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ABSTRACT
Microbial corrosion also known as biological corrosion or microbiologically influenced corrosion (MIC), is a type of corrosion that takes place on ceramics, concretes, stones or metals resulting from the presence and actions of microorganisms. The focus of this study however, is on metals owing to their universal applications in industrial and civil structures, biomedical devices, processing plants, aviation fuel system, nuclear waste storage facilities, oil rigs as well as in the transport of fluids such as water and crude oil. The damages caused by MIC in these aforementioned applications have magnitude effect on the health and serenity of the ecosystem. Microorganisms often isolated from sites experiencing MIC are sulphate reducing bacteria (SRB). Other bacteria such as acid producing bacteria (APB), sulphate oxidizing bacteria (SOB), iron oxidizing bacteria (IOB) among many others also play active roles in causing MIC of metals, which mostly occur in the presence of fluid or humid environment. The production of biofilm by these groups of bacteria has been demonstrated to be highly essential in causing MIC, which has impaired the natural habitat of most animals with detrimental effect on man. As such, prevention or mitigation of MIC is important. While there are numerous mitigation strategies in use, most of them are either expensive or have negative effect on the environment. However, the use of non-corrosion causing bacteria can help in passivation of metal surface through formation of biofilm and production of antagonistic metabolites. Because of several advantages of this strategy, researchers need to focus more on microbial products with potentials to cause disintegration of biofilm in MIC.
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INTRODUCTION
Before the existence of man and other higher organisms billions of years ago, microbes have been habiting planet earth and their activities has helped in providing suitable environment for higher forms of life. Microorganisms are ubiquitous and have been found growing in extreme environmental conditions such as temperatures of 120°C in hydrothermal vents at bottom of oceans or -13°C in lakes covered with ice in Antarctica. Their presence oftentimes in such extreme environments is associated with their ability to utilize the available substrates while maintaining their cellular functions (Machuca, 2019). Aside the beneficial roles played by microorganisms in providing a sustainable ecosystem, they have also been found to cause harmful effects to life including but not limited to diseases, morbidity and mortality; as well as infrastructural deterioration known as microbial corrosion (Kannan et al., 2018; Machuca, 2019).
Microbial corrosion also known as biological corrosion or microbiologically influenced corrosion (MIC), is a type of corrosion that takes place on ceramics, concretes, stones or metals resulting from the presence and actions of microorganisms (Li et al., 2013; Kip and van Veen, 2015; Mansour et al., 2016; Blackwood, 2018; Jia et al., 2019; Machuca, 2019). The universal application of metals in industrial and civil structures, biomedical devices, processing plants, aviation fuel system, nuclear waste storage facilities (Jia et al., 2019), oil rigs as well as in the transport of fluids such as water and crude oil has raised great concerns to practitioners particularly in petroleum industry owing to the harmful effects caused by MIC (Masali et al., 2018). Although fungi and microalgae causes MIC, however, archaea and bacteria are the most significant players leading to MIC on metallic and nonmetallic surfaces, which is mostly enhanced by production of biofilm (Loto, 2017; Kannan et al., 2018; Khouzani et al., 2019; Machuca, 2019).
Biofilms arises from the aggregation of microbial cells, which could be of the same species or mixture of varying microorganisms (i.e., achaea and bacteria) bonded together and onto surfaces of objects or structures. The aggregate of cells formed are usually embedded within a matrix of self-produced extracellular polymeric substances (EPS) (Loto, 2017). Biofilms oftentimes creates a microenvironment for the microbial community to carry out deleterious effects on the objects they adhere to, through the release of acidic metabolites, which are corrosive to surfaces; effects of aeration resulting from cells with different aeration levels causing depletion of oxygen among various effects (Veena et al., 2013; Imo et al., 2016). The biofilms also help the microbial community withstand mechanical pressure caused by high velocity of fluids in pipelines, and resistance capacity against bactericidal substances applied to mitigate MIC (Berne et al., 2018). The mechanisms and steps involved in biofilm formation, its structure and composition that makes it an invaluable asset for corrosion will among many others be discussed in this Chapter.
Microbial Biofilm
According to IUPAC, biofilm is an aggregate of microbial cells embedded in a matrix of self-produced extracellular polymeric substances (EPS), attached to one another and/or to a biotic or abiotic surface (Loto, 2017; Liaqat et al., 2019). Biofilm could arise from single or mixed groups of microorganisms (i.e. bacteria, fungi, and or achaea). Biofilms arising from a single strain microorganism are easily detachable from surfaces they adhere to than those formed synergistically from mixed cultures (Jia et al., 2019). Microorganisms especially bacteria showcase two modes of growth; either free living (planktonic) or the surface attached sessile mode of living within a biofilm. Biofilm formation has been recognized as a common trait among bacterial species creating a matrix that help them overcome and thrive in adverse environmental conditions (Vasudevan, 2014; Rumbaugh and Sauer, 2020). Biofilms of microorganisms have been found to be ubiquitous in environments experiencing substantial amount of liquid both in medical and industrial settings. They've been found growing in deep-sea vents, river rocks, plants roots, indwelling catheters in human body, maritime equipments, water and petroleum pipelines among many others (Berne et al., 2018).
The discovery of biofilm in 1684 by Antoine Van Leeuwenhoek made an important contribution to the understanding of microbial growth. In the calculus of his teeth he observed sessile growth of animacules known today as dental plaque, which validated the evidence of earliest existence of bacterial biofilms (Vasudevan, 2014). Although discovered in 1684, the word "biofilm" was not defined or used until 1978 by Costerton. Fifteen (15) years later, the significance of biofilm was then recognized by the American Society of Microbiology with lots of research carried out to understand their roles in pathogenesis of diseases as well as in corrosion of materials especially metals (Khatoon et al., 2018). The production or formation of biofilm by microorganisms has been discovered to be an important structure for their survival and proliferation in any given environment. It is important to note that microorganisms that form biofilm thrive better than the planktonic ones, this is because they live as a community in the process their metabolic activities are optimized providing nutrients and protection to the vulnerable ones (Vasudevan, 2014).
