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Abstract

:

Sulphate-reducing bacteria (SRB) are dominant species causing corrosion of various types of materials. However, they also play a beneficial role in bioremediation due to their tolerance of extreme pH conditions. The application of sulphate-reducing bacteria (SRB) in bioremediation and control methods for microbiologically influenced corrosion (MIC) in extreme pH environments requires an understanding of the microbial activities in these conditions. Recent studies have found that in order to survive and grow in high alkaline/acidic condition, SRB have developed several strategies to combat the environmental challenges. The strategies mainly include maintaining pH homeostasis in the cytoplasm and adjusting metabolic activities leading to changes in environmental pH. The change in pH of the environment and microbial activities in such conditions can have a significant impact on the microbial corrosion of materials. These bacteria strategies to combat extreme pH environments and their effect on microbial corrosion are presented and discussed.
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1. Introduction


Sulphate-reducing bacteria (SRB) are a group of microorganisms that utilise sulphate as a terminal electron acceptor for anaerobic respiration. They play essential roles in sulphur and carbon cycles. The ability of SRB to convert sulphate to sulphide has been used widely for bioremediation which is a low-cost technique for the treatment of acid mine tailings. On the other hand, SRB are the chief culprits that account for microbiologically influenced corrosion (MIC). Understanding SRB metabolic activities in different environments is essential to propose suitable processes for SRB application in bioremediation as well as controlling MIC.



Environmental pH is one of the main factors that strongly influences microbial metabolic activities and bacterial communities [1,2]. pH affects bacterial metabolism through different ways, including changing environmental conditions for bacteria growth, affecting bacterial extracellular enzyme activities, disturbing the growth rate of bacterial metabolism. pH can influence the concentration of nutrients as the concentration of protons and hydroxyls can affect nutrient dissolution, precipitation and geochemical reactions leading to the increase or decrease of the nutrient for bacteria to growth. Researchers have reported the dependence of bacterial extracellular enzymes on pH, with increasing environmental pH resulting in reduced enzymatic capacity for degrading organic substrates [3,4]. Environmental pH was also found to strongly influence bacterial growth rates with a one-unit deviation from optimum pH resulting in a 50% decrease in bacterial growth rate and lowering microbial metabolism by up to 50%. The thermodynamic and kinetic responses to pH in microbial respirations have been studied by Jin and Kirk [5,6].



It has been known for a long time that SRB prefer to grow at pH range 6–8 [7]. However, SRB occur in acidic environments [8,9] and alkaline environments [10,11,12,13]. SRB can be divided into three groups based on their optimum environmental pH for growth: acidophilic, alkaliphilic and neutrophilic. Acidophilic SRB have been found to be able to grow at pH 2.9 to 6.5 [14,15,16]. Alkaliphilic SRB grow optimally in extremely alkaline environments from pH of 6.9 to 9.9 [13]. Neutrophilic SRB species are better known than acidophilic and alkaliphilic SRB and thought to be only able to grow at pH range 6–8 [7]. However, later studies found that neutrophilic SRB could also survive and grow in extreme pH conditions [17,18] and current bioremediation treatment of acid mines mainly use neutrophilic SRB which is highly sensitive to acidic environment [19].



Extreme pH environments can be human-made, e.g., acid mine tailings, or natural, such as alkaline ground waters and there are many places that equipment have been working under such conditions. After time of exposure to these conditions, the life expectancy of equipment materials might be reduced due to the deterioration of materials caused by corrosion. The existence of bacteria in these environments also causes MIC, especially with SRB, the dominant species accounting for MIC. Thus, corrosion under these conditions is caused by the combined effect of environmental pH on corrosion, bacteria metabolism for their survival and growth which have effect on microbial corrosion. Understanding survival ability of SRB in extreme pH environment can propose a suitable mechanism of MIC caused by SRB in such conditions and possible mitigation methods for corrosion.



MIC of metals is influenced by a number of conditions including the type of metal, temperature, pH, flow conditions, applied voltage, coatings, biocides, and hydrophobicity. However, pH of the environments presents some issues that have not been discussed widely in MIC literature. The goal of this present work is to elucidate and summarise existing knowledge on how neutrophilic SRB survive and grow under extreme pH conditions, including sulphate reduction activities, and its effect on material corrosion.




2. Sulphate Reduction Metabolism


In anoxic habitats, SRB generally use sulphate as an electron acceptor for anaerobic respiration and gaining energy for growth. The source of the electron donor can come from the oxidation of a carbon source, hydrogen or metal. The process of sulphate reduction occurs through a dissimilatory sulphate reduction (DSR) metabolic pathway catalysed by enzymes. Generally, the DSR process includes four steps (Figure 1). The first step is the activation of free sulphate around bacterial cells by the enzyme sulphate adenylyltransferase (ATP-sulfurylase) to produce adenosine-5-phosphosulfate (APS) and pyrophosphate (PPi). The potential of sulphate/sulphite is too negative (−516 mV) for reduction by NADH or ferredoxin which are the primary intracellular electron mediators [20]. The next step is the reduction of cytoplasmic APS to sulphite/bisulphite and adenosine monophosphate (AMP) by the enzyme APS reductase. Then, sulphite is catalytically reduced to the DsrC trisulphide intermediate by the dissimilatory sulphite reductase (DsrAB) enzyme. The final step is the reduction of trisulphide to sulphide and reduced DsrCr by a membrane bound enzyme DsrMKJOP complex. The steps described above are shown in Figure 1.



SRB metabolic activities have been shown to be related to environmental conditions [22]. The metabolic flexibility of SRB helps to increase their chance of survival when environmental conditions change, for instance, the respiration of a group of Desulfobvibrio sp. under aerobic conditions where the same substrate as sulphate are oxidised with oxygen [23].



