

[image: image1]
Microbially Induced Calcium Carbonate Precipitation (MICP) and Its Potential in Bioconcrete: Microbiological and Molecular Concepts









	
	REVIEW
published: 10 June 2019
doi: 10.3389/fmats.2019.00126





[image: image2]

Microbially Induced Calcium Carbonate Precipitation (MICP) and Its Potential in Bioconcrete: Microbiological and Molecular Concepts


María José Castro-Alonso1, Lilia Ernestina Montañez-Hernandez1, Maria Alejandra Sanchez-Muñoz1, Mariel Rubi Macias Franco1, Rajeswari Narayanasamy2* and Nagamani Balagurusamy1*


1Laboratorio de Biorremediación, Facultad de Ciencias Biológicas, Universidad Autónoma de Coahuila, Torreón, Mexico

2Facultad de Ingeniería, Ciencias y Arquitectura, Unidad Gomez Palacio, Universidad Juárez del Estado de Durango, Durango, Mexico

Edited by:
Libo Yan, Technische Universitat Braunschweig, Germany

Reviewed by:
Ru Mu, Hebei University of Technology, China
 Sriramya Duddukuri Nair, Cornell University, United States
 Aijuan Zhou, Taiyuan University of Technology, China

*Correspondence: Rajeswari Narayanasamy, naraya@ujed.mx
 Nagamani Balagurusamy, bnagamani@uadec.edu.mx

Specialty section: This article was submitted to Structural Materials, a section of the journal Frontiers in Materials

Received: 02 March 2019
 Accepted: 14 May 2019
 Published: 10 June 2019

Citation: Castro-Alonso MJ, Montañez-Hernandez LE, Sanchez-Muñoz MA, Macias Franco MR, Narayanasamy R and Balagurusamy N (2019) Microbially Induced Calcium Carbonate Precipitation (MICP) and Its Potential in Bioconcrete: Microbiological and Molecular Concepts. Front. Mater. 6:126. doi: 10.3389/fmats.2019.00126



In this review, we discuss microbiological and molecular concepts of Microbially Induced Calcium Carbonate Precipitation (MICP) and their role in bioconcrete. MICP is a widespread biochemical process in soils, caves, freshwater, marine sediments, and hypersaline habitats. MICP is an outcome of metabolic interactions between diverse microbial communities with organic and/or inorganic compounds present in the environment. Some of the major metabolic processes involved in MICP at different levels are urea hydrolysis, denitrification, dissimilatory sulfate reduction, and photosynthesis. Currently, MICP directed by urea hydrolysis, denitrification, and dissimilatory sulfate reduction has been reported to aid in the development of bioconcrete and has demonstrated an improvement in the mechanical and durability properties of concrete. Bioconcrete is a promising sustainable technology which reduces negative environmental impact caused by CO2 emissions from the construction sector, as well as in terms of economic benefits by way of promoting a self-healing process of concrete structures. Among the metabolic processes mentioned above, urea hydrolysis is the most applied in concrete repair mechanisms. MICP by urea hydrolysis is induced by a series of reactions driven by urease (Ur) and carbonic anhydrase (CA). Catalytic activity of these two enzymes depends on diverse parameters, which are currently being studied under laboratory conditions to better understand the biochemical mechanisms involved and their regulation in microorganisms. It is clearly evident that microbiological and molecular components are essential to improving the process and performance of bioconcrete.
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INTRODUCTION

Concrete is the most used construction material due to its resistance, durability and low cost in comparison to other construction materials. Annually, more than 10 billion tons of concrete are used at a global level and experts have predicted that the concrete demand is likely to grow to 16 billion tons in 2050 The current technology employed by the construction industry generates a negative impact on the global environment and economy. The industrial process involved in cement production from lime (precursor of concrete), consumes between 2 and 3% of the global energy demand, generating 0.73–0.99 t CO2/t of cement produced, which accounts for about 8–10% of the global anthropogenic emissions of CO2 and 3.4% of the total CO2 global emissions (Achal et al., 2016; Aprianti, 2017; Miller et al., 2018). Increase in consumption of concrete is a consequence of the susceptibility of infrastructures to physical, chemical and biological factors such as temperature variations, exposure to corrosive and radioactive substances, aggressive gases, natural disasters, and microbial activity (Jroundi et al., 2010; Narayanasamy et al., 2010; Achal et al., 2016; Siddique et al., 2016; Turick and Berry, 2016; Van Tittelboom et al., 2016). These factors cause microcracks formation, which affect mechanical and durability properties of concrete such as compressive strength, flexural strength, and permeability, consequently reducing the useful life of concrete (Achal and Mukherjee, 2015) and increasing the cost of the maintenance and repair of infrastructures. Although the global cost of concrete production ranges between € 60/m3 to € 75/m3, the average cost for crack repair in Europe is about € 130/ m3 (Silva et al., 2015), which reveals the high cost involved in the maintenance and repair of concrete structures. In the last two decades, incorporation of a bacterial metabolic process known as Microbially Induced Calcium Carbonate Precipitation (MICP) has emerged as an alternative method to reduce the cost and environmental impact. Bioconcrete production is based on the addition of bacteria with the ability to induce the formation of minerals (biomineralization) from the cement matrix. This process is facilitated through the ingress of water, CO2 and other chemical substances such as SO4 and [image: image], among others (De Muynck et al., 2008; Jonkers et al., 2010; Dhami et al., 2014; Achal and Mukherjee, 2015; Bundur et al., 2015; Verma et al., 2015), aids in self-healing and improves the physical and mechanical properties of the concrete structure. Of late, several reviews have been published on biotechnological aspects of bioconcrete (Zhu and Dittrich, 2016; Joshi et al., 2017; Krajewska, 2018; Jain and Arnepalli, 2019), but microbiological and molecular concepts of MICP and the mechanisms of MICP by different microbial groups have not yet been reported. In this review, types of biomineralization processes, metabolic pathways employed by diverse microbial groups and the genetic factors in relation to urease and carbonic anhydrase activities associated with MICP are discussed.