Composition and structures microbial biofilms
Biofilms are basically composed of water (75-90%) (Telegdi et al., 2020), 10-25% of microbial cells (Liaqat et al., 2019) and extracellular polymeric substances (EPS) which accounts for 50-90% of the total organic compounds (Berhe et al., 2017). Constituent of the EPS includes: polysaccharides, humic and nucleic acids, proteins, lipids, and other polymeric compounds as represented in Figure 1 (Rabin et al., 2015; Berhe et al., 2017; Khatoon et al., 2018; Verderosa et al., 2019; Muhammad et al., 2020; Telegdi et al., 2020). However, the compositions and amount of the organic compounds differs among microbial species even within the same bacterial species depending on the environmental conditions such as fluid velocity, pH and oxygen concentration among others (Berhe et al., 2017). Despite the complex and varying composition of the organic compounds, EPS are a very essential component of the biofilm matrix due to the framework they provide in housing microbial cells (Berhe et al., 2017; Liaqat et al., 2019). Aside holding and housing microbial cells, the matrix of EPS imbues the biofilm with attributes including: nutrient capture, antibiotic resistance, gradient formation, storage of extracellular enzymes, protection from environmental stress among others, which in its absence cannot be achieved by single or planktonic cells. Thus, the emergent properties of biofilm are a responsibility of the matrix (Liaqat et al., 2019; Verderosa et al., 2019).
The structure of microbial biofilm is well organized; the cells are held together by various kind of forces such as hydrogen bond, electrostatic interactions and van der Waals forces with a binding force of 10-30 kJ/mol, 12-29 kJ/mol and 2.5 kJ/mol respectively (Telegdi et al., 2020). Water channels and interstitial voids are distributed all over the biofilm for the transport of water, nutrients and air from where they are very much available to areas they are needed (Vasudevan et al., 2014). There is also a means of communication among the microbial cells throughout the biofilm known as quorum sensing (Verderosa et al., 2019). This quorum sensing ensures the adequate distribution of necessary microbial requirements from one microcolony to another within the biofilm, as well as regulation of how cells respond to their immediate environment (Rabin et al., 2015; Verderosa et al., 2019). Within the biofilm there is also horizontal gene transfer from one species to another ensuring the exchange of some characteristics such as antibiotics resistance to cells that were once susceptible (Rabin et al., 2015). 
Mechanism of biofilm formation
Generally, biofilm formation comprises a cyclic but yet progressive stages, which are phenotypically distinct from one another. Although there are diverse biofilm-forming microorganisms with different biofilm architecture, however, numerous studies have use single species in elucidating the developmental stages in biofilm formation and they all coincides with the general features of: attachment (i.e., reversible and irreversible), EPS production, maturation and dispersion of cells regardless of the type of species (Römling et al., 2014; Rumbaugh and Sauer, 2020). Below is a bacterium (Pseudomonas aeruginosa) model used to demonstrate the different developmental stages involved in biofilm formation as depicted in Figure 2, which include:
Reversible attachment by bacterial cell
Before biofilm can be formed, the planktonic bacterial cells must first be able to come in close proximity or contact to a particular surface (Rabin et al., 2015; Rumbaugh and Sauer, 2020), which can be achieved through convection, sedimentation, or Brownian motion (Khatoon et al., 2018; Muhammad et al., 2020; Yuanzhe et al., 2020). Chemotaxis, a direct movement of bacterial cells towards a source of nutrient (e.g., sugars and amino acids) a phenomenon that virtually occurs in all microorganisms also enhances growth of bacterial cells on surfaces thereby promoting cell-surface interaction (Muhammad et al. 2020). Close to a surface at a distance of 10-20 nm, several forces both for and against the bacterial cell comes into play. Bacterial cells often experience repulsive forces arising from the negative charges on environmental surfaces against the negative charges on their own cell surface. Since like poles repel, in order to overcome this obstacle, bacterial cells often employ hydrophobic, hydrostatic and van der Waals forces to overcome the repulsive forces posed by surfaces (Rabin et al., 2015; Muhammad et al., 2020; Rumbaugh and Sauer, 2020; Telegdi et al., 2020). Also, the use of flagella and fimbriae often provide them with mechanical support to surfaces (Rabin et al., 2015). However, since this forces are not physically strong enough they get separated and the initial attachment reversed by shearing effects of flowing fluids or bacterial mobility (Muhammad et al., 2020).
Irreversible attachment of bacterial cell
Following a successful reversible attachment, the bacterial species often initiates the irreversible attachment processes through short range hydrophobic and dipole-dipole interactions, hydrogen, covalent and ionic bonds as well as the involvement of bacterial adhesive structures such as fimbriae, pili and flagella have all been involved in process of irreversible attachment (Vasudevan, 2014; Muhammad et al., 2020; Rumbaugh and Sauer, 2020). Extracellular substances such as adhesins are produced and secreted into the immediate environment of the bacterial cells (Berne et al., 2018). These adhesins serve as cementing materials for the bacterial cells to one another and to surfaces (Muhammad et al., 2020). Microscopic examination suggests that matrix production is initiated once the bacterial cells are irreversible attached preventing them from moving in the process some of the adhesive structures are lost (Rumbaugh and Sauer, 2020).
