image MET de bactéries ferroxydantes biominéralisantes avec différents schémas de biominéralisation. (A) SW2, une souche phototrophe forme des

précipités extracellulaires sous la forme de vésicules. Mode champ clair. (B) BoFeN1, une souche dénitrifiante forme des minéraux de fer encroûtant le

périplasme (couronne claire tout autour de la cellule). Le mode champ sombre annulaire à grand angle (HAADF) a été utilisé en microscopie électronique par

transmission à balayage (STEM).

K. Benzerara et al. / C. R. Geoscience 343 (2011) 160–167 163
(2009b), used a combination of transmission electron
microscopy (TEM) and synchrotron-based scanning trans-
mission x-ray microscopy (STXM) to study oxidation of Fe
and the resulting biomineralization by nitrate-reducing
and Fe-oxidizing bacteria cultured in the laboratory. They
showed that some part of the Fe-phases precipitate within
the periplasm of the bacteria, i.e., where Fe-oxidation is
catalyzed (Fig. 2). This fraction of the Fe-containing
precipitates would be easy to quantify even in natural
samples. However, Miot et al. (2009b) also found evidence
for additional Fe oxidation occurring outside the cells
mediated by nitrites that are produced by reduction of
nitrates at the cell surface (Miot et al., 2009a). This fraction
would be in contrast much more difficult to relate to the
microbial action in the environment and might be over-
looked.

A second means by which microorganisms can impact
mineral formation is through the production of organic
polymers, which can impact nucleation by favoring (or
inhibiting) the stabilization of the very first mineral seeds.
As mentioned above, supersaturation is necessary but not
always sufficient for precipitation to occur (Nesterova
et al., 2003; Williams, 1984). Nucleation usually involves a
significant barrier or activation energy that has to be
overcome (De Yoreo and Vekilov, 2003). When this is the
case, the process is referred to as heterogeneous nucleation
and this explains why mineral phases may often be closely
associated with organics, either cell surfaces and/or
extracellular polymeric substances (EPS) produced by
microorganisms. Diverse organic polymers, including
peptides (Moreau et al., 2007; Schultze-Lam et al.,
1996), lipids (Collier and Messersmith, 2001), polysac-
charides (Chan et al., 2009) or lipo-polysaccharides (Miot
et al., 2009c), can favor heterogeneous nucleation in
various environmental contexts. Moreover, a continuum
exists between adsorption of metal ions on functional
groups of microbial EPS and biomineralization (Warren
and Ferris, 1998) in a similar way to the continuum
existing between adsorption and precipitation of metals at
mineral surfaces. As a consequence, there is a competition
between mineral and microbial surfaces for the sorption of
inorganic pollutants. Templeton et al. (2003) elegantly
probed the distribution of aqueous Pb(II) sorbed at the
interface between hematite and microbial biofilms grown
at the mineral surface. They showed that reactive sites on
the metal oxide surfaces were not passivated by the
formation of a monolayer biofilm consisting of Gram-
negative Burkholderia cepacia and that depending on metal
concentration in the solution mineral or biofilm was the
dominant sink. How the association between biominerals
and organic molecules affects the stability and mobility of
mineral phases is a very important issue that must be
considered. On the one hand, the presence of biofilms on
mineral surface may not have any effect on the reactivity of
mineral surfaces and hence their stability towards
dissolution (Templeton et al., 2003). Alternatively, some
organic molecules that bind strongly to mineral surfaces
may weaken catio-ligand bonds and hence promote
mineral dissolution (e.g., Johnson et al., 2005). Finally,
organic polymers can promote the aggregation of nano-
particles, which may affect their reactivity and limit the
dispersal of pollutant-containing nanoparticles (Gilbert
and Banfield, 2005; Moreau et al., 2007). These processes
will have to be better evaluated in the future.

Finally, life can impact mineral growth. Traditionally,
growth takes place layer by layer. Organisms can inhibit
crystal growth along certain directions by production of
poisoning molecules, resulting in the formation of miner-
als with particular shapes (e.g., Orme et al., 2001).
Alternatively, nuclei may aggregate, forming mesocrystals,
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sometimes with the mediation of an organic matrix (e.g.,
Colfen and Antonietti, 2005; Sethmann et al., 2006). This
mechanism has been increasingly identified in biominer-
alizing systems (Gilbert et al., 2009). However, processes
leading to mesocrystal formation, in particular the role of
organics, have yet to be fully understood.

