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Microbially induced carbonate precipitation (MICP) is an important process in the synthesis of carbonate minerals,
and thus, it is widely explored as a novel approach with potential for many technological applications. The
processes and mechanisms involved in carbonate mineral formation in the presence of microbes are not yet fully
understood. This research covers the current knowledge regarding the role of microbial cells and metabolic
products (e.g., extracellular polymeric substances, proteins and amino acids) on the adsorption of divalent metals,
adsorption of ionic species and as templates for crystal nucleation. Moreover, they can play a role in the mineral
precipitation, size, morphology and lattice. By understanding how microbes and their metabolic products promote
suitable physicochemical conditions (pH, Mg/Ca ratio and free carbonate ions) to induce carbonate nucleation and
precipitation, the manipulation of the final mineral precipitates could be a reality for (geo)biotechnological
approaches. The applications and implications of biogenic carbonates in areas such as geology and engineering

are presented and discussed in this research, with a major focus on biotechnology.

carbonates microorganisms bacteria biomineralization

| 1. Introduction

Carbonate sediments are abundant as shallow-water limestones throughout the Phanerozoic and as both shallow-
water limestones and deep pelagic ooze since the end of the Triassic period . Classically, carbonates have been
thought to be formed via abiotic chemical diagenetic processes consisting of four key steps: (i) the increase in the
calcium concentration, (ii) a high concentration of dissolved inorganic carbon, (iii) an increase in the
water/seawater pH (the “alkalinity engine”) and (iv) the availability of nucleation sites [&. Nonetheless, in the
deposition processes of carbonates, such as calcite B, aragonite [, vaterite &, Mg-calcite 8 or dolomite 4, and
even in the precipitation of other minerals, such as phosphates BIRILY oxides 1112 sylfur/sulphates 12114 and/or
silicates 23, microorganisms have been frequently considered to play a key role in their mineral nucleation and

precipitation, performing a process known as biological mineralization.

Biomineralization is defined as the ability of certain organisms to form minerals by favoring their chemical
precipitation as a side consequence of their metabolism [L6IL718IA9N2021][22]  \Many organisms are able to
biomineralize, from microbes to superior organisms, such as mollusks, corals, crustaceans or some species from
the Hymenoptera order that are able to create exoskeletons, such as shells, and endoskeletons, including mammal
and bird’s bones [2311241(25][261[27](28](29] 'Bacterial cells can offer nucleation sites on their cell wall surface to the ions
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implicated, and, additionally, such ions can interact with molecules excreted by the cells present in the micro-
environment, such as extracellular polymeric substances (EPS) or even organic acids 2. This process can also be
subdivided into two types: (i) biologically induced mineralization (BIM), which occurs when an organism modifies its
local environment creating conditions such that there is extracellular chemical precipitation of mineral phases; (i)
biologically controlled mineralization (BCM) in which, as opposed to BIM, a genetic control of the biomineralization
is exerted by the microbial cells 1. One of the most studied examples of biomineralization is the precipitation of

calcium carbonate minerals, with great influence on microbial metabolism BY[B31],

Microbial mats, which are composed of thick layered films on microorganisms, mainly bacteria and archaea 22, or
only bacteria B3l are well known as biomineralizing organisms. The study of microbial mats and how they
influenced the early Earth’s environmental conditions is fundamental, as it provides a record of the past climate

changes on Earth, extending back to the Precambrian [341331[36],

Bacteria and archaea may induce and control the precipitation of carbonate minerals at the nano- and micrometric
scale. The different products of their metabolism, such as proteins (especially enzymes), polysaccharides and
other EPS, and the charged groups embedded in their microbial cell walls, by interacting with anions and cations,
affect the crystal properties and chemical composition of the minerals. With respect to chemical deposition, the
microbial activity can enhance the reaction rates, providing a favorable way to accumulate minerals to be
recovered for applied purposes, and may modify carbonate mineral structures, such as CaCOj;, conferring
properties different from those originating from the sole chemical precipitation, as illustrated in Figure 1. The
elucidation of the undergoing molecular mechanisms might be very advantageous for generating products for the
industrial application of carbonates, which could also be scalable and economically profitable 2. Photosynthetic
microorganisms (algae and cyanobacteria), dissimilatory sulfate-reducing bacteria, heterotrophic microorganisms
that produce and use organic acids, and (macro-)microorganisms involved in the nitrogen cycle either performing
ammonification, amino acid metabolism, or hydrolysis of urea are being studied for microbially induced carbonate
precipitation (MICP) B9, Nonetheless, not only can such microorganisms precipitate carbonates but also higher
organisms such as corals which precipitate carbonates as mechanical support in coral reefs or shell-producing