BIOMINERALIZATION

The biomineralization process consists of the biological synthesis of minerals by microorganisms. In nature, biomineralization processes are widespread in different environments and they involve microorganisms of different taxonomies and with diverse metabolic pathways. Carbonates, phosphates, silicates, sulfates, sulfides, oxides, or hydroxides along with a variety of cations such as Ca2+, Fe, Mg2+, and MnO2 form biominerals through microbial activity. The process also involves organic macromolecules such as proteins, polysaccharides, glycoproteins, and proteoglycans, which function as skeletal support (Fu et al., 2005; Ghosh et al., 2009; Sarayu et al., 2014). Biomineralization is divided into three mechanisms: Biologically Controlled Mineralization (BCM) (Figure 1), Biologically Induced Mineralization (BIM) (Figure 2), and Biologically Mediated Mineralization (BMM) (Figure 3) (Dupraz et al., 2009; Achal et al., 2015). In BCM (Figure 1), the metabolic activity of the microorganism controls nucleation, composition, localization, and the morphology of biominerals. This mechanism could be an extracellular (BCMe) (Figure 1A), intracellular (BCMin) (Figure 1B) and an intercellular (BCMint) process (Figure 1C) with the participation of organic macromolecules exopolysaccharides (EPS) or vesicles. The importance of the regulation of genes on structure, composition, and intrinsic specific morphology of biominerals has also been mentioned previously (Weiner and Dove, 2003).


[image: image]

FIGURE 1. Schematic representation of Biologically Controlled Mineralization (BCM). (A) BCMe, nucleation of minerals occurs in organic matrix by passive diffusion of cations out of the cell. (B) BCMint, epithelial surfaces of the cells serve as organic substratum and they orient and shape the precipitation of biominerals around the surface (C) BCMin, the biomineral is formed in a specialized vesicle within the cells and subsequently is secreted. Adapted from Weiner and Dove (2003).
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FIGURE 2. Schematic diagram of BIM, precipitation of biominerals is induced due to the interaction between metabolic products of microorganisms and inorganic compounds present in environment. Adapted from Weiner and Dove (2003).
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FIGURE 3. Schematic illustration of BMM. Adapted from Dupraz et al. (2009).



In Biologically Induced Mineralization (BIM), minerals are precipitated indirectly due to the interactions between metabolic byproducts of microorganisms and ions present in the environment (Figure 2). However, the participation of microbial cells in composition, localization, and nucleation of minerals is limited. The minerals generated by BIM are characterized by their wide range in size of particulates, poor crystallinity, and morphology (Weiner and Dove, 2003).

In Biologically Mediated Mineralization (BMM), mineral formation is the result of an interaction between an organic matrix and organic and/or inorganic compounds without the necessity of extracellular or intracellular biological activity (Figure 3). Dupraz et al. (2009) excluded BIM and BMM from the biomineralization process and introduced a term organomineralization process for these mechanisms. The most abundant biominerals and organominerals contain calcium as the principal ion due to its participation in several fundamental processes in the cellular metabolism of organisms. Calcium-bearing minerals comprise 50% of the total of biominerals and organominerals formed and calcium carbonate is one of the most abundant minerals on earth, comprising 4% in weight of the earth's crusts. The precipitation of CaCO3 is a common phenomenon in marine waters, sediments, freshwater, soils and other environments, and this mechanism is known as the microbial precipitation of calcium carbonate (MCP). MCP can occur either actively or passively. BIM (active) known as Microbially Induced CaCO3 Precipitation (MICP) and or passively BMM (passive) occurs through the interaction of the organic matrix (EPS) and calcium ions without the necessity of direct biological activity. In BMM, functional groups such as carboxylic acids (R-COOH), hydroxyl groups (R–OH), amino groups (R–NH2), sulfate- (R–O–SO3H), and sulfhydryl groups (–SH), deprotonate due to an increase in pH, which results in an overall negative charge of extrapolysaccharides produced by the cell which facilitates its binding to metal ions. The role of the organic matrix on the morphology and mineralogy of calcium carbonate crystals (Dupraz et al., 2009; Perito and Mastromei, 2011; Sarayu et al., 2014) is presented in Figure 3.