3. Importance of biomineralization in natural
environments and identity of the microbes involved

As shown previously all microorganisms can impact the
mobility of inorganic pollutants by providing surfaces
where they can sorb. As mentioned previously, resulting
biominerals are not always strongly connected to cells, and
thus it is difficult to assess the amount of minerals
precipitated by microbial mediation. Specific groups of
microbes catalyzing particular metabolic reactions can
impact further the mobility of inorganic pollutants by
modifying their speciation (e.g., redox state). These
microbes can be identified phylogenetically, with inherent
difficulties, using cultivation-dependent or -independent
approaches (e.g., Baker and Banfield, 2003). However, it is
not clear whether few specialized species are more
efficient than very diverse microbial assemblages in the
trapping of inorganic pollutants. It is now well known that
phylogenetic identification of the species present at a field
site does not provide a definitive answer as to what
mineralogical processes they mediate. Recent genomic
advances, however, enable complete sequencing of the
genome of a whole natural microbial population, as well as
the monitoring of gene expression and determining how
communities function and how they shape and are shaped
by their environments (e.g., Newman and Banfield, 2002;
Tyson et al., 2004). Alternatively, one recent study by Sharp
et al. (2009) compared the mineral products of uranyl
reduction mediated by different dissimilatory metal- and
sulfate-reducing bacteria under similar laboratory condi-
tions. They showed that these diverse strains lead to the
precipitation of similar (chemically, structurally and in
size) uraninite crystals, regardless of phylogenetic or
metabolic diversity. Future studies of diverse sites that
determine functional traits (such as quantity of removed
arsenic or Fe-oxide precipitated) and biodiversity indica-
tors would also help to assess whether a potential
correlation exists between microbial diversity and the
efficiency of inorganic pollutant trapping. One example is
provided below.

The importance of biomineralization in the sequestra-
tion of inorganic pollutants is obvious, especially at field
sites where the metabolic activity of microorganisms has
been artificially stimulated for bioremediation purposes
(e.g., Adriano et al., 2004; Barkay and Schaefer, 2001). A
group of studies have, for example, clearly shown that the
secretion of phosphate groups due to phosphatase activity
can induce a significant immobilization of uranium in the
form of autunite at acidic and alkaline pH (Beazley et al.,
2009; Macaskie et al., 2000; Merroun and Selenska-Pobell,
2008; Nilgiriwala et al., 2008). Phosphatase activity can be
stimulated by injection of glycerol-3-phosphate as the sole
carbon and phosphorus source. However, the precipitation
of minerals is not always related in such a simple way to a
single enzymatic process, and the involvement of micro-
organisms in the trapping of inorganic pollutants is then
more difficult to assess.

Acid mine drainages (AMD) provide additional natural
examples of mitigation of inorganic pollutants. The
Carnoulès AMD (Gard, France) is strongly enriched in
arsenic (80–350 mg.l�1) upstream (Leblanc et al., 1996). At
30 m downstream, 20–60% of the As has been removed by
the formation of As-rich (up to 22 wt% As) sediments.
These sediments are rich in ferric iron hydroxysulfates
(Morin et al., 2003). The role of microbes in the formation
of these minerals has been assessed using several
approaches including measurements of seasonal varia-
tions of element concentrations (Casiot et al., 2003),
cultivation-independent study of microbial diversity
(Bruneel et al., 2006), and cultivation under biomineraliz-
ing conditions (e.g., Duquesne et al., 2003; Morin et al.,
2003). These different approaches showed that the
bacterial diversity is quite low, which is usual for this
kind of environment and may reflect the limited number of
electron donors and acceptors available in AMD and the
toxicity of heavy metals (Bruneel et al., 2006). Neverthe-
less, several bacterial strain were identified that may
promote the precipitation of Fe- and As-containing mineral
phases including neutrophilic and acidophilic Fe-oxidizing
bacteria such as Gallionella ferruginea, Acidithiobacillus