animals.
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Figure 1. Circle diagram showing the biogenic formation of carbonate minerals. The compendium of minerals
found in the natural environments (brown circle), microorganisms capable of forming carbonate minerals (purple
circle) and the biochemistry of the process at a nano- and micrometric scale involving the biomacromolecules
produced by the microorganisms that interfere in the nucleation and mineral growth process (green circle),
resulting in the biogenic creation of minerals associated to biological processes (center). The SEM image in the
center represents rounded spherical crystals made of Ca-Mg carbonate (white arrows) bonded together by EPS

(red arrows). Scale bar: 10 um.

Just to list a few of the potential biotechnological applications of MICP, it has been studied and demonstrated that
MICP, in combination with other biomineralization processes, such as enzymatically induced carbonate
precipitation (EICP), could be useful for the control of dust in polluted cities B2 as well as in the consolidation of
ground and sands that have been affected by rainfall erosion 8. MICP and enzymatic treatments have also been
considered to trap heavy metals in carbonate crystalline structures for the bioremediation of metal-contaminated
soils B2, In addition, enzymatic treatments have been studied to enhance sand biocementation in calcareous
beaches by immobilizing ions in the sand pores 49, Carbonates are important resources as well, since limestone
and dolomite are reservoir rocks that contain approximately 38% of the planet's oil and gas reserves 41, and they
are important freshwater aquifers in many regions 2. Therefore, carbonates are essential as resources of energy
and water for the future 43!, Carbonates are also considered potential geological deposits for the injection of CO,,
removing it from the atmosphere and storing it underground after mineralization processes, thus contributing to

reducing greenhouse gasses and the effects of climate change 44,
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| 2. Biopolymers Associated with Carbonates
2.1. Adsorption and Linkage of Metal

The EPS are generally made of high molecular weight molecules with charged functional groups and possess both
adsorptive and adhesive functions. Thus, EPS can serve as a source of natural ligands that provide binding sites
for other charged groups, including metals 2. The EPS present a high ability for metal binding generally higher
than mineral sorbents 481, The ability and properties of microbial EPS have been studied and characterized 32,
The EPS and negatively loaded proteins in the cellular membranes can attract metal cations (e.g., CaZ*, Mg?* and
Fe2*"), increasing the ion concentration in the surrounding environment of the microbial cell. Such process may lead
to ion supersaturation in the cell surrounding, which enhances the changes in the carbonate mineral nucleation and
precipitation. However, as Ca?* can be attracted by electrostatic interactions, many other divalent metal cations
could be attracted following the same physicochemical reasoning, such as Cd%*, Cu?*, Fe2*, Mg2*, Mn?*, Ni%*,
Pb2* and Sr2*. Once other metals are attached to the cell walls, or the proteinaceous S-layers and the conditions
are favorable, such metal cations can slip in the previously formed crystalline structure following the ionic exchange
with CaZ*. Such metal-mineral-microbe interactions can reshape the chemical nature of the carbonates though

biomineralization to molecules other than calcium carbonates, such as strontium carbonates, magnesium
carbonates or iron carbonates [Z[B91147][48][49][50][51][52][53][54][55][56]

