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Abstract 

 It was not too long ago that the ability of microorganisms to capture energy by engaging 

in electron transfer reactions with extracellular solid materials was discovered. This discovery 

has shifted the paradigms regarding the requirements for life and has prompted tremendous 

research interest in the challenges and opportunities this type of metabolism poses for 

humankind. Possibly, in no other field does the microbial extracellular electron transfer reactions 

have more direct implications today than in the corrosion of steel infrastructure. Due to the 

strong dependence of our society on iron and its alloys, understanding how microorganisms 

influence the corrosion of these materials through extracellular electron transfer reactions 

becomes a matter of substantial importance for industries across the globe. In this dissertation, I 

aimed to answer how the iron-reducing bacterium Shewanella oneidensis influences the 

corrosion of carbon steel. It was in this organism where researchers witnessed for the first time 

the ability of microorganisms to transfer electrons to extracellular substrates, and since then, S. 

oneidensis has become a model for the understanding of microbial extracellular electron transfer 

reactions. Because Shewanella spp. are also frequently found in steel infrastructure undergoing 

corrosion, the next logical question to address is whether or not Shewanella spp. could use 

extracellular electron uptake to accelerate the corrosion of steel. Addressing the aforementioned 

questions was the goal in the making of this dissertation. 

In Chapter 1, I will introduce my motivation to pursue these fascinating research 

questions, present my hypotheses and goals, and provide a literature review on the 

ecophysiology of the genus Shewanella, our current understanding of the microbiologically 

influenced corrosion of steel, and the existing knowledge on the role that iron-reducing bacteria 

play in the corrosion of carbon steel. 



viii 

 

In Chapter 2, I evaluate the ability of S. oneidensis to accelerate the corrosion of carbon 

steel by removing the iron oxide passivating layer through dissimilatory iron reduction, and I test 

the hypothesis that the presence of short-chain deprotonated dicarboxylic acids would exacerbate 

corrosion driven by S. oneidensis by accelerating the dissolution of ferric iron and increasing the 

microbial iron respiration rates. I found that the short-chain deprotonated dicarboxylic acids 

oxalate, malonate, and succinate accelerate the corrosion of carbon steel driven by S. oneidensis 

up to 2.6 times more relative to the sterile control experiment without dicarboxylates. The three 

deprotonated dicarboxylic acids tested enhanced the dissolution of ferric iron, but interestingly 

this did not result in increased iron respiration rates. My results suggest that a complex array of 

competing biological (e.g., microbial iron reduction), chemical (e.g., ligand-assisted iron 

dissolution), and physical (e.g., adsorption of corrosion products) processes drive the accelerated 

corrosion of carbon steel by iron-reducing bacteria in the presence of iron-binding ligands. 

In Chapter 3, I offer a novel approach to test the ability of microorganisms to take 

electrons directly from carbon steel while evaluating the role of hydrogen consumption 

metabolism and direct electron uptake in the corrosion of carbon steel driven by S. oneidensis. I 

performed experiments with carbon steel and a S. oneidensis strain incapable of consuming 

hydrogen and a strain incapable of engaging in direct electron uptake. The results showed that S. 

oneidensis accelerates the corrosion of carbon steel up to four times more when compared to 

abiotic experiments and that direct electron uptake is the most significant corrosion mechanism 

in S. oneidensis. 

Finally, in Chapter 4, I offer my insights on the new research questions that emerge based 

on the findings of this dissertation and provide my ideas on the contributions and the limitations 

of my Ph.D. research. 
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Chapter 1 :  Introduction 

  Motivation 

Life as we know it depends on the ability of cells to capture, store, and release energy, 

with the most fundamental component of this ability being based on electron-transfer reactions.  

Electron transfer reactions are facilitated by chemicals such as glucose that provide electrons, 

i.e., electron donors, and chemicals such as molecular oxygen that accept electrons, i.e., electron 

acceptors. The plethora of electron transfer reactions, as well as the diversity of chemicals that 

act as electron donors and acceptors for cells, are not only fascinating at the cellular and 

molecular level, but they also have profound implications at the global environmental scale. For 

at least a century, it was assumed that only substances able to cross cell membranes could engage 

in the electron-transfer reactions that could support life, as all the known metabolic machinery 

was confined to the cell’s interior. However, it has recently been recognized that some microbial 

cells have evolved elaborate molecular mechanisms to obtain and donate electrons from and to 

insoluble electron donors and acceptors, respectively, that are external to the cell’s interior.  