ferrooxidans as well as Fe- and As-oxidizing bacteria such
as Thiomonas sp. Moreover, it has been reported that
microbial populations vary spatially and seasonally and
that this might correlate with variations in minerals that
are precipitated and hence As trapping rates (e.g., Casiot
et al., 2003, 2005; Morin et al., 2003). These observations
highlight a possible correlation between microbial diver-
sity and efficiency of inorganic pollutant sequestration.
Finally, a microscopy study was conducted on Carnoulès
samples to detail the microbial processes that are involved
in the mediation of Fe- and As-containing mineral phases
(Benzerara et al., 2008). This study showed that some
mineral phases are associated directly with microbial cells
showing a variety of biomineralization patterns, forming
either extracellularly or within the periplasm (Fig. 3).
However, most of the mineral phases at Carnoulès were
not associated with cells but with pervasive organic carbon
interpreted as extracellular polymeric substance (EPS)
produced by cells. Finally, abundant biomineralized
organic vesicles resembling the outer membrane vesicles
produced by Gram negative bacteria (Mashburn-Warren
et al., 2008; Schooling and Beveridge, 2006) were
documented and may represent a significant biominerali-
zation process in AMD systems that has been overlooked
so far.

4. Impact of biomineralization on the biology of
microorganisms.

This section focuses on a much less understood aspect
of microbial biomineralization. We have mentioned that
microbial diversity may play an important role in affecting
the efficiency of inorganic pollutant sequestration. Alter-
natively, biomineralization may have an impact on
microbial communities. Many studies have claimed that
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Fig. 3. TEM analysis of mineralized vesicles and microbial cells in Carnoules samples. (A) TEM images (Bright field mode) of the vesicles observed on

ultramicrotomy sections of the Carnoules samples. Note that some are associated closely with bacterial cells (bottom right hand corner). (B) TEM images of a

cluster of vesicles at higher magnification (deposited drop). The thick electron dense wall is visible on this picture. Elemental analyses by EDXS and

characterization of the speciation of carbon by XANES spectroscopy at the C K-edge are available in Benzerara et al. (2008).

Fig. 3. Analyse MET de vésicules minéralisées et de cellules microbiennes dans les échantillons de Carnoulès. (A) Images MET (champ clair) de vésicules

observées sur des coupes en ultramicrotomie dans des échantillons de Carnoulès. Notez que certaines sont intimement associées aux cellules bactériennes

(coin en bas à droite). (B) Images MET d’un agrégat de vésicules à plus fort grandissement (dépôt de goutte). La paroi épaisse dense aux électrons est visible

sur cette image. Des analyses élémentaires par EDXS et la caractérisation de la spéciation du carbone par spectroscopie XANES au seuil K du carbone sont

disponibles dans Benzerara et al. (2008).
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biologically induced biomineralization is detrimental to
cells. However, when inorganic pollutants such as uranium
or lead are involved, the same process is suggested to
provide resistance to the toxicity of these elements
(Levinson et al., 1996; Mire et al., 2004). This issue has
been discussed by Phoenix and Konhauser (2008).

Biomineralization may be lethal for cells due to the
formation of mineral phases that may hinder nutrient
exchange between cells and the surrounding environment
or due to the disruption of cellular membranes. If this
lethality is high, one should expect that biomineralization
is a strong stress in some highly mineralizing environ-
ments and that the microbial population inhabiting these
environments may have thus developed specific strategies
to localize mineralization away from cells (Hallberg and
Ferris, 2004; Hegler et al., 2008). As a result some strains
may be able to control biomineralization processes that
may be considered to a first approximation as being
‘‘biologically-induced’’.

Assessing the lethality of biomineralization is not trivial
and has been poorly addressed in various studies to date.
For example, BoFeN1, a nitrate-reducing, iron-oxidizing
bacterial strain, promotes precipitation of Fe-phases
within the periplasm, resulting eventually in a complete
encrustation of most of the cells as observed by TEM (Miot
et al., 2009b). Although complete encrustation seems
incompatible with a viable state, Muehe et al. (2009)
recently showed that BoFeN1 grows better in the presence
than in the absence of Fe, although encrustation occurs in
the presence of Fe. This observation suggests that
encrustation is not a major stressor in such cultures.
One way to reconcile these findings is to assume that
encrustation starts only when cells are dead and/or that
encrusted cells accumulate over time because they cannot
be lysed while viable cells progressively become a limited
proportion of the total amount of cells as estimated by
TEM. This example shows that addressing the impact of
biomineralization on cell viability is not a trivial task.
Interestingly, a number of studies have addressed the
problem of the viability of microbial cells immobilized in
mineral matrices (e.g., Livage and Coradin, 2006; Nassif
et al., 2002). They have shown that more bacteria remain
culturable in mineral gels than in an aqueous suspension
and that the metabolic activity of the bacteria could also be
preserved after several weeks of association with mineral
matrices. Whether this kind of mineral matrix, usually
silica gels, can be compared to nano-biominerals encrust-
ing cells has to be ascertained; however, these studies
clearly raise questions about how precipitation of mineral
phases may impact cell viability.