Another example is the survival and growth of SRB in sulphate depleted environments. Bryant et al. [24] reported Desulfovibrio sp. was able to grow with methanogenic bacteria in the absence of sulphate. A product of SRB metabolic activity is H2 which can be consumed by methanogenic bacteria. This coexistence helps SRB to obtain enough energy for their survival and growth. The coexistence of SRB and other microorganisms was also found in extreme pH environments where the metabolism of the other microorganism changes the pH to a suitable level for growth [24]. Sulphate reducers also have their own strategy to survive and grow in extreme pH environments. The following sections explain their strategy to adapt to acidic environments.




3. SRB Activities in Acidic Environments


Acidic habitats can be found in acidic lakes and rivers, and acidic wetlands containing high concentrations of organic acids, as well as mine tailings. The presence of neutrophilic SRB and sulphate reduction activities in acidic habitats, especially with pH below 5 have been found since the last decades [25,26]. D. vulgaris and Desulfovibrio caledoniensis were reported to increase their environmental pH from 4 to 7.4 and 6 to around 7.5, respectively [27].



3.1. Response of SRB to Acidic Environments


In extreme acidic conditions, SRB develop adaptive strategies to adapt to the environmental condition. The strategies may include: maintain suitable pH in cytoplasm, regulate protein synthesis, change metabolic pathways.



3.1.1. The Maintenance of pH in Cytoplasm


When exposed to acidic conditions, most neutrophilic bacteria need to sustain a compatible cytoplasmic pH that lies within pH of 7.4–7.8 [28,29] to maintain pH homeostasis with optimum function and structural integrity of the cytoplasmic proteins to support their growth [30]. Then, they are able to neutralize the pH of the cytoplasm relative to the external pH condition. The maintenance of cytoplasmic pH can be done by restricting proton permeation, increasing pumping proton out of cytoplasm and increase proton consumption.



Restriction of Proton Permeation


Proton from environment go into bacteria cytoplasm via plasma membrane. The driven force of proton flow or proton motive force (pmf) is generated by the proton electrochemical potential difference    (  Δ  μ   H +     )    which can be calculated by membrane potential difference    (  Δ ψ  )    and pH gradient    (  Δ p H  )    across a membrane [28].


  Δ  μ   H +    = F Δ ψ − 2.3 R T Δ p H  



(1)




where F is Faraday constant (96,480 JV−1mol−1), R is the gas constant (8.315 JK−1mol−1) and T is temperature (K). Membrane potential difference    (  Δ ψ  )    is generated as a result of the transfer of protons. When the potential exists across the membrane, a permeable ion travels through membrane with respect to this potential until electrochemical equilibrium is established    (  Δ  μ   H +    = 0  )   . pH gradient has been reported to have a more dominant effect than the difference in membrane potential [28,31].



Biologically, most cytoplasm membrane is built basically as a bilayer of lipids which has low permeability of protons and most nutrients. The membrane contains channel protein which is a special arrangement of amino acids embedded in the cell membrane to allow the influx of protons and nutrients and extrusion of waste products [32]. Hence, the permeability of proton through membrane and membrane channels may limit the flow of proton through bacterial membrane. Previous literature reported and summarized the change of the membrane composition of bacteria when they encounter low pH condition in E. coli and Streptococcus mutans [33,34]. Recently, Hang Yu et al. [35] reported D. vulgaris when exposed to acidic conditions, had the largest differently expressed gene for acid-related in the Gene Ontology (GO) term “GO0016021- integral component of membrane”. The study revealed the adjustment in the cell membrane composition under acid stress and this change was the main factor that strengthen the adaptation of bacteria to low extracellular pH. Modifying the membrane channel size also contributes to the response of bacteria to acidic conditions. Amaro et al. [36] reported that Acidithiobacillus ferrooxidans showed the gene expression to attempt to modify the channel by forming a large L3 loop as their response to acidic condition. This resulted in decreasing the influx of proton through membrane. However, there was no report discussing modification of the channel size of the membrane of SRB regarding to acid stress.




Increase in Pumping Proton Out of the Cytoplasm


The proton pumps are directed outwardly all over the external pH range; accordingly, the potential is always negative inside [37]. The enhancement of increasing outflux of proton from cytoplasm is essential for maintaining pH homeostasis with low extracellular pH. Excess proton in cytoplasm may inhibit ATP hydrolysis and photochemical reactions [38]. F1F0-ATPase have ability to hydrolyse ATP to promote outflux of protons outside cells, hence, this enzyme can be considered as effective maintenance of pH homeostasis to prevent internal acidification. Enterococci was shown to have cytoplasmic pH regulated by F1F0-ATPase under acidic conditions [39]. The same finding was found in E. coli [40]. When the pmf decreases below a threshold level as the extracellular pH decrease, F1F0-ATPase may act as a proton exporter [41]. It was reported this reaction of F1F0-ATPase might be a result of reorientation of the ε subunit which is known as ATPase endogenous inhibitor, toward F0 and away from the β subunit of F1. The rearrangement consequently may enable the F1 part to hydrolyse ATP and export protons. The atp operon contains 8 genes encoding subunits of F1F0-ATPase. Previous research in E. coli showed that in low pH conditions, atpA, B, C, D, E, F, G and I expression was decreased [42]. This gene expression correlated negatively in F1F0-ATPase under acidic conditions. However, D. vulgaris was shown to have atpA, B and H expression upregulated [35] which have positive effect on F1F0-ATPase function. This reaction supported bacterial survival and growth at low environmental pH.