MICROBIALLY INDUCED CALCIUM CARBONATE PRECIPITATION (MICP)

In MICP, calcium carbonate mineral formation is the result of the interaction among different metabolic byproducts, viz., (HCO3−) and calcium ions present in the microenvironment (Perito and Mastromei, 2011; Achal et al., 2015; Salman et al., 2016). Though, it has been reported that MICP occurs only through extracellular means, several studies showed intracellular precipitation of calcium carbonates in cyanobacteria (Head et al., 2000; Couradeau et al., 2012; Benzerara et al., 2014; Cam et al., 2015). Head et al. (2000) reported that Achromatium oxaliferum precipitates calcite crystals through intracellular means. They observed that more than 70% of the total volume of cells size is occupied by intracellular inclusions of calcium carbonate crystals, surrounded by membranes without vesicles formation. More recently, Xu et al. (2019) reported the calcite and aragonite precipitation through virus induced lysis of cyanobacteria cells and suggested that this new mechanism is expanding the calcium carbonate biomineralization process.

MICP has been reported as part of numerous biotechnological applications such as remediation of soil and water contaminated by heavy metals, metalloids and cations (Ca2+) (Achal et al., 2011; Hamdan et al., 2011; Li et al., 2013; Kang et al., 2014; Chen et al., 2016), in soil bioconsolidation (Whiffin et al., 2007; Cheng and Cord-Ruwisch, 2012), in CO2 bio-sequestration (Yadav et al., 2014; Okyay and Rodrigues, 2015), and in self-healing concrete (bioconcrete) (Achal et al., 2010, 2015; Jonkers et al., 2010; Majumdar et al., 2012; Wang et al., 2014; Bundur et al., 2015; Siddique et al., 2016; Tziviloglou et al., 2016).

BIOCONCRETE

Adolphe et al. (1990) are the pioneers of the incorporation of MICP for the restauration of surfaces of ornamental stone. They obtained the patent for the MICP technique known as “bioconcept of calcite or biodeposition,” and this patent was expired in 2010. Nowadays, this biomaterial is known as bioconcrete. Bioconcrete can be defined as the concrete prepared through the addition of bacteria with the capacity for precipitation of calcium carbonate (MICP), and aids in sealing the cracks that appear in it, which is characterized as a self-healing property (Jonkers, 2011). Thus, bioconcrete is considered as one of the most environmentally-friendly and economic technologies since CO2 emissions and the cost of maintenance and repair could be minimized. Bioconcrete has three constituents: microorganisms capable of MICP, nutrients and calcium ions which form cementitious materials (Achal et al., 2015). Bioconcrete is gaining attention due to its self-healing feature and improvement of mechanical and durability properties of concrete structures. Several studies reported self-healing of cracks of (<0.5 mm) by Bacillus cohnii, B. pseudofirmus, B. subtilis, B. alkalinitrilicus, Pseudomonas aeruginosa, and Diaphorobacter nitroreducens (Jonkers et al., 2010; Wang et al., 2012, 2014; Ersan et al., 2015; Khaliq and Ehsan, 2016). Several studies have also been conducted in the restauration of historic monuments such as Thouars church tower (Le Metayer-Levrel et al., 1999; Tiano et al., 1999), Alcázar de Guadalajara (Jroundi et al., 2014), Angera Cathedral (Perito et al., 2014), and Castillo de Chapultepec (Aguilera et al., 2015) using MICP.

In last two decades, there are various studies on the different implementation strategies, to enhance the performance of bioconcrete through the protection of cells such as the addition of nutrient sources and different materials e.g., polyurethane, sol-gel ceramics, calcium sulphoaluminate cement, and magnetic iron oxide nanoparticle (IONS). These methods can benefit the bacteria to survive under harsh concrete matrix conditions such as a high pH (~13.5), limitation of nutrient and water ingress. Bang et al. (2001) incorporated Sporosarcina pasteurii immobilized on polyurethane, which increased compressive strength by 12%. It has also been reported that the addition of lactate in the concrete matrix increases compressive strength in a range of 10–17% over control (Achal et al., 2009; Jonkers and Schlangen, 2009; Mors and Jonkers, 2016). Chen et al. (2016) showed an increment of compressive strength of 56–72% by immobilization of Bacillus mucilaginous L3 and Brewer's yeast JCS 05 C4 on ceramsite with sucrose and yeast extract as the nutrient sources. Wang et al. (2014) employed microcapsules of spores enriched with urea, yeast extract, and calcium nitrate, and observed a 40% decrease in water permeability; however, compressive strength was reduced by 34%. However, (Xu and Wang, 2018) reported that when encapsulating bacteria in low alkali and fast hardening cementitious material, calcium sulphoaluminate cement increased the regain ratio of the compressive strength and water tightness by 84 and 50%, respectively, but the ureolytic activity was found to be lower in encapsulated spores than in the free spores. It can be concluded that the success of a microencapsulation strategy depends on the compatibility of the material used for the capsule as well it's size and distribution through the concrete matrix. Despite the fact that microencapsulation could affect mechanical properties like compressive strength, in some cases it is found to improve water tightness and aids in the activity of bacteria for a long period (120–150 days). Later, Seifan et al. (2018) evaluated the potential of magnetic iron oxide nanoparticles' (IONs) addition in concrete mixtures, on growth and activity of bacterial cells. They observed that while 150 μg/ml of IONs significantly increased the growth of bacteria, 300 μg/ml of IONs achieved the maximum CaCO3 precipitation of 34.54 g/l. More recently, Ruan et al. (2019) reported higher curing of cracks by formation of hydrated magnesium carbonate (>150 μM) in comparison with MICP without addition of IONs. However, the use of these recent strategies involve a high cost, for example €180 for 1 kg of nutrients to generate 13 L of bacterial culture and an equivalent production of 5.4 × 106 units of urease (Achal et al., 2015). Whereas, Silva et al. (2015) reported a total cost of €480 to produce 1 kg of encapsulated bacteria with nutrients.