5. Conclusions

In this short review, we have shown the importance of
developing a better understanding of how microorganisms
impact the formation of minerals in the context of
developing remediation strategies for inorganic pollutants.
Microbial biomineralization is not only a concern in
environmental mineralogy but also in geobiology through
the study of ancient biominerals that store unique
information on ancient environments (e.g., Benzerara
and Menguy, 2009) or in medical sciences through the
study of calcifications occurring in the human body (e.g.,
Benzerara et al., 2006). In all these cases, one has to study
minerals as well as microorganisms at the same time. This
implies the combination of tools and knowledge produced
by microbiology, molecular biology and modern mineral-
ogy. Major questions remain completely open, such as: (1)
the specificity and genetic control of the diverse biomin-
eralization mechanisms; (2) the stability of biominerals,
especially how their association with organic molecules
might alter their reactivity and their transport in the
environment, (3) finally, many studies have focused on
biominerals formed under anoxic conditions, likely be-
cause of the variety of metal reactants that can be found
under such conditions. Interesting complementary strate-
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gies however would consist in promoting inorganic
pollutant sequestration by biomineralization under oxic
conditions. These diverse fundamental issues promise a
thrilling future for biomineralogy.
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Bäuerlein, E, 2000. Biomineralization: from biology to biotechnology and
medical application. Wiley-VCH, Weinheim, Germany.

Bazylinski, D.A., Frankel, R.B., 2004. Magnetosome formation in prokar-
yotes. Nature Reviews Microbiology 2, 217–230.

Beazley, M.J., Martinez, R.J., Sobecky, P.A., Webb, S.M., Taillefert, M., 2007.
Uranium biomineralization as a result of bacterial phosphatase ac-
tivity: insights from bacterial isolates from a contaminated subsur-
face. Environ. Sci. Technol. 41, 5701–5707.

Beazley, M.J., Martinez, R.J., Sobecky, P.A., Webb, S.M., Taillefert, M., 2009.
Nonreductive biomineralization of uranium(VI) phosphate via micro-
bial phosphatase activity in anaerobic conditions. Geomicrobiology
Journal 26, 431–441.

Belnap, C.P., Pan, C., VerBerkmoes, N.C., Power, M.E., Samatova, N.F.,
Carver, R.L., Hettich, R.L., Banfield, J.F., 2010. Cultivation and quanti-
tative proteomic analyses of acidophilic microbial communities. ISME
J 4, 520–530.

Benzerara, K., Menguy, N., 2009. Looking for traces of life in minerals. C. R.
Palevol 8, 617–628.

Benzerara, K., Miller, V.M., Barell, G., Kumar, V., Miot, J., Brown Jr., G.E.,
Lieske, J.C., 2006. Search for microbial signatures within human and
microbial calcifications using soft X-ray spectromicroscopy. Journal
of Investigative Medicine 54, 367–379.

Benzerara, K., Morin, G., Yoon, T.H., Miot, J., Tyliszczak, T., Casiot, C.,
Bruneel, O., Farges, F., Brown Jr., G.E., 2008. Nanoscale study of As
biomineralization in an acid mine drainage system. Geochim. Cos-
mochim. Acta 72, 3949–3963.

Blakemore, R., 1975. Magnetotactic Bacteria. Science 190, 377–379.
Borch, T., Kretzschmar, R., Kappler, A., Van Cappellen, P., Ginder-Vogel, M.,

Voegelin, A., Campbell, K., 2010. Biogeochemical redox processes
and their impact on contaminant dynamics. Environ. Sci. Technol.
44, 15–23.

Boyd, R.S., 2010. Heavy metal pollutants and chemical ecology: exploring
new frontiers. J. Chem. Ecol. 36, 46–58.

Brake, S.S., Hastotis, S.T., 2008. Eukaryote-dominated biofilms in extreme
environments: overlooked sources of information in the geologic
record. Palaios 23, 121–123.

Bruneel, O., Duran, R., Casiot, C., Elbaz-Poulichet, F., Personne, J.C., 2006.
Diversity of microorganisms in Fe-As-Rich acid mine drainage waters
of Carnoules, France. Applied and Environmental Microbiology 72,
551–556.