Many studies have concluded the main role of EPS in concentrating these divalent ions [48I531(541[55](57][58](59][60][61]
(621 |n an experiment that tried to characterize the differences in the interactions between biofilms and metal ions,
when the biofilms (EPS) were deposited in (i) commercial plastics or (ii) periphyton (a natural substrate of EPS in
freshwater environments), it was shown that EPS organic components, such as amines and phenolic compounds,
could attract and bind metal ions of Cu(ll) and Cd(ll) very quickly. Additionally, amidic and aliphatic components of
EPS showed a preferential binding to heavy metals €3], The implications of the metal-binding properties of bacterial
EPS and its possible role in the bioaccumulation of pollutants in the marine food chain were under study after the
isolation and purification of EPS synthesized by species of Marinobacter species ¢4, It was demonstrated such a
type of EPS bind more efficiently Cu?* than Pb2* per mg of EPS, preferentially at a neutral pH. It was also shown
that the adsorption increased with higher concentrations of the metals to bind, but certain factors such as

increasing concentrations of NaCl decreased adsorption rates, as simplified in Figure 2.

https://encyclopedia.pub/entry/39625 4/20



Microorganisms in the Nucleation of Carbonates | Encyclopedia.pub

Ca2t

@} @ @ Ca? OH
H OH o (@)

g g g

)

Increase of binding affinity

Figure 2. Simplified scheme showing the possibilities of interaction between charged molecules found in EPS and
calcium ions, in this case. The red molecules represent any divalent ion, such as Ca?*, Mg?*, Fe?*, Sr?*, Mn?* or
Ba?*, found in the solution in the surroundings of the EPS—cells association. As the negative charges of the
chemical groups present in the matrix increase their ionic strength, the binding affinity between the ions becomes

stronger (from left to right).

Charged groups exposed on the cell walls of microorganisms, such as amino, carboxyl and phosphoryl groups, can
have a role in the interactions with metal ions, especially at a neutral pH. In general, the amount of negative
charges on the cell wall surfaces exceeds the number of positive charges, so the whole cell wall has an anionic
nature 83, This anionic superficial charge is responsible for the first stage of mineral formation. In order to balance
the differences between negative charges on the cell walls and the positive charges of metals in the surrounding
environment, which determine the decrease in free energy, the precipitation of metals occurs and leads to the

formation of the mineral (881,

2.2. Polymers Influencing Size, Morphology, Texture and Chemical Composition of
Carbonate Minerals

Since microbes are involved in biomineralization processes, much effort has been put into trying to understand how
they can actually influence the final mineral formed. There is some evidence that superior organisms and
microorganisms are able to tightly control biomineralization processes during MICP. Bioprecipitation starts with the
formation of nanoclusters and nanopatrticle precursors. Different organisms such as mollusks can orchestrate the
type of calcium carbonate polymorph that will result from the biomineralization. According to the free energy and
enthalpy values of the different polymorphs of certain minerals such as carbonates, the differences are so small
that reversions to the stability state can occur (7. Taking this into account, a possible strategy followed by the
microorganisms to control the final polymorph might be related to the control of the initial size of the crystals 7,
This step could be biotechnologically manipulated by monitoring the ionic strength, supplying controlled
concentrations of reactants, and by adding certain organic and inorganic molecules to the growth medium.

Therefore, obtaining the desired polymorph with relatively uniform size distributions could be feasible. Calcium
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carbonate polymorphs constitute a special case: vaterite is less dense than calcite, and aragonite is denser than
calcite. Vaterite and aragonite are formed as metastable phases in the biomineralization processes, being the most
stable polymorph calcite. The addition of certain impurities, such as Mg?*, to the mineral seed surfaces could lead
to changes in the superficial energy and finally influence the polymorph formed. Considering that the three main
polymorphs of calcium carbonate minerals have very similar free energy, the addition of certain impurities can
hamper their stability and control the kinetic and thermodynamics of the crystallization and which phase crystallizes
in the end 7. It has also been demonstrated that alcohols can affect the crystal morphologies, polymorphs (68169