Increase in Proton Consumption


Besides controlling the influx and outflux of proton flow, bacteria promote a strategy to combat acid stress by increase the consumption of proton. It has been reported that some bacteria develop enzymes to produce alkaline products in order to neutralize excessive cytoplasmic protons, e.g., the ammonium-forming enzymes in urease systems such as Helicobacter pylori, Bacillus cereus [43,44]. Amino acid synthesized by bacteria also was found to help maintaining cytoplasm pH homeostasis by increasing intracellular pH during metabolism [45]. E. coli [46] and Listeria monocytogenes [47] activates different acid resistance systems under acid conditions, where cells attempt to alkalinize cytoplasmic pH, and require the presence of amino acids during acid challenge. These systems are known as the glutamate decarboxylase system (gadABC operon) [48], the arginine decarboxylase system (adiA) and lysine decarboxylase (CadA) [49]. D. vulgaris was reported to have gene expression of synthesis of amino acid under acid stress [35], however it is still unclear if this amino acid metabolism involved in neutralising cytoplasmic pH.





3.1.2. Regulation of Protein Synthesis


The regulation of protein synthesis is essential for bacteria to survive under acidic stress as it is a common mechanism that supports the bacterial acid stress response [50]. The protection or repair of macromolecules such as DNA and proteins are promoted by specific proteins which are usually generated in acidic environments. Various chaperone proteins which play an important role in the synthesis, transport, folding, and degradation of proteins have been considered as significant acid tolerance factors [51]. This was found in periplasm of different Gram-negative bacteria which possess HdeA and HdeB, which are two periplasmic chaperones [52]. HdeB has been recognized as the protection of enteric bacteria from gastric acid damage and HdeA is the protection of bacteria against acid stress due to the accumulation of organic acids [52]. Even though this mechanism is common in various type of bacteria, especially Gram negative bacteria [53], there is no report about the mechanism on SRB. Alternatively, it was found in D. vulgaris under acidic stress, six genes in GO term “GO:0005840-ribosome”, including rplC, rpsQ, rpsO, rpsJ and yfiA was enriched [35]. The bacteria have developed different mechanisms in order to relieve the stress caused by antibiotic inhibition such as fusidic acid [54]. Previous study has shown that protein factor-related mechanisms have also been found to reduce antibiotic stress by binding to the ribosome, such as fusidic acid resistance in staphylococci through the action of the FusB-like proteins [55].




3.1.3. Change in Metabolic Pathway


SRB was found to have flexible metabolic pathway to survive and grow in extreme environments. In acidic environments, gene expression that related to sulphate reduction of D. vulgaris, e.g., DVU0499 and sat was downregulated as decreasing pH [35]. DVU0499 is a hypothetical protein that is predicted to carry out sulphate reduction of D. vulgaris [35]. ATP sulfurylase which is encoded by sat gene plays an essential role in converting free sulphate into APS in dissimilatory sulphate reduction [56]. The downregulation of these gene expressions indicated that the sulphate reduction of D. vulgaris was limited. Hence, bacteria need to adjust their metabolic strategy to reduce energy consumption and increase metabolic efficiency to enhance their survival and growth [35]. Indeed, sulphate reduction is not the only pathway to obtain energy of SRB as in sulphate-free environments, SRB can develop functions to perform sulphate-free metabolism which is described in previous section. Noticeably, D. vulgaris showed gene expression of DVU1556, which is related to methyltransferase, was upregulated. Methyltransferases are enzymes which transfer methyl groups and result in methylation. Methylation was reported to initially evolved in protein activities in microbes to adapt to metabolic milieu [57,58]. Hence, methylation could possibly play an essential role in adapting to extreme environments of SRB. Additionally, the gene expression which is related to energy metabolism, e.g., atpA, B, H was upregulated which suggests that the increasing in metabolic efficiency to enhance survival and growth at low pH conditions [35]. These expressions of genes in acidic condition were similar to electron donor response of D. vulgaris.




3.1.4. Other Factors Support Survival and Growth of SRB


In addition to SRB’s own strategy to acid stress, the existence of microniches can attribute to SRB acid tolerance. Microniches are small sites which are different from the bulk environment. Fortin et al. reported the presence of microniches of higher pH around bacteria in an acid mine tailing environment [59]. Microniches can only be sustained thermodynamically by an active energy consumption process. If the pH inside microniches need to maintained at neutral pH in acidic bulk environment, bacteria need to have proton consuming process [25]. Sulphate reduction is a proton consuming process, thus SRB can maintain their microniches at elevated pH. Additionally, in natural environment, SRB can be protected by the protective layer caused by the entrapment of precipitation of sulphide and iron/other metals in the matrix of biofilm. This precipitation layer can act as diffusion barrier to proton from environment [59,60,61].



Another factor that can be taken into account for bacterial survival and growth is the change in environmental pH. As sulphate reduction is a proton consuming process, thus the concentration of proton in environment decreases which generates neutral/alkaline pH of the environment [62] which is suitable for optimising bacterial growth. The growth of D. vulgaris was arrested at pH 4, however regrew after a few days when the bulk solution pH increases [17].



The application of this change in environmental pH has been used in bioremediation where to neutralize environmental pH. As pH increases, this results in precipitation of metals which is used in heavy metal removal [14,51,63].





3.2. Sulphate Reduction at Low pH


Sulphate reduction rate at lower pH are influenced by four primary factors, including concentration of H+, organic acid, sulphide concentration and metals. The reduction of sulphate reaction can be written as reaction (2)–(5) [64].