Earlier, to reduce the costs of nutrients added, Achal et al. (2009, 2010) used industrial waste, such as Lactose Mother Liquor (LML) and Corn Steep Liquor (CSL) and obtained a 17 and 35% increase of compressive strength, respectively. Charpe et al. (2017) observed a 23% increase of compressive strength through the use of lentil seeds as a protein source and sugar as a carbon source and demonstrated a reduction of the cost in comparison with use of peptone as a nutrient source. Later, Fang et al. (2019) obtained 27.8% in compressive strength through the use of Tofu wastewater as a nutrient source. Zhang et al. (2017) demonstrated the potential implementation of activated sludge microbial communities as an alternative source of bacteria and as well as an economic one for self-healing in concrete. They evaluated three microbial consortia under three conditions (aerobic, anaerobic, and facultative anaerobic) and observed that microbial consortia under aerobic conditions showed a more positive effect on inorganic carbon conversion (75.3 ± 3.8%), which was 1.2 ~ 1.8 times more than that of the conditions tested. Adzami et al. (2018) evaluated the large-scale bio-production of calcium carbonate. They reported that agitation speed of 50 rpm and aeration rate of 2.0 vvm recorded the highest specific growth rate (0.141 h−1) of Bacillus sphaericus, which formed CaCO3 crystals with 100% purity.

In the UK, the Resilient Materials for Life project led by Cardiff University in partnership with the universities of Cambridge, Bath and Bradford, have developed four self-healing techniques; the use of microcapsules containing mineral healing agents, bacterial healing, the use of a shape memory polymer based system for crack closure and the delivery of a mineral healing agent through a vascular flow network. They observed that all four techniques showed significant results of accelerated crack healing in the range of 14–28% and the Whole-Life Costing (WLC) analysis indicated a ~12% reduction in the cost of repairs and maintenance (Teall et al., 2016; Al-Tabbaa et al., 2018, 2019; Davies et al., 2018). However, the microencapsulation technique did not show a significant effect on the compressive strength.

Adolphe et al. (1990) were the pioneers in the incorporation of MICP for restauration of surfaces of ornamental stone. They obtained the patent for the MICP technique known as “bioconcept of calcite or biodeposition,” and this patent expired in 2010. Nowadays, this biomaterial is known as bioconcrete. Bioconcrete can be defined as the concrete prepared by addition of bacteria with the capacity for precipitation of calcium carbonate (MICP), which aids in sealing the cracks that form in it, which is characterized as a self-healing property (Jonkers, 2011). Bioconcrete has three constituents: microorganisms capable of MICP, nutrients and calcium ion to form cementitious materials (Achal et al., 2015). Several studies reported autogeneous healing in cracks of (<0.5 mm) by B. cohnii, Bacillus pseudofirmus, Bacillus subtilis, Bacillus alkalinitrilicus, Pseudomonas aeruginosa, and Diaphorobacter nitroreducens (Jonkers et al., 2010; Wang et al., 2012, 2014; Ersan et al., 2015; Khaliq and Ehsan, 2016). In recent years, MICP has gained attention due to its self-healing properties, which is found to benefit the mechanical and durability properties of concrete. Further, it helps in reducing the negative impact on the environment in terms of CO2 emissions by the construction sector and also lowers the cost of repairs of concrete structures in comparison to conventional methods.

Moreover, the potential of a protein known as “Bioremediase,” which promotes biosilicification has been reported. Bioremediase is a silica leaching enzyme, and is 78% similar to bovine carbonic anhydrase II, but does not show carbonic anhydrase activity (Biswas et al., 2010; Majumdar et al., 2012; Sarkar et al., 2014). Biswas et al. (2010) isolated Bioremediase protein from a novel bacterium BKH1 and reported an increase in compressive (>25%) and tensile (>20%) strengths by adding the enzyme powder to the concrete mixture. However, self-healing of bioconcrete is not feasible with the addition of enzyme powder in comparison to the addition of cells which may extend the use and lifetime of bioconcrete by up to 200 years (Jonkers et al., 2010). Bacteria have the ability to resist alkaline conditions by spore formation and reactivate their metabolic activity when water, CO2, SO4, and [image: image] and others substances ingress, due to the formation of cracks in the structure of concrete (Jonkers et al., 2010; Sarayu et al., 2014). Majumdar et al. (2012) showed 39.4% increment in compressive strength at 28-days cured samples and 42.4% at 120-days with a concentration of 105 cells of Bacterium BKH1. Interestingly, Sarkar et al. (2015) genetically modified a spore forming Bacillus subtilis strain by incorporating the bioremediase like protein gene. They observed that transformed bacterial cells survived for a long time within the cementitious environment and showed a ~16.6% increase in compressive strength and self-healed the cracks by formation of a novel Gehlenite (Ca2Al2SiO7) (~85 nm diameter) along with calcite precipitation inside the mortar matrices. Later, Sarkar et al. (2019) showed an increase of >50% of compressive strength by addition of 104 cells.ml−1 of BKH4, an alkaliphilic bacterium isolated from Bakreshwar hot springs and tolerant to a pH of 12.