and Mg composition 9,

The presence of microorganisms may deeply influence the mineral crystal size, morphology and type of polymorph.
Liu et al. (2021) [ obtained and characterized crystals of amorphous calcium carbonate (ACC) and vaterite
carbonate polymorphs synthesized by Bacillus subtilis in the presence of organic matter, nanometric crystals of
different shapes and elemental compositions nucleated in an organic matrix. The influence of the Ca?*
concentration positively affected the biomineralization rate, and a Ca2* concentration above 0.8% affected the
guantity, morphology and structure of CaCO3 crystals. The EPS might potentiate the formation of vaterite,
regarding the formation of inorganic—organic complexes. On the contrary, proteins released in the medium resulted
in inhibition of the stabilization of the unstable/metastable polymorphs into calcite. Braissant et al. (2003) 72
demonstrated the role of EPS and L-amino acids present in the medium determining the size and shape of
minerals precipitated by Xanthobacter autotrophicus. Changes in the concentrations and composition of EPS lead
to precipitated calcite and vaterite crystals with different spatial configurations. Chekroun et al. (2004) 23! showed
that the presence of calcite and vaterite crystals with different morphologies were associated to the presence of
living or dead cells and that the organic molecules promoted calcium carbonate growth. Coccolithophores and their
ability to create small crystals of calcite (coccoliths) in marine habitats have also been related to MICP processes.
In the model species Pleurochrysis carterae, a unicellular microalgae, it was shown that the interaction of the
coccoliths with vertical gel-like structures inside the Golgi contributed to the final morphology of the mineral 74!,

This interaction was combined with the 3D structural action of the coccolith lipidic membrane.

Specific macromolecules can control the crystal phase or even shape the lattice structure that forms the crystal
texture, size and orientation of single-crystal domains and the macroscopic shape of the crystals 22737877 The
influence of certain biopolymers in the crystallization of calcium carbonates was tested 8, determining that the
influence of nongelling biopolymers (xantan and gellan) and stack-line rhombohedra aggregates were formed,
while in the presence of gelling biopolymers (pectin, sodium alginate and k-carrageenan) influenced rosette-like
aggregates. The concentration of these biopolymers also affected the propensity to nucleation. Additionally,
microbial EPS composed of acid polysaccharides has been demonstrated as influential in the nucleation and
precipitation of amorphous phases (ACC) that precede the formation of more thermodynamically stable phases

(e.g., calcite or high Mg-calcite) (2,

Eukaryotic lysozyme can play an important role in calcification in avian eggshells B9, Experimental approaches in
determining the influence of this enzyme in the morphology and size of carbonate crystals B2 demonstrating that,

under non-biotic conditions, hexagonal platelets of vaterite and spherical vaterite aggregates were the main
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components of the precipitate, being crystal faces well expressed in the hexagonal direction. In contrast, in the
presence of lysozyme, calcite was favored to precipitate after dissolution-crystallization starting from vaterite, in the
same conditions and after the same time reaction, and this effect was dependent on lysozyme concentration. Thus,

lysozyme might accelerate the precipitation process and influence the final polymorph.

Hernandez-Hernandez et al. (2008) 1], investigating the effect of globular proteins, such as lysozyme, myoglobin,
alpha-lactalbumin and ribonuclease-A, on CaCO3 precipitation, found that the superficial charge and type and
guantity of ionizable charged amino acids enhanced the biomineralization process and proposed the following
reasons for such an effect: (i) the presence of different charges on the protein surface led to different preferential
adsorption of these proteins to specific crystal faces, decreasing the mineral formation rate; (ii) the effects of the
morphology of the calcite growth varied depending on the nature of the charges; (iii) all the proteins favored
precipitation of calcite among the different types of polymorphs; (iv) acidic proteins at low concentrations inhibited
the precipitation of vaterite and calcite. It was proposed that acidic proteins tend to act as nucleation sites for
calcite because of the strong attraction of Ca2* ions to the surface. However, in the case of alpha-lactalbumin, its
high affinity acted as a chelate, sequestering the calcium ions and, thus, reducing the precipitation. Interestingly,

lysozyme, resulting from such a study, enhanced the precipitation rate even though it was positively charged.

In some recent studies, the control of MICP by ureolytic-driven activities has been investigated (283l The
expression of a green fluorescent protein (GFP) was used as a genetic marker of MICP to compare the
biomineralization performances of Sporosarcina pasteurii, with low vs. high ureolytic activity rates 2. In another
recent work 83 it was demonstrated for the first time that the morphology and nanomechanical properties of
CaCO;3 can be adapted if the metabolic activities and precipitation kinetics of certain ureolytic microorganisms are
modulated or controlled via genetic engineering. It was hypothesized that microorganisms with low urease activity
rates would produce larger calcite crystals. Two genetically engineered strains of E. coli were compared with
natural S. pasteurii strains, well known for their MICP capacity. The results highlighted that the modified strains
were able to precipitate the calcite crystals, firstly performing a quick and almost complete depletion of calcium ions
present in the medium and, at the same time, an increased average size of the crystal. This higher concentration of

calcite did not affect the viability of the strains.