One of the most relevant examples of external substrates with enough free energy to 

support microbial metabolism are iron minerals. Iron is the fourth most abundant element on the 

Earth’s crust and naturally occurs in two forms: ferric iron which is poorly soluble at 

circumneutral pH, and ferrous iron, which is typically soluble.  Over billions of years of 

evolution, microbes developed metabolic processes capable of extracting enough free energy 

through the oxidation of ferrous iron and reduction of ferric iron. However, about 3,500 years 

ago in the Ancient Near East and Aegean, iron chemistry took an interesting turn when the Iron 

Age began as humans learned how to produce metallic iron from iron ores.  Metallic iron and 
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iron alloys contain far more free energy than ferric or ferrous ions.  Despite the abundance of 

free energy available in metallic iron and iron alloys, it has long been thought that microbes were 

unable to utilize them as electron donors due to the solid nature of these materials, but recent 

evidence has shown that microorganisms possess ways to overcome this limitation. Due to the 

pivotal role that iron has played in the development of modern civilization, and the ongoing 

dependence on iron alloys from almost any sphere of human activity, including transportation, 

construction, and energy, understanding how microorganisms obtain electrons from iron alloys 

becomes a matter of extraordinary significance for humankind. 

In the first decade of the 21st century, the initial experimental evidence suggesting the 

ability of microbes to take electrons directly from metallic substrates came out from a study on 

corrosion mechanisms of iron (Dinh et al. 2004). When microorganisms obtain electrons from 

metallic infrastructure, the metallic substrate undergoes corrosion in a process known as 

Microbiologically Influenced Corrosion (MIC). This process sets one of the biggest challenges 

for industries globally at a significant impact on capital. It is estimated that MIC accounts for 

20% of the total annual corrosion costs (Flemming 1996; B. J. Little et al. 2020), which reach up 

to 3.4% of the global gross domestic product (Koch et al. 2005; National Association of 

Corrosion Engineers 2016). In other words, global MIC costs for 2020 are estimated at 570 

billion United States dollars (USD). Yet, the impact of MIC extends far beyond economic losses. 

Corrosion failure caused by MIC has resulted in several episodes of unintended release of toxic 

materials to the environment. For example, pipeline failure caused by MIC was responsible for a 

267,000-gallon-spill of crude oil in the Prudhoe Bay (Jacobson 2007; Alaska Department of 

Environmental Conservation 2010), weld failure caused by MIC prompted the propane tank leak 

and explosion in the Umm Said Natural Gas Liquids Plant (Marsh’s Risk Consulting Practice 
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2002), and MIC-driven internal corrosion resulted in a natural gas leak and explosion in 

Carlsbad, NM (Natural Transportation Safety Board 2003). 

Our current understanding of MIC remains incipient despite the economic and 

environmental significance of this phenomenon. This is partly because the ability of microbes to 

engage in direct electron uptake from metallic infrastructure is a recent discovery, albeit the 

recognition of this remarkable type of metabolism is rapidly increasing. The lack of innovative, 

robust, and multi-disciplinary approaches that allow for a definitive and conclusive 

determination of the way that different microorganisms interact with metals underlies our limited 

understanding of MIC and prevents us from developing efficient prevention and mitigation 

strategies that would help to preserve metallic infrastructure.  

In this dissertation, I aimed to understand how iron-reducing bacteria, and specifically, 

the widespread bacterium Shewanella oneidensis impacts the corrosion of carbon steel, the 

preferred construction material in structural components and pipes across industries. Although 

Shewanella spp. are commonly found in corroded metallic infrastructure, it is not clear whether 

Shewanella spp. play a role in corrosion and if so, what their role is. Traditionally, it has been 

thought that iron-reducing bacteria accelerate the corrosion of carbon steel by removing the iron 

oxide passivating layer through the reduction of ferric iron (Esnault et al. 2011; Schütz et al. 