  S  O 4  2 −   + 8  H +  + 8  e −  →  S  2 −   + 4  H 2  O    



(2)






  S  O 4  2 −   + 9  H +  + 8  e −  → H  S −  + 4  H 2  O    



(3)






  S  O 4  2 −   + 10  H +  + 8  e −  →  H 2  S + 4  H 2  O    



(4)






  H  S −  +  H +  →    H 2  S  



(5)







3.2.1. Proton Concentration


Sulphate reduction (reactions 2–5) is a proton consuming process; thus, the Gibbs free energy is more negative with decreasing pH [65]. This results in more energy release from the reactions at low pH. For example, assuming concentrations of 1 mol/L for all reactants, except H+, the ΔG of hydrogenotrophic sulphate reduction (H2 as electron donor) is −198 kJ/mol at pH 3 compared with −175 kJ/mol at pH 5 [25]. The extra energy gained can be consumed by pumping protons out of the cytoplasm to maintain a suitable cytoplasmic pH for bacteria to survive and grow. The sulphate reduction rate increases as a consequence. The maximum biogenic sulphide production of D. vulgaris at pH 5 was 60% higher than at pH 7.4 [17]. Similar findings were reported for sulphate reduction rate of SRB in different zones of venting sediments (Milos Island, Greece) at pH 5 and 6 [66]. The sulphate reduction rate at pH 4 was close to zero [66] which indicates the limit of bacterial growth. In this case, SRB may have lost energy to pump protons out of the cells and lag phase in growth occurred when they change their system to respond to low pH conditions.




3.2.2. Organic Acid


The presence of organic acids at low pH can inhibit sulphate reduction by bacteria and may inhibit growth. Sulphate reduction by SRB in a reactor decreased with increasing lactate concentration [19]. Reis et al. [67] reported that when the pH is between 5.8 and 7, half of a mixed culture of SRB was inhibited by the presence of 0.9 mM acetic acid.




3.2.3. Sulphide Concentration


Biogenic sulphide produced by SRB can be in the form of sulphide ions (S2−/HS−) or gas (H2S) depending on pH. At near neutral pH, sulphide ions are favoured. As the pH decreases, the concentration of sulphide ions decreases and H2S gas formation increases. Sulphide is toxic to SRB as it causes the precipitation of essential trace metals which are necessary cofactors for enzymes, and it reacts with functional groups of electron carrier systems, amino acids and metabolic coenzymes [68]. Below pH 5, most biogenic sulphide is produced as H2S which is the most toxic form of sulphide [69]. Hydrogen sulphide is a highly permeable compound, entering cells through the cell membrane where it denatures proteins by acting as a cross-linking agent between the polypeptide chains and interfering with the metabolic coenzymes through sulphide bond formation [69]. Sulphate reduction can be inhibited by 50% in an environment containing 2–15 mM of H2S [25].




3.2.4. Metals


Metal ions can react with biogenic sulphide to form metal sulphides. This is the basis for heavy metal removal in bioremediation. However, metal sulphides can also be toxic to microorganisms. A previous study showed the inhibition of SRB activity is due to prevention of access of reactants to bacteria cells by metal sulphide [63] due to the precipitation of metal ions with reactants.






4. SRB Activities in Alkaline Environment


Habitats with high pH environment enclose alkaline ground water, soda lakes (pH 8.5–10) [70], hyper alkaline water (pH > 12) [71]. Previous literature reported the existence of alkaliphilic SRB in such high pH conditions [10,13]. The survival and growth of D. vulgaris (ATCC 7757) [18], non-alkaliphilic sulphate-reducing bacterial (SRB) consortium [72] in these conditions was discovered. The changes in gene expression of D. vulgaris can be seen in Figure 2.



4.1. Response of SRB to Alkaline Environment


Several studies reported the alkaline stress of bacteria was mainly due to alkalinisation of the cytoplasm, reduced membrane potential and damaged proteins and cell envelope [74,75]. In order to be able to survive and grow in such extreme pH condition, SRB were found to develop adaptive strategies, including: pH homeostasis, cell membrane modification, increase in metabolic production and change in metabolic pathways [73].



4.1.1. pH Homeostasis


High pH environments have been found to cause in the depletion of proton in bacteria cytoplasm. One cell of E. coli can contain 7.2 mole proton at pH 8 and decrease to less than 1 mole proton when environmental pH increase to 9 [76]. At high pH environment, the driving force of proton flow (pmf) is lowered because bacteria need to sustain the pH in the cytoplasm, which consequently has an energetically negative effect in pH gradient [77]. This results in dramatic decrease in ATP synthesis in bacteria metabolism. In contraction to acid stress, bacteria under alkaline stress respond increase capture and retention of protons for ATP synthesis which can be carried out by ATP synthase and antiporter cation/proton. Besides, SRB were found to regulate cell membrane and increase amino acid synthesis to maintain pH homeostasis [73].



ATP synthase in bacteria has two domain including: F1 contains three catalytic α and β subunit pairs and single γ, δ, and ε subunits; F0 contains a single a-subunit, two b-subunits and multiple c-subunits which present different stoichiometric ratios per complex in the synthase [77]. It is common in bacteria that ATP synthases are coupled to an electrochemical gradient of protons (pmf) [78,79]. F1F0-ATPase are also energized by an electrochemical gradient of cation which is generated by cation pumping protein complexes in the membrane. The most common cations found were Na+, Li+ and K+. The capacity of neutralophilic as well as alkaliphilic bacteria for maintaining a cytoplasmic pH below the external pH, depends heavily upon electrogenic Na+(Li+)(K+)/H+ antiporters. Sergey et al. [73] reported that when D. vulgaris was exposed to environment with pH of 10, gene expression related to ATP synthase including DVU0774-0780 (F1ε, F1β, F1γ, F1α, F1δ, F0B and F0B, respectively) and antiporter Na+/H+ NhaC (nhaC) including DVU3108 were upregulated. This indicated that D. vulgaris used mainly Na+/H+ antiporter for regulating the intracellular pH homeostasis. Hence, both the electrochemical gradients of Na+, or sodium motive force (smf) and pmf are essential for energizing ATP synthesis.