EPS Production and biofilm maturation
At this stage, the bacterial cells grow and multiply and in the process metabolizes extracellular Polymeric substances (EPS) and water channels, which enhances the movement of water, oxygen and nutrients to bacterial cells, thus, facilitating growth of microbial community (Flemming et al., 2016; Khatoon et al., 2018; Sharma et al., 2019; Yuanzhe et al., 2020). The EPS formed provides the biofilm with a firm architecture supporting and maintaining the microbial community. Aside that, the EPS mediates cohesion of bacterial cells to one another and the biofilm to a particular surface through ion bridging and hydrophobic interactions allowing maturation of biofilm to take place. Other functions of the EPS include: water retention, biofilm formation and structure, cell-to-cell recognition and exchange of genetic materials, trap nutrients, cell protection, transport of signals. More importantly, c-di-GMP a secondary messenger during EPS production serves as one of the stimuli that initiate transitioning from reversible to irreversible adhesion (Muhammad et al., 2020).
Biofilm maturation
The microbial cells within the EPS matrix continue to grow and form multiple of layers with more secretion of EPS (Khatoon et al., 2018; Yuanzhe et al., 2020) causing the biofilm to transit into a three a dimensional structure (Sharma et al., 2019; Telegdi et al., 2020). Chemical messengers in the EPS go on to attract diverse groups of microorganisms to the biofilm. As the microbial cells in the biofilm continue to grow autoinducers (AIs) signals are being used in the maturation of biofilm and the formation of microcolonies (Chadha, 2014). Gene expression is caused to change following the accumulation of EPS and the formation of microcolonies to the secretion of gel-like EPS, which act as a cementing material or biological glue between bacterial cells in the embedded matrix (Telegdi et al., 2020). Water channels and interstitial void are distributed throughout the biofilm and act as a circulatory system transporting nutrients and other needed material to communities of bacterial cells as well as removal of spent material and waste products (Patel et al., 2014; Berhe et al., 2017; Muhammad et al., 2020). The architectural presentation of the microcolonies in the biofilm changes to a multicellular mushroom/pyramid-shaped structure (Muhammad et al., 2020). Motility within the microcolonies is restricted and bacterial surface structure production is inhibited as the biofilm matures (Rumbaugh and Sauer, 2020). Microbial gradient is formed in the biofilm based on oxygen requirement; at the top of the biofilm close to the air/solution interface exist aerobic bacterial whereas the anaerobic ones are located at the bottom close to the solid surface (Rabin et al., 2015; Telegdi et al., 2020).
Cell dispersal 
To end the biofilm cycle and start a new one, the bacterial cells need to detach from the biofilm and get dispersed into the environment. The detachment and dispersion is usually triggered in response to certain environmental and physiological effects or condition(s). The dispersal process although complex, is however regulated by effectors molecules, signal transduction pathways and environmental signals (Telegdi et al., 2020). Although the mechanism for cells dispersal differs among bacterial species, the whole processes can be divided into three distinct stages including: cell detachment from the microcolonies, cell's movement to a fresh substrate and finally, attachment of cells to a new surface. Cell detachment can either be active (i.e., seeding) or passive (i.e., erosion and sloughing) (Rabin et al., 2015). In the active detachment, cells in response to environmental stress such as nutrient starvation, matrix accumulation of toxic waste and degrading enzymes and antimicrobial stress triggers the detachment processes. However, the passive detachment is often caused by shear forces from the external environment. In simple terms, seeding dispersal is an active mechanism used by bacteria in cell detachment from biofilms and is associated with a rapid release of planktonic cells from the middle of the biofilm, thus, leaving the cavity empty ((Rabin et al., 2015). While a sudden detachment of large portion of biofilm is known as sloughing; erosion in the other hand is the release of minute portion of bacterial cells from the biofilm (Rabin et al., 2015; Telegdi et al., 2020).
It is important to note that in active dispersal, genetic inducers and regulators play active role. There is usually up-regulation of genes responsible for EPS degradation, flagella synthesis whereas those responsible for EPS synthesis and attachment are usually down-regulated. Another means of effective dispersal of bacterial cells in biofilms is by inhibiting intracellular secondary messenger c-di-GMP, which acts as signaling pathway in promoting EPS production. This way biofilm development is inhibited, thereby promoting biofilm dispersal (Muhammad et al., 2020). Other means of regulation of cell growth and development, production of EPS, cell-to-cell communication is achieved using quorum sensing.
Role of quorum sensing in biofilm formation
Quorum sensing (QS) is an important network system used by microorganisms to communicate among themselves using chemical messengers (Figure 3A) known as autoinducers (AIs) (Rabin et al., 2015) to effect a behavioral change in a density-dependent manner (Patel et al., 2014; Rodis et al., 2020). Both Gram-positive and Gram-negative bacteria utilize QS for cell-to-cell communication in the formation of biofilm (Rabin et al., 2015; Sharma et al., 2019). The universal AIs used by both Gram positive and negative bacteria is known as oligopeptides also known as autoinducers-2 (AI-2), however, acyl homoserine lactones (AHLs) is primarily used by Gram negative bacteria (Rabin et al., 2015; Muhammad et al., 2020). Other AIs such as gammabutyrolactones is utilized among species of Streptomyces whereas cis-11-methyl-2-dodecanoic acid (DSF) is used by Xylella, Xanthomonas and other related species (Patel et al., 2014; Muhammad et al., 2020). 
Bacteria use QS to coordinate and initiate biofilm formation by first releasing the AIs into the environment (Muhammad et al., 2020). Stimulated my chemotaxis or other environmental conditions, planktonic bacterial cells move towards the surface they intend to colonize. Once they approach it, the next point of action is to make the environment favorable for their activities. As such, they release signaling molecules such as protons into the liquid medium and it diffuses towards the interface between the liquid medium and the substrate. These signaling molecules attract other neighboring bacterial cells towards the surface of the substrate. With time, the cells multiply and keep releasing protons causing its concentration to increase. Once the planktonic cells sense the surface of the substrate, they begin to adhere and initiate biofilm formation processes through the synthesis and release of EPS (Rabin et al., 2015; Muhammad et al., 2020).