These initial studies demonstrated that the interactions of microorganisms and organic compounds, including EPS
and enzymes, are important for defining the rates and properties of MICP and provided the proof of concept that
the modulation of the final characteristics of the precipitated minerals is possible by manipulating microorganisms
even by genetic modifications.

2.3. Polymeric Substances Secreted by Microorganisms and Micritization,
Lithification and Porosity Processes

Microbial geoactive interaction with the environment has been widely studied for understanding the
biotransformation of elements, biogeochemical cycling and metal and mineral transformations (483 as well as

from an application perspective for enhancing and controlling biomining or bioleaching processes 29, Because of
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the variety of properties displayed on their charged surfaces and their versatile metabolic activities,
microorganisms can induce profound changes in the metal composition in their environment, or they can enhance
or mitigate the toxicity of such metals in the environment as well as modulate mineral precipitation and formation,
dissolution or deterioration 8871, Metals and/or minerals are directly involved as passive and/or active promoters
of the microbial metabolism B2 also in relation to the metal speciation, the changes in which can cause an
increase or decrease in the metal mobility (8. Metal speciation is directly influenced by microorganisms that use
different processes to modulate the chemical state of the minerals, including direct redox transformations, protein—
ligand binding reactions, organic- and inorganic-mediated precipitation, active transport, externalization and
intracellular compartmentalization. The metal-binding abilities that present the negatively charged proteins are
particularly enriched at the cell wall level and especially at membrane levels, either on the external cellular

membrane of those delimiting organelles or cell compartments inside the cell 43441,

Among the different types of minerals, carbonates are strongly influenced by microorganisms for their turnover,
precipitation and solubilization. A quite large range of microorganisms, including eukaryotic algae, fungi and
bacteria, can have important roles in the precipitation of carbonates, such as aragonite (CaCO3), dolomite [Ca,
Mg(COs3),], calcite (CaCO3) and Mg-calcite as well as vaterite (CaCO3) and ACC 47414861 Once carbonate
precipitates are formed, several geochemical and geological processes modify the initial crystalline structure in

order to stabilize the mineral at the nano- and micrometric-scale, in a process known as ‘micritization’.

Micritization, known to occur in marine shallow waters, can be defined as a diagenetic process in which the original
fabric of carbonate grains is gradually altered to cryptocrystalline textures by the repeated cyclical boring and filling
of boreholes with micritic precipitates catalyzed by the interaction of abiotic and microbially mediated processes 2
(991 1t was thought that biotic processes at the nanometric and micrometric scale follow the same path as the
abiotic process according to nucleation theory; the formation of the mineral occurs by the attraction of ions to affine
molecules in a supersaturated solution, and the consequent formation of chemical boundaries initiate the physical
shaping of a nucleus, also with pH and temperature optimal conditions 29, Due to the fact of electrostatic
interactions, the initial nucleus would start attracting more and more ions from the solution, and the precipitation
and growth of crystals would eventually occur B, The selection of specific isomorphs is determined by the
superficial free energy followed by the orientation of the initial nucleus in space. The following interactions between
mineral particles and the variable physicochemical changes in the near environment would further modify the
metastable isomorphs in order to reach the most stable mineral phase to be stabilized at the minimum free energy
(e.g., in case of carbonates, from vaterite, aragonite or low Mg-calcite to calcite or high Mg-calcite). Nonetheless,
several studies have suggested that such a process is a simplified view of what is indeed occurring during
biomineralization and that additional more complex steps are needed for achieving the final crystal structure. For
example, it has been observed in the biotic processes of teeth formation in some organisms that an amorphous
carbonate phase, such as ACC, first occurs as a precursor to the final mineral, not necessarily through a nucleation
process 2288134 |n such a type of mineral formation pathway, the initial nucleus leads to an amorphous
momentaneous stable phase. Geological records found in the Wolfenden tufa (British Columbia) suggest that the
precipitation of nanocrystalline calcite was preceded by the precipitation of ACC and an intermediate