Electrogenicity of the antiporter can be readily explained by assuming a certain stoichiometry between the Na+ and protons and kinetics of the exchange, the KD of substrate binding, positive and negative effectors of the activity, structure–function relationships and the reaction mechanism [30,77,80]. An electrogenic Na+/H+ antiporter when exposed to extreme environments will be driven by the ΔpH initially formed by the primary proton pumps: Na+ will be extruded and H+ will be returned to the cell. The antiporters take up external H+ in exchange for Na+ from the cytoplasm, with a ratio of proton per sodium ion more than 1. Therefore, the ΔΨ (negative inside relative to the outside) drives the inward H+ movement and makes it possible to acidify the cytoplasm relative to the bulk medium [30].




4.1.2. Cell Membrane Modification


Membrane integrity function was reported to be disturbed by high environmental pH [81]. The modification of cell wall properties has been reported in different bacteria exposed to extreme conditions [82,83,84]. D. vulgaris was shown to have changes in gene expression which are related to cell wall and membrane biogenesis [73]. Gene expression of DVU1446 which encoded lipopolysaccharide (LPS) heptosyltransferase was found to be upregulated. This gene was reported to be associated with inner core region of the outer membrane macromolecule lipopolysaccharide biosynthesis [73]. Additionally, DVU2367, DVU2368 (fabZ gene in E. coli), DVU2369 and DVU2370 gene expressions which related to cell envelope structure were shown highly regulated in D. vulgaris. DVU2367 and DVU2369 are associated with the outer membrane macromolecule lipopolysaccharide biosynthesis, DVU2368 involved in fatty acid biosynthesis and DVU2370 encoded outer membrane protein OmpH and is a part of the cell wall peptidoglycan biosynthetic pathway. However, there was downregulation of some genes related to cell wall biosynthesis as environmental pH increase in D. vulgaris including: DV2569 for peptidyl-prolyl cis-trans isomerase, DVU1849 for L-isoaspartate O-methyltransferase and DVU1873 for peptidyl-prolyl cis-trans isomerase. The upregulation and down regulation of gene expressions which related to overall cell envelope could indicate the modification of the cell envelope by D. vulgaris in order to be able to survive and grow to alkaline environment. However, further studies are needed for studying specific change in cell surface properties.




4.1.3. Increase in Metabolic Production Change in Metabolic Pathway


Previous literature reported the consumption of amino acid can lead to the protonation of cytoplasm to minimize the alkaline stress of E. coli [85], Lactobacillus plantarum [86]. Several enzymes associated with amino acid synthesis were induced when bacteria exposed to alkaline environment. In E. coli, these enzymes include: enzyme tryptophan deaminase (TnaA) which produces deaminases resulting in generating acid that is adaptive to alkaline challenge [85]. Enzyme o-acetylserine sulfhydrylase A (CysK), which generates NH3 and acids was shown to be expressed at high level in alkaline conditions [76]. In D. vulgaris, gene expressions associated with amino acid were reported to be moderately upregulated [73]. Similar to E. coli, gene expressions of DVU0470 and DVU0471 encoded tryptophan synthase subunits  β  and  α  related to tryptophan deaminase were shown to be upregulated. Additionally, there were increases in gene expressions of biosynthesis and transport of amino acids, including: gene expression for cysteine synthase A (DVU0663) which is considered a key enzyme in producing the amino acid cysteine [87]; dihydrodipicolinate reductase (DVU1609) which catalyses the second step of lysine-a type of amino acid biosynthesis; isopropylmalate dehydratase (DVU2982, 2983) and isopropylmalate synthase (DVU2981) which participates in biosynthesis of L-leucine and pyruvate metabolism; and homoserine dehydrogenase (DVU0890) which catalyses the third step in the aspartate pathway and an intermediate in the biosynthesis of threonine, isoleucine, and methionine. This indicates the employment of multicomponent of amino acid metabolism under alkaline stress.



In addition to increase in amino acid synthesis, SRB were found to change their metabolic pathways to adapt to the extreme environments. Genes in D. vulgaris related in some energy production and central metabolic pathways were shown to be downregulated, including a decrease in lactate oxidation [73]. Besides, there were increases in gene expressions which related to energy generation and electron transfer reactions under alkaline stress. Genes related to molybdopterin oxidoreductase include molybdopterin oxidoreductase (DVU0692), respiratory nitrate reductase (DVU0693), molybdopterin oxidoreductase and molybdopterin-binding subunit (DVU0694) was notably upregulated. These genes were similar to molybdopterin oxidoreductase (mopA, B, C, D) which were found in Desulfovibrio desulfuricans G20. These genes were shown to be involved in transferring electrons for sulphate reduction in cytoplasm [88]. Genes expression of formate dehydrogenase (DVU0587, 0588, 2481, 2482), thiosulphate reductase (DVU0179), cytoplasmic Coo hydrogenase (DVU2286-2291) and periplasmic (NiFe) hydrogenase (D2526) which are associated in transferring electrons were shown upregulated [73]. Due to the inhibition of lactate consumption and acetate production, the increase in these genes indicates the redirection of electron flow to sustain the redox of cytoplasm, thus controlling proton intake by pmf.




4.1.4. Other Changes in Bacteria and Environment


Besides, the motility of the D. vulgaris cell was shown to be restrained as the expression of flagellar genes was decreased. This indicated that under alkaline stress, bacteria tend to be involved in response of the cell to environmental pH rather than motility. This response of D. vulgaris was similar to E. coli [42].