The detection of AIs is usually poor at low cell density, however, as the cells increase in density it causes a simultaneous increase in the concentration of AIs until it reaches a threshold where the AIs/receptor protein complex acts to repress or induce the expression of targeted genes (Figure 3B) (Rabin et al., 2015).  Genes, such as the ones responsible for the synthesis of EPS is been repressed while the ones responsible for synthesis of degradative enzymes are induced, thus, promoting detachment of cells from the biofilm to kick start another cycle on a new surface. Aside the control of biofilm formation, QS also control varying physiological processes including but not limited to dissemination of virulence factor and bioluminescence (Rabin et al., 2015; Rodis et al., 2020).
Metal Corrosion and its Types
Mansour and Elshafei (2016) defined corrosion as a natural process, whereby a refined metal is converted to its oxide or hydroxide or to a more stable compound. Generally, corrosion can be defined as the gradual deterioration of materials through electrochemical, chemical or microbial interactions (Mansour and Elshafei, 2016; Ibrahim et al., 2018). Classifying corrosion into different types has been a challenge to most scientist and corrosion experts around the world. This is due to types of environments, agents involved (biotic and/or abiotic), the mechanisms used, the sector affected and the appearance of metals during and after the corrosion processes among many other variables has made corrosion classification to ambiguous. Cicek (2017) classified corrosion into two broad categories, which include uniform and localized or non-uniform corrosion.
Uniform corrosion is said to occur when there is a relative reduction in the general thickness of metals due to its interactions with the environment. Metals with little or no passivation (i.e. iron) have high tendencies of this type of corrosion. It is assumed that uniform corrosion is the most common type of corrosion accountable for most loss of metal's material leaving behind residues or scales. Nonetheless, its effect is not considered dangerous owing to its uniform distribution across the entire exposed surfaces of metal to corrosive agents resulting in a predictable reduction in the metal thickness. Various forms of corrosive agents have been discussed by Cicek (2017), which include underground or soil, atmosphere and water, which causes underground corrosion, atmospheric corrosion and water corrosion respectively (Figure 4). 
The localized or non-uniform corrosion on the other hand is said to be dangerous and causes varying degree of environmental hazards as well as loss of resources in the repair or maintenance of metals. There are various types of non-uniform corrosion with varying mechanisms, agents and patterns of appearance during and after the corrosive damage. Figure 5 represents the various types of non-uniform corrosion and the mechanisms and patterns observed have been demonstrated by Hansson (2011), Singh (2014) and Cicek (2017).
Impacts of corrosion on man and the ecosystem
The ecosystem comprises both living and non-living component interacting together for a sustainable environment (Ikechukwu and Pauline, 2015). The use of metal is inevitable since it is involved in man's daily activities such as transportation, medical implants, pipelines, food processing and packaging, electronics, civil structures just to mention a few. The longevity of metals depends on their types (i.e. iron and steel etc.), applications and environmental conditions to which they are exposed to (Ikechukwu and Pauline, 2015). The susceptibility of metals in the earth's atmosphere is almost inevitable to corrosion converting them to their most stable form (i.e., carbonates, sulphides and oxides). However, their lifespan can be preserved or maintained using appropriate materials and inhibitors otherwise they will go on to cause major environmental problems affecting the health of man and his environment (Hansson, 2011; Sastri, 2015). 
For example, the 1984 Bhopal chemical plant explosion in India. It is the worst corrosion-related disaster, which resulting in the loss of both human and animal lives as well as unsafe atmospheric conditions owing to release of carbon monoxide and other particulate compounds (Hansson, 2011). The plant was designed to enhance crop production in the country through manufacturing of pesticides and fertilizers. Instead of solving problems and helping lives, the chemical plant caused death of lot of people thanks to management problems and design flaws, which converged resulting in a catastrophic explosion. Investigations showed that, the corrosion of steel pipes caused water to leak into tanks holding methylisocyanate. The resulting product of iron corrosion yielded catalyst for the reaction that blew part of the plant releasing methylisocyanate and some other toxic gases. Over 8,000 lives was lost and an additional 15,000 died later due to the explosion with an estimated 500,000 people who latter suffered varying degree of gas related disorders (Hansson, 2011).
Various other deaths have been recorded in the transport sector (aviation, maritime, rail, and road) caused by corrosion of bolts, nuts, and even connectors resulting in failures of electrical wiring system. This wiring system if not maintained appropriately can cause accident in aircrafts (Hansson, 2011). Fretting corrosion has been reported in electrical components of aircrafts caused by the flaking of tin film of oxides on a mated surface of tin-containing contacts. Since tin is used instead of gold (due to economic reasons), has led to the frequent occurrence of this problem. The crash of about six F-16 fighter aircraft have been reported to be related to shutting off of main fuel valves without the pilot's command usually caused by fretting corrosion of tin connectors (Sastri, 2015). The ferry "Princess Ashika" (Figure 6) sank in 2009 killing all 78 passengers and crew members. Investigation of the incident showed that entrances and doors of Ashika were not able to close fully due to corrosion. Other corrosion related incident that led to the loss of human lives Ohio, Canada, Switzerland, Russia and Mexico have been documented by Javaherdashti (2017).