Casiot, C., Morin, G., Juillot, F., Bruneel, O., Personne, J.C., Leblanc, M.,
Duquesne, K., Bonnefoy, V., Elbaz-Poulichet, F., 2003. Bacterial im-
mobilization and oxidation of arsenic in acid mine drainage (Car-
noules creek, France). Water Research 37, 2929–2936.

Casiot, C., Lebrun, S., Morin, G., Bruneel, O., Personne, J.C., Elbaz-Poulichet,
F., 2005. Sorption and redox processes controlling transport in a
stream impacted by acid arsenic fate and mine drainage. Science of
the Total Environment 347, 122–130.

Chan, C.S., Fakra, S.C., Edwards, D.C., Emerson, D., Banfield, J.F., 2009. Iron
oxihydroxide mineralization on microbial extracellular polysacchar-
ides. Geochim. Cosmochim. Acta 73, 3807–3818.

Colfen, H., Antonietti, M., 2005. Mesocrystals: inorganic superstructures
made by highly parallel crystallization and controlled alignment.
Angewandte Chemie-International Edition 44, 5576–5591.

Collier, J.H., Messersmith, P.B., 2001. Phospholipid strategies in biomin-
eralization and biomaterials research. Annual Review of Materials
Research 31, 237–263.

Cuif, J.P., Dauphin, Y., 2005. The Environment Recording Unit in coral
skeletons – a synthesis of structural and chemical evidences for a
biochemically driven, stepping-growth process in fibres. Biogeos-
ciences 2, 61–73.

Denef, V.C., Mueller, R.S., Banfield, J.F., 2010. AMD biofilms: using model
communities to study microbial evolution and ecological complexity
in nature. ISME J 4, 599–610.

De Yoreo, J.J., Vekilov, P.G., 2003. Principles of crystal nucleation and
growth. Biomineralization. 54, 57–93.

Dupraz, C., Reid, R.P., Braissant, O., Decho, A.W., Norman, R.S., Visscher,
P.T., 2009. Processes of carbonate precipitation in modern microbial
mats. Earth-Science Reviews 96, 141–162.

Duquesne, K., Lebrun, S., Casiot, C., Bruneel, O., Personne, J.C., Leblanc, M.,
Elbaz-Poulichet, F., Morin, G., Bonnefoy, V., 2003. Immobilization of
arsenite and ferric iron by Acidithiobacillus ferrooxidans and its rele-
vance to acid mine drainage. Applied and Environmental Microbiol-
ogy 69, 6165–6173.

Elberling, B., Schippers, A., Sand, W., 2000. Bacterial and chemical oxida-
tion of pyritic mine tailings at low temperatures. J. Contaminant
Hydrology. 41, 225–238.

Erez, J., 2003. The source of ions for biomineralization in foraminifera and
their implications for paleoceanographic proxies. Biomineralization
54, 15–149.

Fowler, T.A., Holmes, P.R., Crundwell, F.K., 2001. On the kinetics and
mechanism of the dissolution of pyrite in the presence of Thiobacillus
ferrooxidans. Hydrometallurgy 59, 257–270.

Francis, C.A., Tebo, B.M., 2002. Enzymatic Manganese(II) oxidation by
metabolically dormant spores of diverse Bacillus species. Applied and
Environmental Microbiology 68, 874–880.

Gadd, G.M., 2010. Metals, minerals and microbes: geomicrobiology and
bioremediation. Microbiology-SGM 156, 609–643.

Gelabert, A, Pokrovsky, O.S., Schott, J., Boudou, A., Feurtet-Mazel, A., 2007.
Cadmium and lead interaction with diatom surfaces: a combined
thermodynamic and kinetic approach. Geochim. Cosmochim. Acta 71,
3698–3716.

Gilbert, B., Banfield, J.F., 2005. Molecular-scale processes involving nano-
particulate minerals in biogeochemical systems. Molecular Geomi-
crobiology 59, 109–155.

Gilbert, B., Ono, R.K., Ching, K.A., Kim, C.S., 2009. The effects of nanopar-
ticle aggregation processes on aggregate structure and metal uptake.
J. Colloid Interface Sci. 339, 285–295.

Glasauer, S., Langley, S., Beveridge, T.J., 2001. Sorption of Fe (hydr)oxides
to the surface of Shewanella putrefaciens: cell-bound fine-grained
minerals are not always formed de novo. Applied and Environmental
Microbiology 67, 5544–5550.

Goulhen, F., Gloter, A., Guyot, F., Bruschi, M., 2006. Cr(VI) detoxification by
Desulfovibrio vulgaris strain Hildenborough: microbe-metal interac-
tions studies. Applied Microbiology and Biotechnology 71, 892–897.