Furthermore, several researchers reported the change in initial elevated environmental pH to around neutral pH during the survival and growth of neutrophilic bacteria. The decrease in environmental pH to around neutral can be beneficial for bacteria to growth. An anaerobic bacteria Lactobacillus plantarum produces lactic acid and, hence, lowers the environmental pH to a preferable pH condition for their growth [89]. Vibrio tapetis which cause brown ring disease was reported to decrease the environmental pH to around 7.5 for their metabolism [90]. The decrease in environmental pH was also observed in SRB. D. vulgaris was reported to change from alkaline pH to around 7.4 after 28 days of immersion [18]. The possible explanation is that D. vulgaris can modulate environmental pH by pH homeostasis—neutralizing activities during their survival and growth. Additionally, the metabolic products of sulphate reduction H2S is more dissolved in the alkaline environment which can release proton to environment and contribute to the decrease in environmental pH [18]. In fact, the growth of D. vulgaris was reported to be arrested at a pH of 10 [18,73], however they resume growth after few days when environmental pH decreases [18]. The drop of environmental pH can be partly caused by SRB metabolic activities in high pH environment which were mentioned in Section 4.1.1, Section 4.1.2 and Section 4.1.3. Additionally, the reaction of bacterial metabolites/cation (such as cation released from corroded materials) with hydroxide ion OH− from the environment, which caused a reduction in the concentration of hydroxide ions [18]. Finally, the metabolic activities of other bacteria shared the same environment can cause the fall in environmental pH. The resumption of bacterial growth suggests that there is a phase lag of SRB for a few days when they develop the strategy to combat high pH environment.



Overall, the response of neutrophilic SRB to alkaline environment showed different SRB species might have different specific strategy to alkaline stress. For example, gene expression of DVU3110 related to oxidoreductase was not found in Desulfovibrio desulfuricans G20. More studies in different SRB species response to alkaline stress need to be conducted to improve the evolution of SRB in alkaline environment.





4.2. Sulphate Reduction in Alkaline Environment


Under alkaline environment, there are many factors that can have effect on SRB sulphate reduction, including but not limited to environmental pH, dissolved sulphide ion, organic matter and metal/mineral precipitation.



4.2.1. Environmental pH


Thermodynamically, a favourable redox reaction at a specific pH condition can be predicted by available energy of the redox reaction. Higher available energy enhances higher reaction rate of the redox reaction and might be higher available energy for bacteria survival and growth. Sulphate reduction (Reactions 2–5) results in the donation of electrons from hydrogen or carbon sources, e.g., lactate, acetate, propionate and methanol are oxidation reactions. Qusheng and Matthew [5] reported the available energy of sulphate reduction by the oxidation of carbon sources increases with the increase in pH from 7 to 14. Environmental conditions where contain high carbon sources, the overall sulphate reduction thermodynamically increases with the increase in environmental alkalinity.




4.2.2. Dissolved Sulphide Ion


Sulphide ion/hydrogen sulphide are metabolic sulphide products of SRB metabolism. Sulphide ion is toxic to bacteria due to its reaction with metal ions and functional groups of electron carrier systems [68], amino acid and metabolic coenzymes [25]. As the environmental pH increases, the concentration of H2S declines whereas the concentration of HS− and S2 increases [5,91]. It was reported that at pH higher than 9, around 99% of H2S was dissolved in solution [91]. However, in comparison to acidic environment, biogenic sulphide produced by SRB at alkaline environment has less toxic impact on bacteria than H2S.




4.2.3. Organic Matter


Organic matter can be defined as biological material in the process of decaying or decomposing. For a long time, sulphate reduction rate was reported to be affected by organic matter [92,93]. Laboratory, field, and theoretical research indicates that the rate of bacterial sulphate reduction rate during early diagenesis relies mainly sedimentary organic matter reactivity [92] as bacteria use carbon source as electron donor. The solubility of organic matter resulted in significant increases as pH is raised by addition of KOH/Ca(OH)2 [94,95] thus, sulphate reduction can be encouraged as environmental pH increases.




4.2.4. Metal/Mineral Precipitation


In alkaline environment, the presence of high concentration of OH−, biogenic sulphide S2− and carbonate CO32− can result in metal/mineral precipitation. Carbonate can be produced by SRB metabolism as SRB reduces carbon sources to CO2. As environmental pH increases, CO2 converts to HCO3− and CO32− while CO32− is more dominant at high pH. The increase in such anion concentrations in alkaline environment can cause high precipitation of metal/mineral. The precipitation product might act as barriers to prevent the access of reactants to bacteria cell, hence results in the inhibition of SRB activities [63]. However, it can be beneficial for bacteria as the precipitation of toxic metal ions. Additionally, the precipitation products can stand in the matrix with bacteria biofilm to prevent bacteria the effect of high pH environment [25].






5. Microbial Corrosion by SRB


SRB has been reported to be a dominant species attributed to MIC. The bacteria mediate between the anaerobic reduction of SO42− as electron acceptor to produce S and/or H2S via half-cell electrode reactions (6)–(8) and overall reaction (9) and (10) [96]. The anodic reaction is the oxidation of metals such as Fe to Fe2+ and the carbon source such as lactate. The sulphides react with the metal ions and form metal sulphides which precipitate on the metal surface around the SRB and mixed with the biofilm [97]. Metal ions can also precipitate with carbonate to form metal carbonate, reaction (10).


  F  e 0  → F  e  2 +   + 2  e −   



(6)






  C  H 3  C H O H C O  O −  +  H 2  O → C  H 3  C O  O −  + C  O 2  + 4  H +  + 4  e −   



(7)






  4 F e + S  O 4  2 −   + 8  H +  → F e S + 3 F  e  2 +   + 4  H 2  O  



(8)






  2 C  H 3  C H O H C O  O −  + S  O 4  2 −   → 2 C  H 3  C O  O −  + 2 H C  O 3 −  +  H 2  S  



(9)






  F  e  2 +   + H C  O 3 −  → F e C  O 3  +  H +   



(10)







SRB cause MIC not only in neutral environment but also in acidic and alkaline environments and on different type of metal materials, e.g., mild steel, stainless steel, duplex stainless steel, hyper duplex stainless steel, copper and aluminium. Corrosion rate of carbon steel (CS) and duplex stainless steel (DSS) caused by SRB in different pH in stagnant condition are shown in Table 1. As can be seen from Table 1, generally, corrosion rate of materials was high at lower pH environment and high pH environment. The possible explanation is that because of the contribution of microorganism activities and environment factors, such as concentration of protons, hydroxyl, and other anions such as chlorides.