Perforation of tanks, containers and pipelines transporting petroleum products have resulted in the release of harmful contaminants into the environment. Most of these contaminants get into the environment as a result of leakages caused by MIC on the external or internal surfaces of metals (Hansson, 2011). The water bodies and wildlife are terribly affected by restricting mobility and even death of marine and terrestrial animals. Vegetation and microorganisms are not excluded in the havoc caused by pipeline leakages as there is often shift in niche function, which in turn affects the survival of the ecosystem. So far, the worst leakage of petroleum pipeline is the Prudhoe Bay leakage releasing over 1 million of liters of crude oil into the environment. Investigation of Prudhoe Bay shows that the incident occurs as a result of internal corrosion of the pipeline with active involvement of microorganisms in facilitating the corrosion process (Hansson, 2011; Ibrahim et al., 2018; Machuca, 2019). Sewage leaks are also detrimental to the ecosystem since they contain varying types of microorganisms, organic compounds and inorganic compounds with the ability of causing imbalance in the ecosystem (Hansson, 2011). Such is seen when there is influx of nitrate into water bodies resulting in algal bloom causing death of marine animals and making water unsafe for some particular purposes.  
Aside the impact corrosion has on environmental and human health, it also commands detrimental economic effect on the maintenance and/or repair of damaged materials. Various studies have been carried out to ascertain the impacts corrosion have on the economy of a Nation. According to studies conducted by Battelle National Bureau of Standards (NBS) indicated an estimated annual cost of corrosion in United States alone to be $70 billion accounting for 4-5% of their gross national product (GNP) in 1975. In 1995 however, this cost was updated and a staggering $300 billion was reported to be lost as a result of corrosion through: loss of product, structure and equipment replacement, repair and maintenance, design, redundant equipment, equipment and parts inventories, corrosion control and insurance (Sastri, 2015). Reports from countries like Finland, China, Sweden, India, Germany, Canada, Japan, Kuwait and Australia also reported a high (≥ $1 billion) loss of revenue to corrosion (Sastri, 2015). 
Microbiologically Influenced Corrosion  
Microbiologically influenced corrosion (MIC) is a type of corrosion caused by the presence and/or activities of microorganisms such as fungi, microalgae and bacteria. MIC can also be seen as impacts caused by biofilm forming microorganisms on the kinetics of corrosion to a particular material (i.e. metals) (Ibrahim et al., 2018). Although, microorganisms influence/enhance corrosion rate, however, MIC is not unique to a particular corrosion type (Ibrahim et al., 2018). Microorganisms play vital roles in corrosion processes and have the ability of altering partial reactions that takes place at the cathode or anode of a reacting mixture (i.e. metal and water). The physicochemical conditions (i.e., pH level, conductivity, O2 concentration, redox potential) are altered by the metabolism of biofilm forming microorganisms at the interface, thereby displacing the corrosion potential towards a more positive direction. This increases metal susceptibility to localized corrosion such as hydrogen embrittlement, stress corrosion cracking, dealloying, pitting and galvanic corrosion (Khouzani et al., 2019). Microbial activities on metal surfaces can result in anodic site localization, acid production, and metal oxide reduction at the metal’s interface (Ibrahim et al., 2018). 
Though discovered 100 years ago, MIC has caught attention of numerous practitioners and researchers across the globe (Kakooei et al., 2012; Mansour and Elshafei, 2016). Its detrimental effects on metals cut across various sectors and industries that carry out oil and gas production, storage and pipeline transportation, waste water and sewage treatment, and power plants generation among many others (Jia et al., 2019). MIC causes 20% of the total cost of corrosion globally, 20-30% of external corrosion and 40% of internal corrosion (Machuca, 2019). In the UK alone, MIC account for 10% of the total damage caused by corrosion with several billions of dollars spent in the repair and maintenance of corroded materials (Ibrahim et al., 2018; Inaba et al., 2019). The actions of microorganisms in the speeding up of corrosion processes cannot be over emphasized. A study in Western Australia designed flow lines which are supposed to last up to 20 years but due to impacts of microbial activities, the life span of the flow lines was drastically reduced to 3 years (Ibrahim et al., 2018). In 2006, Prudhoe Bay’s largest oil spill occurs and the transit line failure was attributed to microbial corrosion with a loss of over 200,000 gallons of crude oil to the environment (Ibrahim et al., 2018; Machuca, 2019).
Various groups of biofilm forming microorganisms (e.g. archaea, fungi and bacteria) have all been associated in MIC (Machuca, 2019). However, most researches and studies that have been published were focused on bacteria with sulphate reducing bacteria (SRB) and acid producing bacteria topping the list of most destructive biological agents in MIC (Al Abbas et al., 2013; Machuca, 2019; Oyewole et al., 2020). In environment experiencing temperature higher than 70°C, archaea become the major effector of MIC. However, in Southeast Asia where the climate is humid and warm, Fungi play active roles in in the corrosion of metals (Jia et al., 2019). How these varying groups of microorganisms carry out this deleterious effect on metal is still a topic of hot debate among experts of corrosion across the globe (Machuca, 2019). However, few mechanisms of MIC on metals are discussed below.
Mechanisms of MIC
The complexity of metal interactions with microorganisms has made the mechanism of MIC inconclusive knowing fully it involves operational, environmental, mechanical, electrochemical and biological factors (Li et al., 2013; Machuca et al., 2019). Various mechanisms have been proposed in the past such as the classical theory (also known as the cathodic depolarization theory (CDT)), biocatalytic cathodic sulfate reduction (BCSR), anodic depolarization among many others to help understand the mechanism of MIC (Kakooei et al., 2012; Li et al., 2013; Kip and van Veen, 2015; Kannan et al., 2018). However, the dynamic nature and diverse groups of microorganisms involved in MIC have all made the mechanisms complex and elusive. As such, it is important to stress that evidence from a particular hypothesis is ineluctably contradictory to another (Li et al., 2013). The fact that MIC has no unique or distinctive pattern of damage on corroded material or any kind of mineralogical signature has made it unpredictable since it can also be found taking place simultaneously with other forms of erosions (Machuca, 2019). Nevertheless, some certain metallurgical characteristics or features of corrosion such as cup-like appearances with contours or striation and deep pits that appear to be hemispherical have all been claimed to be a part of MIC as claimed by some corrosion specialists (Machuca, 2019).   