Hallberg, R., Ferris, F.G., 2004. Biomineralization by Gallionella. Geomi-
crobiology Journal 21, 325–330.

Hegler, F., Posth, N.R., Jiang, J., Kappler, A., 2008. Physiology of photo-
trophic iron(II)-oxidizing bacteria: implications for modern and an-
cient environments. FEMS Microbiol. Ecol. 66, 250–260.

Hohmann, C., Winkler, E., Morin, G., Kappler, A., 2010. Anaerobic Fe(II)-
oxidizing bacteria show as resistance and immobilize As during Fe(III)
mineral precipitation. Environ. Sci. Technol. 44, 94–101.

Islam, F.S., Gault, A.G., Boothman, C., Polya, D.A., Charnock, J.M., Chatter-
jee, D., Lloyd, J.R., 2004. Role of metal-reducing bacteria in arsenic
release from Bengal delta sediments. Nature 430, 68–71.

Johnson, S.B., Brown Jr., G.E., Healy, T.W., Scales, P.J., 2005. Adsorption of
organic matter at mineral/water interfaces. 6. Effect of inner-sphere
versus outer-sphere adsorption on colloidal stability. Langmuir 21,
6356–6365.

Jroundi, F., Merroun, M.L., Arias, J.M., Rossberg, A., Selenska-Pobell, S.,
Gonzalez-Munoz, M.T., 2007. Spectroscopic and microscopic charac-
terization of uranium biomineralization in Myxococcus Xanthus. Geo-
microbiology Journal 24, 441–449.

Komeili, A., 2007. Molecular mechanisms of magnetosome formation.
Annual Review of Biochemistry 76, 351–366.



K. Benzerara et al. / C. R. Geoscience 343 (2011) 160–167 167
Leblanc, M., Achard, B., Othman, D.B., Luck, J.M., BertrandSarfati, J.,
Personne, J.C., 1996. Accumulation of arsenic from acidic mine waters
by ferruginous bacterial accretions (stromatolites). Applied Geo-
chemistry 11, 541–554.

Levinson, H.S., Mahler, I., Blackwelder, P., Hood, T., 1996. Lead resistance
and sensitivity in Staphylococcus aureus. FEMS Microbiology Letters
145, 421–425.

Livage, J., Coradin, T., 2006. Living cells in oxide glasses. Medical Miner-
alogy and Geochemistry 64, 315–332.

Lowenstam, H.A., 1981. Minerals formed by organisms. Science 211,
1126–1131.

Macaskie, L.E., Empson, R.M., Cheetham, A.K., Grey, C.P., Skarnulis, A.J.,
1992. Uranium Bioaccumulation by a Citrobacter sp. as a result of
enzymatically mediated growth of polycrystalline HUO2PO4. Science
257, 782–784.

Macaskie, L.E., Bonthrone, K.M., Yong, P., Goddard, D.T., 2000. Enzymically
mediated bioprecipitation of uranium by a Citrobacter sp.: a concerted
role for exocellular lipopolysaccharide and associated phosphatase in
biomineral formation. Microbiology UK 146, 1855–1867.

Mann, S., 2001. Biomineralization: principles and concepts in bioinor-
ganic materials chemistry. Oxford University Press, Oxford.

Mashburn-Warren, L., Mclean, R.J.C., Whiteley, M., 2008. Gram-negative
outer membrane vesicles: beyond the cell surface. Geobiology 6, 214–
219.

Meibom, A., Cuif, J.P., Houlbreque, F., Mostefaoui, S., Dauphin, Y., Meibom,
K.L., Dunbar, R., 2008. Compositional variations at ultra-structure
length scales in coral skeleton. Geochim. Cosmochim. Acta. 72,
1555–1569.

Merroun, M.L., Selenska-Pobell, S., 2008. Bacterial interactions with ura-
nium: an environmental perspective. J. Contaminant Hydrol. 102,
285–295.

Miot, J., Benzerara, K., Morin, G., Bernard, S., Beyssac, O., Larquet, E., Ona-
Nguema, G., Kappler, A., Guyot, F., 2009a. Transformation of vivianite
by anaerobic nitrate-reducing iron-oxidizing bacteria. Geobiology 7,
373–384.