A summary of different nutrients used in bioconcrete studies and their effect on bioconcrete characters are presented in Table 1.


Table 1. Nutrients and their effect on compressive strength, flexural strength, water permeability, and self-healing of bioconcrete matrix.
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On the other hand, Chaurasia et al. (2019) studied the metabolism of ureolytic Bacillus megaterium, B. pasteurii, and a non-ureolytic Bacillus cohnii in the absence of a substrate, nutrients and their effect on mechanical properties of concrete. They observed that in the absence of nutrient sources, bacteria used an alternate pathway and further, bacteria served as a heterogenous nucleation site, and induced the formation of calcite, and hydrated aluminosilicate phases like beidillite, gismondine. Formation of these crystals increased various mechanical properties of concrete, such as reduction in water absorption (~22%), volume of voids (~24%) and sulfate ion concentration (~26%) at 180 days.

Apart from the advantages discussed above, bioconcrete has also been reported to lower the contribution of carcinogens (one-thirtieth), ecotoxicity (one-tenth), and fossil fuels (six-sevenths) compared to traditional concrete (Gonsalves, 2011). However, the main disadvantages are the generation of ammonia and the possibility of pathogens associated with urea hydrolysis that may harm the health of animals and humans (Burne and Chen, 2000; Backes et al., 2018). It is predicted that real-scale production of bioconcrete based on urea hydrolisis could pollute more than 4.5 × 106 m3 of drinking water and 100 km3 of air. To combat this, Ivanov et al. (2019) propose that MICP technology has to be combined with the proper ventilation of the biogrouting space, proper treatment of MICP effluent, and facilitation for the transformation of the ammonia containing gas to fertilizer. However, this would result in an increase in the cost of bioconcrete. However, alternate metabolic pathways, such as denitrification and sulfate reduction (Alshalif et al., 2016), photosynthesis and methane oxidation (Okwadha and Li, 2011; Ersan et al., 2015; Zhu and Dittrich, 2016) also yielded promising results on MICP, but their environmental effects need to be researched further.

MAJOR MICROBIAL METABOLIC PROCESSES INVOLVED IN MICP

The major microbial metabolic processes involved in MICP are urea hydrolysis, ammonification of amino acids, denitrification, dissimilatory sulfate reduction and photosynthesis (Castanier et al., 1999; Dupraz et al., 2009). Among these metabolic pathways, urea hydrolysis is less complex (Achal et al., 2011) and urea hydrolytic strains showed more higher calcite precipitation (~20–80%) in comparison with other metabolic pathways (Achal et al., 2009, 2010; Wang et al., 2014) and is therefore the most studied MICP process (Achal et al., 2011).

Urea Hydrolysis

A series of complex reactions in urea hydrolysis are driven by urease (EC 3.5.1.5) and carbonic anhydrase (EC 4.2.1.1) enzymes (Figure 4). One mole of urea is hydrolyzed by urease (UE) to one mole of ammonia and carbamate (Equation 1), and the carbamate is spontaneously hydrolyzed to produce one mole of ammonia and carbonic acid (Equation 2). Carbonic acid is converted to bicarbonate (Equation 3) by carbonic anhydrase (CA) and two moles of ammonium and hydroxide are formed due to ammonia hydrolysis (Equation 4). Consequently, pH is increased around the cell and induces precipitation of calcium carbonate in presence of soluble Ca2+ (Equations 5–7). Under unfavorable conditions, the cell survives by allowing the entry and accumulation of calcium ions, resulting in an excessive expulsion of protons. Subsequently, the cells actively export calcium and compensate the loss of protons. A low concentration of protons and a high concentration of Ca2+ in the microenvironment is required for secretion of carbonate ions while the supersaturation of carbonate induces precipitation of calcium carbonate on the surface of the cell. Exopolymers, biofilms and even inactive spores can provide nucleation sites for the above-mentioned reactions (Van Tittelboom et al., 2010; Kim et al., 2012; Achal et al., 2015; Anbu et al., 2016). Earlier, Park and Hausinger (1995) observed that activities of UE and CA are in synergy due to the incorporation of nickel in the active center of UE, which depends on the regulation of CO2/HCO3, a reaction catalyzed by CA.
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With respect to kinetics parameters (Km and Vmax) of UE and CA, a wide range have been reported. Stocks-Fischer et al. (1999) observed that pH influenced UE affinity to the substrate as well as the enzyme activity of Sporosarcina pasteurii. UE activity was found to be decreased at pH 7.0 and with Km and Vmax values of 41.6 mM and 3.55 mM min−1 mg−1 of protein, respectively. However, the affinity improved with pH increase, with a Km of 26.2 mM and Vmax of 1.72 mM min−1 mg−1 at pH of 8.3–9.0. Bachmeier et al. (2002) compared the urease activity of free and immobilized, recombinant Escherichia coli (HB101). Free suspended bacteria recorded a Km and Vmax of 17.3 mM and of 1.57mM min−1 mg−1, respectively. On the other hand, polyurethane immobilized UE showed a Km of 22.9 mM and Vmax of 0.73 mM min−1 mg−1, which indicated that immobilized UE requires higher substrate concentrations than free cells. This suggests that bacteria in bioconcrete conditions will be under stress because of a fault in adequate substrate concentrations for their activity. Similarly, Yadav et al. (2011) reported that CA activity was five times lower in immobilized Single Enzyme Nanoparticles (SENs) than free CA activity. They observed that SENs showed a limitation of substrate transfer due to the presence of a hybrid layer between each carbonic anhydrase molecule and biopolymeric silica network. Achal et al. (2011) characterized UE and CA from Bacillus megaterium, and confirmed the role of CA on UE activity and the importance of factors such as; the concentration of calcium ions, concentration of dissolved inorganic carbon, pH and availability of nucleation sites. Dhami et al. (2014) highlighted the importance of the synergistic role of UE and CA in MICP formation. Apart from the precipitation of calcium carbonate, morphology of the formed crystals also play a significant role in their durability.