One of the most possible and general mechanism to understand MIC is that, microorganisms can modify their local environment through the production of electrons making their immediate environment corrosive in a process known as direct electron transfer (Mansour and Elshafei, 2016; Machuca, 2019). At the metal interface, the inert microbial deposits shield the area from electrolyte giving them the leverage to initiate an oxygen gradient for diverse microbial metabolism. Areas below the microbial cell often serve as the anodes whereas the metallic surface within this area serves as the cathode, thus promoting oxygen reduction. The metal area where the microbial deposits act on causes the metal to dissolve resulting to pit corrosion (Mansour and Elshafei, 2016). MIC can occur under anaerobic or aerobic condition with the former being the most destructive (Blackwood, 2018). Under anaerobic condition, SRB can reduce sulfate producing oxygen and sulphide as end products. The sulphide ions produced combines with ferrous ions to give rise to iron sulphide causing the metal surface to dissolve, whereas the oxygen molecule combines with hydrogen with a resultant production of water molecules. The overall process of MIC of metals begins with the formation of metal hydroxide (MOH) through the combination of a metal atom (M) with negative hydroxyl ions (OH-) leaving free protons (H+). The local area is protonated with H+ causing it to be acidic; the presence of other ions such as chlorine can further accelerate the corrosion process (Mansour and Elshafei, 2016; Oyewole et al., 2020).
Environmental factors can affect the rates at which MIC occurs and the mechanism that ensures MIC varies across different environment. Conditions in freshwater environment differs with that of marine environment, which both differ with the ones observed in petroleum facilities. Conditions such as nutrient availability, fluid velocity, Ph, temperature, and light can discourage growth of a particular species while encouraging the growth of others on a particular substrate (Machuca, 2019). Types of electron acceptors such as O2, CO2, and sulphate also play crucial roles in shaping and promoting microbial community that will colonize, form biofilm and carry corrosive activities on metal surfaces. A selective environment will be created when industries utilizes chemical additives, chelators, biocides and other inhibitory substances to curtail fouling, scaling, MIC and other microbial activities, thus, affecting the colonization and proliferation of microorganisms involved in MIC. Contrary, stagnant water or low velocity system, debris and deposits can sediment creating an ideal environment for microbial accumulation, metabolisms, growth, and colonization of any metal surface (Machuca, 2019).
Microorganisms involved in MIC
As stated earlier, MIC of metals are caused by myriad of microbial species. Although, SRB and APB are the most studied group of bacterial that causes MIC, other groups of bacteria including: iron oxidizers, manganese oxidizers, sulphur-oxidizing bacteria, nitrate reducing bacteria, iron reducers, acid producers, slime formers (Kip and van Veen, 2015), other groups of microorganisms such as archaea and fungi are also involved in MIC (Oyewole et al., 2020). 
Roles of Microbial Biofilms in MIC
Regardless of the type of metal, environment, a particular process or reaction governing MIC, experts in the field of MIC unanimously agreed that biofilm formation is essential and a critical step for corrosion of metals. As such, complex chemical reactions are not the only players in MIC since active involvement of biofilms always ensure the deterioration of metals (Machuca, 2018). Biofilm as earlier stated, is made up of microbial cells, water, lipids, proteins, nucleic acids, and EPS. However, it is important to note that biofilm holds an important position in MIC, since its structures, properties, and functions are imperative and dynamic both for the microbial cells survival and also the success of the corrosion processes. Some of the roles played by microbial biofilms in facilitating MIC include: provision of architectural support for microbial growth and proliferation, ensures supply of nutrient and other necessary materials within the biofilm, differentiation of aeration cells, creates diffusion barrier, localization of environmental conditions (i.e. pH and temperature), and the deposition of corrosive byproducts directly on metal surfaces.
Biofilm provides the architectural support needed for successful microbial colonization of metal surfaces, which is usually initiated by slime forming bacteria (e.g. P. aeruginosa). Once the foundation is laid, other microbes can easily adhere and multiply without the interference of environmental factor such as fluid flow/velocity. Biofilms also provides the platform for the formation of microcolonies, which function independently of each other, thereby, promoting heterogeneous communities with resultant adverse effects on the integrity of metals (Ibrahim et al., 2018).
Nutrient supply is also ensured in the biofilm. As individual microcolonies carry out metabolisms they usually deposit different kinds of organic compounds, which are usually utilized by one or more microcolonies. There is also cell-to-cell communication between the microbial communities, such that if a microcolony is short of nutrient there is usually notification through quorum sensing and the needs of such microcolony is met. Thus, promoting growth and survival of microbial cells and enhancing corrosion (Machuca et al., 2018).
During the formation of biofilm, various layers are formed upon one another according to the oxygen demands of the varying microbial species. These gradients of aeration of cells are very important in MIC corrosion (Telegdi et al., 2020). At the top of the biofilm exist aerobic bacteria carrying out cellular respiration in the process utilizing oxygen (Ibrahim et al., 2018; Telegdi et al., 2020). In the middle layer are found facultative microbes whose metabolism is not affected by the function of microbes found at the top layer. However, cellular respiration of facultative microbes plays a major role in corrosion processes, since their activities helps in providing anoxic environment for SRB to carry out their own metabolisms in the process causes damage to metal alloys (Telegdi et al., 2020). 