Miot, J., Benzerara, K., Morin, G., Kappler, A., Bernard, S., Obst, M., Férard,
C., Skouri-Panet, F., Guigner, J.M., Posth, N., Galvez, M., Brown Jr., G.E.,
Guyot, F., 2009b. Iron biomineralization by neutrophilic iron-oxidiz-
ing bacteria. Geochim. Cosmochim. Acta 73, 696–711.

Miot, J., Benzerara, K., Obst, M., Kappler, A., Hegler, F., Bouchez, C., Guyot,
F., Morin, G., 2009c. Extracellular iron biomineralization by photoau-
totrophic iron-oxidizing bacteria. Applied and Environmental Micro-
biology 75, 5586–5591.

Mire, C.E., Tourjee, J.A., O’Brien, W.F., Ramanujachary, K.V., Hecht, G.B.,
2004. Lead precipitation by Vibrio harveyi: evidence for novel quo-
rum-sensing interactions. Applied and Environmental Microbiology
70, 855–864.

Moreau, J.W., Weber, P.K., Martin, M.C., Gilbert, B., Hutcheon, I.D., Ban-
field, J.F., 2007. Extracellular proteins limit the dispersal of biogenic
nanoparticles. Science 316, 1600–1603.

Morin, G., Juillot, F., Casiot, C., Bruneel, O., Personne, J.C., Elbaz-Poulichet,
F., Leblanc, M., Ildefonse, P., Calas, G., 2003. Bacterial formation of
tooeleite and mixed Arsenic(III) or Arsenic(V)-Iron(III) gels in the
carnoulès acid mine drainage, France. A XANES, XRD, and SEM study.
Environ. Sci. Technol. 37, 1705–1712.

Muehe, E.M., Gerhardt, S., Schink, B., Kappler, A., 2009. Ecophysiology
and the energetic benefit of mixotrophicFe(II) oxidation by various
strains of nitrate-reducing bacteria. FEMS Microbiol. Ecol. 70,
335–343.

Nassif, N., Bouvet, O., Rager, M.N., Roux, C., Coradin, T., Livage, J., 2002.
Living bacteria in silica gels. Nature Materials 1, 42–44.

Nealson, K.H., 1997. Sediment bacteria: who’s there, what are they doing,
and what’s new? Annual Review of Earth and Planetary Sciences 25,
403–434.

Nealson, K.H, Stahl, D.A., 1997. Microorganisms and biogeochemical
cycles: what can we learn from layered microbial communities.
Geomicrobiology: interactions between Microbes and Minerals 35,
5–34.

Nesterova, M., Moreau, J.W., Banfield, J.F., 2003. Model biomimetic studies
of templated growth and assembly of nanocrystalline FeOOH. Geo-
chim. Cosmochim. Acta 67, 1177–1187.

Newman, D.K., Banfield, J.F., 2002. Geomicrobiotogy: how molecular-
scale interactions underpin biogeochemical systems. Science 296,
1071–1077.

Nilgiriwala, K.S., Alahari, A., Rao, A.S., Apte, S.K., 2008. Cloning and over-
expression of alkaline phosphatase PhoK from Sphingomonas sp.
strain BSAR-1 for bioprecipitation of uranium from alkaline solutions.
Applied and Environmental Microbiology 74, 5516–5523.

Orme, C.A., Noy, A., Wierzbicki, A., McBride, M.T., Grantham, M., Teng,
H.H., Dove, P.M.J., DeYoreo, J., 2001. Formation of chiral morphologies
through selective binding of amino acids to calcite surface steps.
Nature 411, 775–779.

Phoenix, V.R., Konhauser, K.O., 2008. Benefits of bacterial biomineraliza-
tion. Geobiology 6, 303–308.

Polizzotto, M.L., Kocar, B.D., Benner, S.G., Sampson, M., Fendorf, S., 2008.
Near-surface wetland sediments as a source of arsenic release to
ground water in Asia. Nature 454, 505–508.

Poulsen, N., Sumper, M., Kroger, N., 2003. Biosilica formation in diatoms:
characterization of native silaffin-2 and its role in silica morphogen-
esis. Proceedings of the National Academy of Sciences of the United
States of America 100, 12075–12080.

Schooling, S.R., Beveridge, T.J., 2006. Membrane vesicles: an overlooked
component of the matrices of biofilms. Journal of Bacteriology 188,
5945–5957.

Schultze-Lam, S., Fortin, D., Davis, B.S., Beveridge, T.J., 1996. Mineraliza-
tion of bacterial surfaces. Chem. Geol. 132, 171–181.