[image: image]

FIGURE 4. Schematic diagram of MICP formation mediated by urease and carbonic anhydrase.



Calcite, aragonite, and vaterite are some of the most representative biomineral polymorphs with different types of crystallization such as rhombohedral, orthorhombic, and hexagonal (Sarayu et al., 2014). Earlier, Achal et al. (2011) reported that extracellular polymeric substances, biofilms, and amino acid residues have an impact on polymorphic nature of calcium carbonate biominerals. Sondi and Sondi (2005) demonstrated that interaction between Asp residues and UE molecules induce the formation of vaterite rather than calcite. Ercole et al. (2007) showed that proteins present in organic matter regulate aragonite and vaterite precipitation in Bacillus firmus and Bacillus sphaericus. In the case of Myxococcus sp., vaterite and calcite polyforms (Table 2) are more common precipitations (Rodriguez-Navarro et al., 2003; Chekroun et al., 2004; Jimenez-Lopez et al., 2007).


Table 2. Urease and carbonic anhydrase activity, Km, Vmax, and CaCO3 precipitation of free and immobilized systems.
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Ammonification of Amino Acids

Another microbial mechanism is ammonification of amino acids, and in this process, microbial activity produces CO2 and ammonia during metabolism of amino acids (Equation 8). Hydrolysis of ammonia produces ammonium and hydroxide ions around the cell (Equation 9), leading to their supersaturation, which consequently favors the precipitation of calcium carbonate (Equations 10, 11) (Zhu and Dittrich, 2016).
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Myxococcus xanthus is reported to use this mechanism during its growth in liquid and solid mediums and resulting in different polyforms (Rodriguez-Navarro et al., 2003; Chekroun et al., 2004; Jimenez-Lopez et al., 2007). Furthermore, it has been reported that Myxococcus xanthus precipitates uranium as meta-autunite (Turick and Berry, 2016), which can protect concrete structures exposed to radioactive wastes.

Denitrification

In denitrification, MICP results from the oxidation of organic matter using NO3− as a final electron acceptor. The process produces NO2, CO2, and OH−, (Equation 12) and the bacteria creates an alkaline microenvironment by the consumption of H+ in the presence of soluble calcium ions (Zhu and Dittrich, 2016).

[image: image]

Ersan et al. (2015) incorporated denitrifying and expanded clay particles immobilized Pseudomonas aeruginosa and Diaphorobacter nitroreducens and found that the addition closed microcracks in the range of 200–250 μm size and the permeability was decreased by 42 and 47%, respectively. Ersan et al. (2018) implemented special granules called “activated compact denitrifying core” (ACDC) and observed healing of cracks (>70%) larger than 400 μm (Table 1). However, the denitrification process is inhibited by the accumulation of toxic byproducts generated such as nitrite and nitrous oxide. As mentioned previously, ureolysis showed more efficiency of calcium carbonate precipitation (<0.5 mm) than denitrification.

Dissimilatory Sulfate Reduction

In organic matter rich anaerobic environments, the presence of calcium induces the indirect formation of calcium carbonate minerals by sulfate-reducing bacteria (SRB) due to dissimilatory sulfate reduction process (Equation 13). It has been demonstrated that Desulfovibrio sp. has the ability to precipitate calcium carbonate through removal of sulfates from gypsum (CaSO4.H2O) by a combination of three mechanisms: dissolution, diffusion and calcium carbonate precipitation. Calcium ions released by gypsum dissolution react with carbon dioxide (CO2) under an alkaline pH microenvironment due to sulfide removal, which leads to calcium carbonate precipitation (Perito and Mastromei, 2011).

[image: image]

Recently Alshalif et al. (2016) reported that the addition of sulfate-reducing bacteria in a concrete matrix increased the compressive strength of concrete by 13% and decreased water permeability by 8.5%. More recently, Tambunan et al. (2019) reported an increase in compressive strength (60.87%) and flexural strength (52.30%) by adding SRB isolated from domestic acidic water (Table 1). However, generation of H2S can cause corrosion of the concrete structure, since H2S reacts with oxygen to form elemental sulfur or a partially oxidized sulfur species, which are considered to be corrosion products of concrete surfaces (O'Connell et al., 2010). Few studies have showed improvement in calcium carbonate precipitation by association of SRB and cyanobacteria. Extracellular polymeric substances produced by cyanobacteria as heterogeneous nucleation sites, influence the diffusion barrier and calcium ions mobility, and improves the kinetics of precipitation by SRB (Hardikar and Matijevic, 2001; Braissant and Verrecchia, 2002; Kim et al., 2005; Dupraz et al., 2009). Thus, microbial consortia of SRB and cyanobacteria appears to be potential candidates for application in bioconcrete technology, but requires more research on combining oxygen producing cyanobacteria with anaerobic SRB.