The matrix of the biofilm is often made up of gelatinous substances that act as a diffusion barrier for the inflow and outflow of substances such as ions, biocides, O2 and CO2 among many others (Imo et al., 2016; Meiying and Min, 2018; Inaba et al., 2019). This barrier is often created at the surface of the biofilm thereby maintaining the optimum temperature and pH of the microbial community from the bulk fluid (Machuca et al., 2018; Meiying and Min, 2018). For example, APB maintains the pH of their environment through the production and release of organic and inorganic acids into the environment and gets deposited on surfaces of metals. But absence of diffusion barrier on biofilm would have prevented the corrosive actions of acids secreted by APB through dilution of the concentrated acid by the bulk fluid surrounding the biofilm, thus, limiting its functions. Likewise, available O2 and CO2 concentration in the biofilm would have been hampered for microcolonies that use them as terminal electron acceptor thereby limiting/preventing microbial metabolisms that can cause metal corrosion (Imo et al., 2016; Meiying and Min, 2018). 
Deleterious effects caused by the presence and actions of biofilm on metals cannot be over emphasized. Even the passivation layer that is supposed to protect metals from MIC is been destroyed by biofilm (Telegdi et al., 2020). The modifications of environmental conditions in the microenvironment by heterogeneous group of microorganisms present in a particular biofilm causes ennoblement, which goes a long way in affecting the durability and lifespan of metals. Ennoblement is simply an increase in the corrosion potential (Ecorr) of a metal caused by activities of microbial communities within a biofilm (Ibrahim et al., 2018). As the pitting potential (Epit) is approached due to Ecorr, cathodic reactions increases, thus, enhancing localized corrosion (Ibrahim et al., 2018). If action is not taken on metals inhabited by microbial biofilms, in a matter of time the cells will get dispersed and spread onto other surfaces thereby ensuring a rapid damage to metallic structures.
Control/Mitigation of MIC
There are lots of treatment strategies available for the restriction and mitigation of MIC. In the selection of a particular treatment strategy (i.e. chemical, physical, mechanical and/or biological), certain factors need to be considered (Machuca, 2019). They include the types of microorganisms, environment, metals and the mechanism utilize for the MIC (Machuca, 2019). The selected treatment method should in no way have effects on the performance of the system. Most times the use of one treatment method will not be enough in tackling this menace, as such; two or more treatments are used either concurrently or after another. Some typical treatment that can be employed in the control of MIC includes: regular sanitation, chlorination, painting, cathodic protection, filtration, chemical biocides, velocity control, UV-irradiation, mechanical cleaning (e.g. flushing and pigging), and protective coatings with antimicrobial substances and inhibitors (Soleimani, 2012; Kip and van Veen, 2015; Mansour and Elshafei, 2016; Oliveira et al., 2016; Jia et al., 2019; Machuca, 2019; Little et al., 2020). 

Environmental experts and scientists have raised concern about the use of some of the aforementioned strategies due to their impacts on the ecosystem. It is an established fact that biofilm are ten times more resistant to antimicrobials, and for any antimicrobials to be effective against a targeted biofilm then its concentration needs to be 1000 times higher than the ones effective against planktonic cells (Machuca, 2019). If these high dosages are continually used, is just a matter of time, as we have known the uniqueness of microorganisms in the development of strategies to resist antimicrobial effects. This can further spread antimicrobial resistant gene to other microorganisms when released into the environment one way or another making treatment difficult. However, other means such as biocompetitive exclusion, biofilm formation, metabolic products of microorganisms, and green technology have been proposed as safe means of mitigating MIC. 
There is a gradual shift in the search for ways used in mitigation of MIC. One of the recent focuses is on the use of beneficial microorganisms and their metabolites to reduce the rate of MIC a phenomenon known as microbiologically influenced corrosion inhibition (MICI) (Kip and van Veen, 2015; Deepalaxmi and Gayathri, 2018; Oyewole et al., 2020). MICI can be achieved through: 
(a). actions of microorganisms in the neutralization or complete removal of corrosive acidic medium at the bulk solution-metal interface. Example is the removal of reactive oxygen during aerobic respiration. Other interesting ways are the; (b). formation of a protective matrix of EPS with metal binding potentials by non-corrosion causing bacteria and; (c). production of secondary metabolites with inhibitory properties against corrosion causing bacteria. A combination of two or more of the aforementioned MICI can be used in biofilm containing multiple bacterial species (Kip and van Veen, 2015; Deepalaxmi and Gayathri, 2018)
The inhibition of corrosion of steel was first demonstrated in 1991 by Pedersen and Hermansson through the use of Serratia marcescens EF190 and Pseudomonas sp.S9 isolated from marine environment. Even after separating the suspension of isolates from the steel, corrosion inhibition was still detected leading to the conclusion that aerobic respiration of the bacteria isolates is responsible for the protection against corrosion (Kip and van Veen, 2015).  Ever since then, different bacterial species (i.e. Spirulina platensi, Shewanella sp., and Bacillus sp. among others) have been evaluated under varying conditions and material for MICI. Microbial respiration is important in mitigating MIC. Both biofilms of anaerobic E. coli and aerobic Pseudomonas fragi were demonstrated to inhibit corrosion. However, P. fragi was observed to decrease MIC more than E. coli owing to its aerobic respiration. Rate of metal corrosion was determined between mutants of Shewanella oneidensis (in which their iron respiration and/or biofilm formation has been genetically deleted) and the wild type. Corrosion was observed more on metals with mutant strains compared to the wild strain emphasizing how important aerobic respiration and biofilm formation is in mitigating MIC (Kip and van Veen, 2015).    