5.1. Microbial Corrosion in Acidic Environment


5.1.1. Environment Factors


Protons contributing to corrosion, also called acid corrosion, can occur in various metal materials such as carbon steel, copper, zinc and aluminium [98]. Carbon steel was reported to be highly prone to acid corrosion as H+ ions react with electrons in cathodes [99,100,101], thus the corrosion rate of carbon steel at low pH is high [102]. Stainless steel is generally resistant to acid corrosion because of the formation of passive film [103]. However, proton concentrations coupled to the presence of halides such as chloride, stainless steel was susceptible to localized corrosion because of the destruction of the passive film leading to pitting corrosion.




5.1.2. Microbial Activities


As addressed above about sulphate reduction activities of SRB, in acidic environment, sulphate reduction gains more available energy than at neutral pH. The lower the pH, the more energetically advantageous, the higher the sulphide produced. Biogenic sulphide ions/hydrogen sulphides are reported to be detrimental to corrosion resistance of steel as they react readily with anodic ferrous ions to cause the precipitation of iron sulphides. It has been proposed that corrosion proceeds through the depolarisation of the cathodic area by adsorption of the polarising H2 into the crystal lattice of the iron sulphide species which causes sulphide stress cracking (SSC), or the establishment of an aggressive galvanic cell of iron/iron sulphide [104], both of which result in the acceleration of corrosion. Consequently, microbial corrosion caused by SRB was higher at low pH environments. Additionally, higher reduction rate of sulphate requires higher oxidation of carbon sources and metal which are the main source of electron donor [64]. As and when bacteria attach to a material surface, the matrix of formation of biofilm on metals and the precipitation of metal sulphide/metal carbonate can prevent the diffusion of carbon source like lactate source from environment [64]. This could consequently increase the dissolution rate of metals. Overall, corrosion of metals was accelerated at low pH, which was proved by laboratory experiment in both carbon steels and duplex stainless steels.



On the other hand, the layer of the biofilm and metal sulphide/carbonate precipitation can be advantageous for corrosion resistance of material under acidic environments as they prevent the diffusion of proton and chloride from environment [105]. Indeed, the protection ability of biofilm as a barrier for metal has been reported in several types of bacteria in extreme pH environments [106,107,108]. Chongdar et al. [109] addressed that aerobic Pseudomonas cichorii was able to inhibit the corrosion of mild steel in corrosive phosphate-buffered basal salt solution (BSS). Analysis of surface film using Fourier transform infrared (FTIR) spectroscopy revealed that formation of an iron oxide/iron phosphate layer within biofilm matrix may contribute to the corrosion reduction. Rongjun et al. [106] reported that a protective biofilm of Bacillus subtilis WB600 formed on aluminium alloy Al 2024 as the alloy was passive in the presence of bacteria and was prone to corrosion without the bacteria. Naguib and Mansfeld [4] studied the corrosion behaviour of Al 2024, cartridge brass, and mild steel in AS containing Shewanella ana and also revealed the protective behaviour of the biofilm [107].



The experimental results in pH 4 environment from ref. [17] are interesting. The growth of bacteria was arrested for the first 5 days and resumed when the bulk pH increases to around 4.6. Corrosion rate was found to slow down when the bacteria growth due to the presence of biofilm along with the precipitation of corrosion products.This acted as a barrier to prevent the diffusion of proton and chloride from environment.



Overall, in a very extreme corrosive environment such as low pH with presence of chloride, the layer where minerals and corrosion products are entrapped in the exopolymer matrix of biofilm can be advantageous for resistance of materials.



Additionally, the presence of organic compounds in the environment at low pH can also impact corrosion resistance of materials [110,111]. Acetate is the final metabolic products in the oxidation of lactate/pyruvate caused by SRB. It was reported that acetate can cause higher corrosion in materials than formate, pyruvate and lactate in the environment without the presence of SRB [111]. Additionally, authors reported that in D. desulfuricans containing environment, high amount of acetate was produced by bacteria metabolism and hence, resulted in high corrosion rate of iron coupons. The authors also suggested the higher impact of acetate produced by SRB metabolism at low pH on materials corrosion than biogenic sulphide.



However, when an experiment was carried out in sulphate free medium, bacteria changed their metabolic pathways to sulphate free metabolism, sulphide was not produced. Additionally, acetic acid was found to have inhibition effect on SRB metabolism as mentioned above. Hence, the comparison of impact of acetate and sulphide requires further study.



Besides, most of the studies were conducted in near stagnant conditions in a specific volume in laboratory. When SRB achieve the growth, the bulk pH increased consequently. Thus, the effect of proton concentration on corrosion of materials was reduced. However, these conditions cannot simulate the actual condition in nature, e.g., in waste water. Further studies in corrosion of materials in open conditions where there is a bulk environmental should be taken undertaken.





5.2. Microbial Corrosion in Alkaline Environment


5.2.1. Environmental Factor


Under alkaline environments, steels in general were found to increase their corrosion resistance and decrease the overall corrosion rate [113,114,115,116,117,118,119] due to the presence of protective films. However, in alkaline solutions with the presence of alkali cations such as K+, Li+, protective films were reported to be disrupted [120,121].