Photosynthesis

Apart from the above heterotrophic bacterial metabolic processes, the feasibility of MICP by autotrophic processes, such as photosynthesis and methane oxidation, have also been reported. Cyanobacteria and microalgae are the main photosynthetic microorganisms responsible for MICP in the aquatic environment. Calcium carbonate precipitation by photosynthetic microorganisms occurs due to [image: image] and [image: image] exchange (Equations 14, 15); [image: image] is diffused through the membrane and dissociates in cytosol of the cell into CO2 and OH− and this reaction is catalyzed by carbonic anhydrase (CA), leading to an increase of pH due to OH− generation, which along with calcium ions present in the microenvironment induces MICP (Equation 16) (Dhami et al., 2014; Achal et al., 2015).
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It should be mentioned however, that the application of photosynthetic microorganisms as agents of bioconcrete can be achieved only when structures are exposed to CO2 and sunlight, which are principal components for photosynthesis process (Seifan et al., 2016).

Methane Oxidation

In marine and freshwater sediments, the concentration of carbon dioxide is largely driven by methane oxidizing bacteria under both aerobic and anoxic conditions. In aerobic conditions, this process is initiated with conversion of methane to methanol by methane mono-oxygenase activity in the presence of oxygen (Equation 17). In the periplasm of a cell, methanol (carbon source) is converted to formate through several enzymatic processes. Subsequently, when formate is in equilibrium with formic acid, methane mono-oxygenase oxidizes formic acid to CO2 by formate dehydrogenase activity (Equations 18–21). Carbon dioxide produced turns into [image: image], and calcium carbonate is precipitated in presence of calcium ions (Equation 22) around the cells (Ersan, 2019).
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Anaerobic methanotrophic bacteria too produces bicarbonate as a result of methane anaerobic oxidation, with sulfate as the final electron acceptor and in presence of calcium ions (Equations 23, 24) (Seifan et al., 2016; Zhu and Dittrich, 2016).
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Recently, Caesar et al. (2019) showed the potential of MICP in mitigation of methane release into the atmosphere due to anaerobic methane oxidation. However, there are no studies on the use of this mechanism in bioconcrete yet.

Genetic Factors Involved in Enzymatic Activity (UE and CA) in MICP

As in all bacterial regulatory systems, bacterial UE genes are organized in operons and clusters. Structural subunits of this enzyme are habitually encoded by the genes ureA, ureB, and ureC, which are adjacent to each other and arranged from smallest to largest (Mobley et al., 1995). However, the structure of the UE from Helicobacter pylori is rather unique and is comprised of only two subunits; encoded by ureA and ureB genes (Akada et al., 2000). In addition to the structural genes, various bacterial species, e.g., Proteus mirabilis, Klebsiella aerogenes, Bacillus sp., with exception of Bacillus subtilis, have added accessory genes related to the assembly of the nickel-dependent active site of the enzyme in their operon system. In the case of B. subtilis, organizational structure of the UE operon is comprised of three structural genes; ureABC (Cruz-Ramos et al., 1997). Although no accessory genes adjacent to this operon were found in this study, it has been speculated that they were possibly located in an independent operon elsewhere in the genome. To determine the necessity of accessory genes for Bacillus subtilis UE activity, Kim et al. (2005) expressed recombinant UE of B. subtilis in Escherichia coli along with accessory UE genes from Klebsiella aerogenes and Sporosarcina pasteurii. Insertion of both accessory genes failed to increase UE activity, suggesting that accessory proteins of Klebsiella aerogenes and Sporosarcina pasteurii did not share homology with accessory proteins that could play a role in the activation of B. subtilis urease.

Initially, it was believed that urease as well as other nitrogen metabolism related proteins were regulated by the activity of enzyme glutamine synthetase. However, it was demonstrated that complex transcriptional regulation mechanisms govern only nitrogen related genes. Though regulatory mechanisms of urease are complex too, in most cases except for Sporosarcina pasteurii, its expression in bacteria has shown to be induced by the presence of urea, controlled by nitrogen availability or dependent on pH changes (Figure 5) (Mobley and Hausinger, 1989).
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FIGURE 5. Regulatory mechanisms of urease. (A) Urease constitutive system in Sporosarcina pasteurii. (B) Urease System induced by urea in Proteus mirabilis. (C) Urease system induced by nitrogen availability in Klebsiella aerogenes. (D) Urease system induced by pH in Streptococcus salivarius.



The only regulatory gene of the ure operon identified until now is ureR, which is found in the operon of Proteus mirabilis. The urea from this microorganism is induced by the presence of urea, and it has been demonstrated that ureR is a positive activator that binds to the promoter of ureD (Nicholson et al., 1993; Mobley et al., 1995).

One of the best examples of urease-induced expression by nitrogen availability is the case of K. aerogenes. This bacterium relies on a nitrogen regulatory system (NTR), which consists of two components NTRB an NTRC, for the activation of several genes, glutamine synthetase among them, under nitrogen limiting conditions (Macaluso et al., 1990; Wedel and Kustu, 1995). However, expression of urease is also dependent of the regulator NAC, whose transcription is controlled by the NTR system as well (Macaluso et al., 1990; Goss and Bender, 1995). Therefore, under limiting nitrogen sources, the NTR system activates transcription of NAC, and then NAC induces expression of urease in Klebsiella aerogenes (Figure 5).