Senko, J.M., Istok, J.D., Suflita, J.M., Krumholz, L.R., 2002. In-situ evidence
for uranium immobilization and remobilization. Environ. Sci. Tech-
nol. 36, 1491–1496.

Sethmann, I., Hinrichs, R., Worheide, G., Putnis, A., 2006. Nano-cluster
composite structure of calcitic sponge spicules – a case study of basic
characteristics of biominerals. Journal of Inorganic Biochemistry 100,
88–96.

Sharp, J.O., Schofield, E.J., Veeramani, H., Suvorova, E.I., Kennedy, D.W.,
Marshall, M.J., Mehta, A., Bargar, J.R., Bernier-Latmani, R., 2009.
Structural similarities between biogenic uraninites produced by
phylogenetically and metabolically diverse bacteria. Environ. Sci.
Technol. 43, 8295–8301.

Spiro, T.G., Bargar, J.R., Sposito, G., Tebo, B.M., 2010. Bacteriogenic man-
ganese oxides. Accounts of Chemical Research 43, 2–9.

Stolarski, J., 2003. Three-dimensional micro- and nanostructural charac-
teristics of the scleractinian coral skeleton: a biocalcification proxy.
Acta Palaeontologica Polonica 48, 497–530.

Stumm, W., Sigg, L., Sulzberger, B., 1994. In: Buffle, J., DeVitre, R. (Eds.),
Chemical and biological regulation of aquatic systems. Lewis, Boca
Raton (Chapter 2).

Sumper, M., Brunner, E., 2008. Silica biomineralisation in diatoms: the
model organism Thalassiosira pseudonana. Chembiochem. 9, 1187–
1194.

Tebo, B.M., Johnson, H.A., McCarthy, J.K., Templeton, A.S., 2005. Geomi-
crobiology of manganese(II) oxidation. Trends in Microbiology 13,
421–428.

Templeton, A.S., Trainor, T.P., Spormann, A.M., Newville, M., Sutton, S.R.,
Dohnalkova, A., Gorby, Y., Brown Jr., G.E., 2003. Sorption versus
biomineralization of Pb(II) within Burkholderia cepacia biofilms. En-
viron. Sci. Technol. 37, 300–307.

Templeton, A.S., Trainor, T.P., Traina, S.J., Spormann, A.M., Brown Jr., G.E.,
2001. Pb(II) distributions at biofilm-metal oxide interfaces. Proceed-
ings of the National Academy of Sciences of the United States of
America 98, 11897–11902.

Tyson, G.W., Chapman, J., Hugenholtz, P., Allen, E.E., Ram, R.J., Richardson,
P.M., Solovyev, V.V., Rubin, E.M., Rokhsar, D.S., Banfield, J.F., 2004.
Community structure and metabolism through reconstruction of
microbial genomes from the environment. Nature. 428, 37–43.

Warren, L.A., Ferris, F.G., 1998. Continuum between sorption and precipi-
tation of Fe(III) on microbial surfaces. Environ. Sci. Technol. 32, 2331–
2337.

Warren, L.A., Haack, E.A., 2001. Biogeochemical controls on metal behav-
iour in freshwater environments. Earth-Science Reviews 54, 261–320.

Weiner, S., Dove, P.M., 2003. An overview of biomineralization processes
and the problem of the vital effect. Biomineralization. 54, 1–29.

Williams, R.J.P., 1984. An introduction to biominerals and the role of
organic-molecules in their formation. Phil. Trans. Roy. Soc. London
Series B-Biological Sciences. 304, 411–424.

Xie, X.H., Xiao, S.M., Liu, J.S., 2009. Microbial communities in acid mine
drainage and their interaction with pyrite surface. Curr Microbio 59,
71–77.

Yabusaki, S.B., Fang, Y., Long, P.E., Resch, C.T., Peacock, A.D., Komlos, J.,
Jaffe, P.R., Morrison, S.J., Dayvault, R.D., White, D.C., Anderson, R.T.,
2007. Uranium removal from groundwater via in situ biostimulation:
field-scale modeling of transport and biological processes. J. Contam
Hydrol 93, 216–235.


	Significance, mechanisms and environmental implications of microbial biomineralization
	Introduction
	Mechanisms of microbial biomineralization in polluted environments
	Importance of biomineralization in natural environments and identity of the microbes involved
	Impact of biomineralization on the biology of microorganisms.
	Conclusions
	Acknowledgements
	References