monohydrocalcite (MHC). This finding was astonishing, since ACC, as a first stage to nucleation and precipitation
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of calcite, is not usually observed in nature. The ACC effect in nucleation and precipitation of aragonite has been
mostly described in cold water environments 23, This record also provides insight into the nucleation and
depositional effects of microbial biofilm (EPS), resulting from the bacterial metabolism, that provided nucleation
sites because of the acid polysaccharides found in the matrix may stabilize the formation of the ACC 2. Although
amorphous precursors have been considered and studied in biomineralization processes, the formation of an ionic
nucleus cannot be excluded from the process of mineral synthesis. Despite analogies with the abiotic
mineralization process, minerals resulting from biotically mediated processes exhibit higher complexity because of
the many different interactions with the organic matrix and biological compounds, which influence the final size,
shape, polymorph or physicochemical properties of the minerals that, as a whole, can have rather different

properties from those produced abiotically 28],

Endolithic microorganisms capable of boring minerals have been associated to the micritization, lithification and
coastal erosion processes in marine environments 24, Such endoliths encompass a large taxonomically and
evolutionary nonhomogeneous group of microorganisms, including photosynthetic cyanophytes, eukaryotic
green/red algae and heterotrophic fungi, that actively penetrate carbonate substrates and actively rebuild the
minerals. These groups of endolithic microorganisms are widespread in different geological areas throughout the
Phanerozoic record 24, A mechanism proposed for the precipitation of calcium carbonates is mediated by P-type
ATPases, which modulate Ca?* concentrations by exchanging these ions against a concentration gradient for
obtaining energy 8. The ultimate reason(s) to perform such boring activity is debated, and the acquisition of
nutrients, the competition for resources, the protection from physically extreme conditions such as UV radiation,
escaping from predation or the prevention of detachment from rocks because of water currents have been
proposed, among others 22, For instance, in microbial mats it has been shown that EPS remains attached to the
CaCO; formed as a consequence of the microbial metabolism, and, thus, it could be expected that its presence
might influence the late diagenetic processes [100I[101][102][103][104]

Another relevant example of the contribution of microorganisms to porosity, lithification and micritization processes
is found in microbialites. Microbialites are extremely diverse benthic sedimentary deposits made of carbonate mud-
sized crystals (with a particle diameter of less than 5 pm) formed by the mediation of microorganisms 193 The
diversity of microbialites, which can vary depending on the type of paleoenvironment, can be explained by the
enormous heterogeneity of microorganisms forming the ancient microbial mats or microbial communities where
these sediments were formed. Thus, the “trapping and binding” activities mediated by the microbial cell walls and
EPS, which can interact with metals and ions and provide the physicochemical conditions to determine the mineral
precipitation, vary with the microbial types and the occurring environment and led to the formation of different types
of microbialites, such as oncoids, thrombolites, skeletal stromatolites, agglutinated stromatolites, micritic-evaporitic
stromatolites and fenestral laminities 1981071 For instance, in the case of the oncoids, the most common
microbialites and the conditions for their formation in most freshwater habitats are related to the high saturation of
carbonate ions, which combined with the metabolic activity of cyanobacteria led to the precipitation of the calcium
carbonates 1981 Nonetheless, the grainy faces observed in this type of microbialites, combined with the continuous
laminae and truncations in the oncoid cortices, suggest that they accumulated in waved or hectic environments, but

the appearance of discontinuous laminae and stromatolitic overgrowths might indicate that, in some periods, the
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hydrodynamic forces were not enough to overturn the oncoids 299110 s,ch observations highlight the influence of

environmental conditions on the formation of microbialites.