Presence of nitrogen-containing compounds was also shown to control the expression of the B. subtilis urease. In this bacterium, three promoters were identified upstream of the ureA gene start codon. The first promoter (P1), the closest one to ureA, was designated as a constitutive one that generates low levels of expression, while the other two promoters (P2 and P3), localized further upstream, were found to be regulated by the protein CodY (Wray et al., 1997). This regulator controls hundreds of genes that are needed for the survival of Bacillus subtilis on adverse growth conditions (Mollem et al., 2003). CodY binds and represses these genes during rapid exponential growth but once bacteria reach the stationary phase, CodY losses affinity and the genes are activated (Sonenshein, 2005). In addition to CodY, it was also determined that promoter P3 was also induced by TnrA under nitrogen limiting growth, but repressed by GlnR when nitrogen sources are available (Schreier et al., 1989;Wray et al., 1997).

Changes in pH were shown to regulate the expression of urease from Streptoccocus salivarius. Huang et al. (2014) proposed a model of transcriptional regulation of urease in which the regulator CodY represses the transcription of the ure operon at neutral pH, but at acidic pH the repression is relieved. The loss of the repression by CodY was attributed to the lower concentrations of branched-side chain aminoacids at pH 5 than at pH 7. However, the authors speculated that other factors like carbohydrate concentration might be involved in urease regulation, as the CodY deficient-mutant still showed dependence on pH values.

Another bacterial urease whose regulation is dependent on pH changes is the one encoded by H. pylori. The urease gene cluster of this microorganism consists of two operons: ureAB, which includes the structural genes, and ureIEFGH, which comprises the accessory genes for the assembling of the active center. Akada et al. (2000) demonstrated that transcription of the whole gene cluster generated three mRNAs of different size: one of each separate operon and another one of the whole gene cluster. The authors concluded that transcripts from ureIEFGH and ureABIEFGH are cleaved into different transcription products, which may be translated or degraded according to the pH of the environment. At acidic pH, all three types of mRNAs showed lower rates of degradation. In contrast, at neutral pH, transcripts from the whole gene cluster and the accessory genes showed higher decay. However, the expression from the ureAB operon remained rather constant in this study. Posterior studies have demonstrated that activation of the urease gene cluster is induced by nickel concentrations and acidic pH, through the regulator protein NikR and the two-component system ArsRS, respectively (Van Vliet et al., 2004; Ernst et al., 2005;Pflock et al., 2005).

Although regulatory mechanisms for urease expression have been extensively investigated in pathogenic bacteria as described above, further research is needed in order to understand the rates of urease expression and the regulatory strategies behind them during calcite precipitation, as little information is available concerning environmental bacteria.

On the other hand, the regulatory mechanisms for CA expression is not understood yet. It is only known that carbonic anhydrase is classified into five different genetically distinct families widely distributed in prokaryotes and eukaryotes; α-, β-, γ-, δ-, and ζ-CAs. In bacteria, genes encoding for enzymes belonging to α-, β-, and ζ-CAs classes, which contain zinc ion (Zn2+) in their active site, coordinated by three histidine residues and a water molecule/hydroxide ion, in β- class by two Cys and one His residues are coupled with a fourth ligand of a water molecule/hydroxide ion (Capasso and Supuran, 2015). Enzymes belonging to ζ-CAs classes present hydrolytic activity in ester groups, and hence P-nitrophenyl acetate hydrolysis to P-nitrophenol acetate is used as a measure of carbonic anhydrase activity. According to Supuran and Capasso (2016), genes encoding for α-CAs are present in Gram negative bacteria whereas genes encoding β- Cas and γ- Cas are found in Gram negative and Gram positive bacteria, with the exception of Helicobacter pylori, which presents encoding genes for three families (α-, β-, and ζ-CAs classes).

CONCLUSION

It can be observed that a wide variety of bacterial groups play a major role in MICP and has potential in bioconcrete and as well as self-healing agents in concrete repair mechanisms. Most of the studies have focused primarily on mechanical and structural properties of concrete, however, understanding the biological aspect is the most important to select suitable microorganisms and to provide conditions for their survival and activity in concrete structures and to extend their life-time, facilitating a self-healing process. Survival of bacterial cells in bioconcrete depends on the regulation of genetic factors and associated activities of urease and carbonic anhydrase. While great strides have been made on the influence of different factors, such as; type of bacteria, nutrient conditions, enzymes, concentration of calcium, etc., on MICP, there are very few studies on monitoring the survival and activity of the bacterial cells in bioconcrete. Furthermore, studies on the regulatory mechanisms of urease and carbonic anhydrase enzymes, which play a major role in MICP are very limited. Urease expression has been extensively studied in pathogenic bacteria, but not much work has been done on the expression of CA. The importance of understanding the genetic factors related to urease and carbonic anhydrase, and associated regulation mechanisms has been presented in this review. Future work on these aspects will aid in the development of novel bacterial strains by genetic/protein engineering to improve their survival and activity under the harsh conditions of concrete.
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