5.2.2. Microbial Activities


As addressed in Section 4.2, sulphate reduction gains an energetic advantage at high pH, thus the reduction of sulphate is favourable and requires high electron donor consequently. The precipitation of metal sulphide/metal carbonate as corrosion products can act as a barrier to prevent the diffusion of carbon sources from environment to bacteria. This results in high oxidation of metals which is similar to acidic conditions in that bacteria might be under carbon starvation by the barrier of corrosion products, hence accelerates corrosion process of materials.



The production of biogenic sulphide is mainly sulphide ions in alkaline environment with the dissolution of hydrogen sulphide. Sulphide ion was reported to account for accelerating corrosion as sulphide is aggressive to passive film on stainless steel [122,123,124]. Sulphide causes the susceptibility of materials to corrosion by various ways, including cathodic depolarisation [125] and changes to the local pH upon hydrolysis reactions of dissolved metal ions and initiates pitting [126], supporting active dissolution of steel [127], and increasing electron uptake through metal sulphides [128]. The increase in sulphide ion concentrations led to the increase in corrosion rate of materials. An example is in ref. [129], which was included in Table 1. The corrosion rate of carbon steel increased by 86.7% when environmental pH increases from 7.5 to 9.5. Duplex stainless steel was also reported to accelerate the corrosion rate from 1.9 (µm year−1) at pH 7.5 to 10.1 (µm year−1) at pH 9 [18]. As mentioned above, the enhancement of protective film of materials leads to the increase of corrosion resistance of materials as environmental pH increases. However, in the SRB-containing environment, corrosion of materials increases with the increase of pH due to the high production of biogenic sulphide ions.



The oxidation of carbon sources as electron donor for sulphate reduction produces carbonate under alkaline conditions as addressed in Section 4.2. Carbonate has been reported to cause scale in equipment such as heat exchanger, wellbore tubulars and components and transportation pipe lines [130,131]. The scale of carbonate precipitation such as iron carbonate was reported to act as a protective layer to prevent corrosion of materials [132,133,134]. Previous literature reported the application of calcium carbonate on corrosion prevention of materials [132,135]. However, the concentration of calcium should be taken into account as high concentrations of Ca2+ could lead to the change of corrosion products from protective iron carbonate to non-protective calcium carbonate, and increase the corrosion rate [136].



On the other hand, microbial corrosion of materials in alkaline environment also depends on the growth of bacteria. D. vulgaris was reported to have an arrested growth at pH 10 solution [18]. Sulphide production was very low for the first 6 days until the environmental pH decreased and further bacteria growth was achieved. Thus, for the first few days, materials were protected from corrosion from the formation of protective layer and later the corrosion was accelerated by SRB metabolism.



Overall, microbial corrosion of materials was attributed by different competitive factors. Although corrosion prevention of materials from the protective hydroxide film and the formation of corrosion products layer can act as protective layer to prevent corrosion process, SRB metabolism and high sulphide concentration still cause high corrosion rate of materials. However, corrosion caused by SRB in pH extreme environment of non-ferrous materials, e.g., amphoteric materials such as aluminium, zinc and anti-bacteria such as copper have received less attention and require further studies.






6. Conclusions


SRB have several strategies for survival and growth under extreme pH environments. The main responses of SRB in extreme pH environments are to maintain pH homeostasis and change their metabolic activities in order to survive and grow. Additionally, SRB have the ability to regulate environmental pH. SRB regulate the pH of the environment under acidic conditions to pH 7.4 by converting proton to H2S which will escape as gas and by producing H2O. In an alkaline environment, the H2S produced dissolves in the environment and decreases the pH to 7.4. The regulation of environmental pH to around neutral pH supported the growth of SRB and had a strong influence on MIC. The corrosion of materials caused by bacteria metabolism and environmental factors was explained. The survival and growth of bacteria have a significant impact on the production of metabolic corrosive products and material corrosion.
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Figure 1. Dissimilatory sulphate reduction in sulphate-reducing bacteria (SRB) [21]. 






Figure 1. Dissimilatory sulphate reduction in sulphate-reducing bacteria (SRB) [21].



[image: Applsci 11 02201 g001]







[image: Applsci 11 02201 g002 550] 





Figure 2. Theoretical model of response of D. vulgaris to alkaline environment, the ↑ indicates the increase, ↓ indicates the decrease in the corresponding of gene expression [73]. 
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Table 1. Corrosion rate of different materials according to different pH environment.
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Material Type

	
SRB Species

	
Solution

	
Corrosion Rate at Different pH (10−3 mm/Year)

	
Ref.

	
Note




	
4.0

	
5

	
5.5

	
6.0

	
6.5

	
7.0

	
7.5

	
8.0

	
8.5

	
9.0

	
9.5

	
10

	

	






	
DSS 2205

	
D. vulgaris

	
Artificial sea water

	
6.1

	
1.0

	
-

	
0.6

	
-

	
-

	
0.5

	
-

	
-

	
-

	
-

	
-

	
[17]

	
Calculated from current density




	
DSS 2205

	
D. vulgaris

	
Artificial sea water

	
-

	
-

	
-

	
-

	
-

	
-

	
1.9

	
2.6

	
-

	
10.1

	
-

	
3.3

	
[18]

	
Calculated from current density




	
CS API 5L X70

	
D. vulgaris

	
Modified Baar’s medium

	
-

	
-

	
13.1

	
8.5

	
6.8

	
12

	
7.5

	
9.4

	
11.4

	
13.1

	
14

	
-

	
[102]

	
-




	
CS API 5L X70

	
Not identified

	
Artificial sea mud extract

	
-

	
-

	
-

	
18.4

	
-

	
-

	
-

	
26.8

	
-

	
-

	
-

	
21.3

	
[112]

	
Calculated from current density
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