Reid et al. (2000) 111 defined a series of mechanisms implicated in the formation of modern and possibly ancient
stromatolites by an interplay between the stages of sedimentation and periods of lithification associated with a
succession of microbial communities. The lithification stages were suggested to be dependent on two main
microbial processes: (i) heterotrophic bacterial respiration and (ii) photosynthetic activity by present cyanobacteria.
Thus, the laminated structures observed in stromatolites could be related to a micritization process in surface
biofilms occurring during discontinuities in sedimentation processes 111 The same authors proposed that
microboring and precipitation are related to the presence of thicker layers of fused grains that might result from the
degradation of the polymer in boreholes. Such observations provide new insight into the role of microbes and

lithification for the formation of the stromatolites in the Precambrian [112],

Microbial mats trap and bind particles, as well they induce mineral precipitation, both processes that contribute to
the lithification of the mat. When mats are lithified, they start being known as microbialites or stromatolites, which
are fossilized 223l This is why microbial mats are considered living analogues and potential precursors of
stromatolites, which were among the first biological structures capable of MICP established on the ancient Earth
(1141 By reconstructing the chemical metabolic signatures performed by different microorganisms fossilized in these
stromatolites, it would be possible to learn more about how the ancient atmosphere or ancient seas were
composed. Moreover, stromatolites contain the geochemical key to the understanding of the evolution of microbial
life on Earth (2. As a remarkable example, the characterization of the cyanobacteria Geitlerinema sp., as one of
the dominant microorganisms found in microbial mats and analogous stromatolites, has led to the suggestion that
these microorganisms greatly contributed to the oxygenation of the ancient Earth’s atmosphere (62, Before this
event took place, some hints in fossilized stromatolites have proved that arsenic was a chemical choice for ancient
photosynthesizers and respirators. Experiments and measures of a purple microbial mat in Laguna la Brava, in the
Atacama Desert in Chile, showed high levels of arsenic, sulfur and lithium but not oxygen 113, The experiments
performed with microorganisms isolated from the microbial mat led to the conclusion of the existence of an arsenic
cycle linking photosynthesis and respiration carried out by purple sulfur bacteria and arsenate-reducing bacteria in
what is called arsenic-cycling mats. Since the Atacama Desert shares so many similarities with extraterrestrial
bodies such as Mars, the understanding of current and ancient life in this ecosystem might shed light onto life on
other planets 118l The approaches used on living microbial mats can be adapted for understanding more the
composition of ancient microbial mats. These methods mainly consist of the analysis of fossilized proteins
embedded in ancient carbonates 1171181191 and even polysaccharides well preserved into the mineral structures
(1201 hints that could lead to a better comprehension of the formation processes of modern and ancient
microbialites. Further research on the taxonomy of microorganisms involved in the diagenetic processes will lead to
a better understanding of the role of organics secreted by microorganisms and how their properties and chemistry
may influence mineral precipitation, growth and evolving changes in carbonate structure that are observed in many
rock samples from different geographical locations around the globe. Not limited to that, these studies may

increase the knowledge regarding the ancient past.
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| 3. Conclusions

Many different microorganisms and higher organisms can induce and determine MICP through the production of
EPS, enzymes, amino acids and other organic metabolites that by their interactions determine the type and rate of
the process. Many studies have focused on the molecular routes and metabolic pathways activated by these
organisms that determine and regulate the precipitation process, suggesting that the final properties of the minerals
obtained are genetically regulated and control of the process is achievable. Understanding the parameters for the
synthesis of the organic molecules involved in MICP and EICP might shed light on developing fine-tune control of
these processes for biotechnological applications. Carbonates are important molecules for carbon stock and for

potentially regulating the current trends in CO, accumulation in the atmosphere.

Moreover, carbonates are very useful minerals in several engineering, medical engineering and geological
applications. Although many questions remain to be answered regarding the role of microorganisms in the
production and turnover of carbonates, such as the kind of microorganisms able to induce the process and their
ecology and interactions; the role of the environmental factors involved; or the role and mechanisms of the
biological molecules (EPS, proteins, enzymes, organic cofactors, organic acids, etc.) involved, current research
has shaped the biologically mediated precipitation and rearrangements of carbonates as a world-scale process that
has very great interest for the protection of the environment, regulation of the climate and application in many
(geo)biotechnological problems that may contribute to the understanding of the past of our planet and the search

for life on other planets.
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