Mansour and Elshafei (2016) reiterate the importance of biofilm formation by non-corrosion causing bacteria in mitigating MIC. In their report, they indicated the importance of Bacillus sp., as a potential tool for biotechnology in respect to mitigation of corrosion. For example, the corrosion of mild steel by iron-oxidizing Leptothrix discophora SP-6 and sulphate reducing Desulfosporosinus orientis was inhibited by the biofilm produced by Bacillus brevis as well as antimicrobial substances. However, this inhibition was not the case of non-antibiotic and biofilm producing Paenibacillus polymyxa ATCC 10401 when grown on mild steel in the presence of D. orientis and L. discophora SP-6. The interaction resulted in severe corrosion of mild steel coupon. Similarly, Garcia et al. (2012) demonstrated MICI by bacteria isolated from surface of copper electrode. The scanning electron microscopy (SEM) analyses showed that the biofilm formed by the bacteria served as anticorrosive coating against corrosion. They hypothesized that the metal surface was prevented from interacting with the environment due to the layer of EPS formed by the bacteria isolate. Biofilm of B. subtilis was also found to act as a passivation layer for aluminum 2024 (Al 2024) in sea water. However, killing the bacterial cells within using antibiotics resulted in pitting corrosion with hours of cell's exclusion. The theory as postulated by Lin and Ballim (2012) suggested that it was due to the decrease of oxygen at the metal interface as well as reduction of reactions at the anode owing to the presence of biofilm. They also suggested that the negative charge of EPS as well as that of the bacterial cells were able to deflect corrosive ions of chloride.

The metabolism of microbes often produces secondary metabolites. Some of these secondary metabolites produced by bacteria such as Bacillus sp., have inhibitory or biocidal properties against other microbes growing in the environment, thus, giving them a competitive edge. It has been mentioned earlier on the potentials of B. brevis to be used in MICI strategy since they can produce biofilm on metal surfaces as well as secretes metabolites (i.e. gramicidin S) that are deleterious to SRB. Genetically modified B. subtilis, was also reported to produce bactenecin and indolicidin, which are all active against SRB. The ability to form biofilm is an added advantage to Bacillus sp., since the antimicrobial produced will remain within the biofilm (owing to diffusion barrier), thus, maintaining its concentration by preventing dilution from the bulk fluid (Kip and van Veen, 2015). Oyewole et al. (2020) reported SRB inhibitory effects on corrosion causing Desulfovibrio indonesiensis, D. vulgaris and D. alaskensis by a low molecular weight bioproduct partially purified from a strain of E. coli.
Another important environmentally safe method of mitigating MIC is through biocompetitive exclusion (BE). BE is simply the supply of a particular nutrient in an environment to stimulate the growth of a desired bacterial species over another (Kip and van Veen, 2015). This is mostly used in petroleum industry, which often suffers from MIC caused by SRB. To control the presence and activities of SRB in reservoir souring, nitrate (NO3-) is injected into the system to spur the growth of NRB. By doing so, the NRB will grow at a faster rate while exhausting the limited nutrient, which was supposed to support the growth of SRB. In other to ensure survival, the will have to switch to NO3- as a source of energy. This way, sulphate reduction that usually results in MIC will be restricted. The NO2- and NO3- present in the system goes on competitively bind to enzymes of SRB thereby inhibiting reduction and sulphide production. When using BE method, one needs to be careful in the amount of NO3- that will be injected into the system, since S2- can be oxidized by NRB to SO42- while reducing NO3- in the redox reaction. The NO2- produced is an intermediary product resulting from the incomplete reduction of NO3-. As such, the amount of NO3- to be injected should commensurate with the right reaction leading to exclusion of SRB from the microbial community. Otherwise, as a result of excess NO2- in the system can cause chemical corrosion of the metal (Ibrahim et al., 2018).

Another environmentally safe method of controlling MIC is through the bacterial phage treatment (BPT) strategy used as anti-biofilm agent (Amanda et al., 2018). In BPT, bacteriophages are used to eliminate certain group of bacteria by lysing their cell wall using phage depolymerases. A bacteriophage isolated by Bhattacharjee et al. (2015) at 105-106 PFU/mL was reported to remove biofilm of Delftia tsuruhatensis ARB-1 from waste water treatment plant. Phages can either work alone or work as a group. Their synergistic effort often causes a better effect. A cocktail of three bacteriophages (LiMN17, LiMN4L, and LiMN4p) were reported to reduce a 7-day sessile cells of Listeria monocytogenes on stainless steel to undetectable level. However, when they were used individually at 109 PFU/mL, they were reported to achieve a 3 - 4.5-log reduction of the same test isolate under the same conditions. The use of BPT in combination with other antimicrobial product has been reported in the treatment of human infections caused by a particular bacterial strain. As we have mentioned earlier about the heterogeneity of bacterial biofilm involved in MIC, this has made the application of BPT in the control of MIC a challenge, due to high specificity of bacteriophages. Phages that inhibit Desulfovibrio aespoeensis or D. vulgaris may not against other species of Desulfovibrio (Jia et al., 2019). 
CONCLUSION 
Microbial biofilms play dual role in corrosion processes. They either influence it or inhibit it with the former being prevalent causing deterioration of metals with high economic cost. However, with the right tools and knowledge, non-corrosion causing microorganisms (i.e. Bacillus sp.) with the ability to form biofilm can secrete biocidal substances, which can kill or inhibit the growth of corrosion causing microorganisms such as sulphate reducing bacteria and acid producing bacteria, among many others. 

The mechanisms used by microorganisms involved in MIC should be critically reviewed as this will provide adequate knowledge on ways they can be stopped. Studies should be channeled more on how bacteriophages can be modified to invade microorganisms involve in MIC, this way, metals can be protected. Since biofilm formation is essential for MIC, researchers should focus more on microbial products with potentials to disintegrate the biofilm created as this will prevent surface contact with metals as well as provide avenue for bulk fluid to dilute whatever corrosive compound they eventually produce as a result of their metabolism.
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