2015). Additional, and perhaps overlooked, evidence suggests that S. oneidensis could accelerate 

corrosion of steel by consuming the hydrogen naturally formed on the steel surface (De Windt et 

al. 2003). In other words, hydrogen would act as a mediator for the corrosion of steel. Others 

have suggested that S. oneidensis would prevent rather than accelerate corrosion (Dubiel et al. 

2002; R. B. Miller et al. 2016). Yet, a fourth alternative has been proposed in which Shewanella 

spp. would corrode steel through the mechanism known as direct electron uptake (Philips et al. 
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2018). The latter mechanism faces a strong debate due to the difficulty of providing conclusive 

experimental evidence because of the co-occurring ability of many microorganisms to consume 

hydrogen.  

It is my intention for this dissertation to illuminate the different mechanisms that S. 

oneidensis uses to impact the corrosion of carbon steel. The knowledge facilitated in this 

dissertation will have two immediate impacts on the environmental science field: i) it will narrow 

the gap in understanding of MIC mechanisms while providing the foundation to develop efficient 

corrosion prevention strategies, and ii) it will advance our knowledge on the ways 

microorganism engage in electron transfer processes with solid substrates. This in the long term 

will open the door for engineering this type of metabolism into applications that help us fulfill 

environmentally relevant issues, such as using microbial direct electron uptake to harvest 

electrons from solid substrates while diverting the electrons into the conversion of oxidized 

molecules, like CO2, into valuable products. 
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 Hypotheses and Objectives 

1.2.1.  Hypotheses 

It was hypothesized that the iron-reducing bacterium Shewanella oneidensis accelerates 

the corrosion of carbon steel by at least three different mechanisms: i) removing the iron oxide 

passivating layer through microbial iron reduction, ii) using molecular hydrogen as an 

intermediate or electron carrier, and iii) taking electrons directly from the steel surface through 

outer membrane c-type cytochromes.  

It was also hypothesized that in the MIC mechanism relying on the microbial iron 

reduction of ferric iron, the presence of iron-binding ligands would exacerbate the extent of 

corrosion driven by S. oneidensis by increasing the bioavailability of Fe(III), and in turn, 

accelerating the respiration and dissolution rates of the iron oxide passivating layer. 

1.2.1.  Objectives 

This research aimed to elucidate the different mechanisms used by the iron-reducing 

bacteria S. oneidensis to impact the corrosion of carbon steel under anoxic conditions. 

Specifically, I aimed to i) evaluate how S. oneidensis influences the corrosion of carbon steel 

when using dissimilatory iron reduction, ii) assess the impact of common short-chain iron-

binding ligands in the corrosion of carbon steel driven by S. oneidensis, iii) determine the role of 

hydrogen consuming metabolism in the acceleration of corrosion of carbon steel, and iv) test the 

ability of S. oneidensis to engage in direct electron uptake through the involvement of c-type 

outer membrane cytochromes.  
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 Literature Review 

1.3.1.   Physiology and ecology of the genus Shewanella 

The genus Shewanella is comprised of more than 70 species isolated so far (Euzéby 

1997; Parte 2014, 2018; Parte et al. 2020) with varied habitats including marine waters (Brettar, 

Christen, and Hölfe 2002; Yoon et al. 2004) and sediments (Miyazaki et al. 2006; Roh et al. 

2006; Zhao et al. 2007; S. J. Kim et al. 2012), freshwaters (Venkateswaran et al. 1999; Skerratt, 

Bowman, and Nichols 2002), coastal wetlands (Yoon et al. 2004; Park and Jeon 2013), spoiled 

food (Jørgensen and Huss 1989; Ge et al. 2017), marine organisms (Simidu et al. 1990; Ivanova 

et al. 2004; Satomi et al. 2007; J. Y. Kim et al. 2016), and oil production facilities and fluids 

(Semple and Westlake 1987; Nazina et al. 1995; Martín-Gil, Ramos-Sánchez, and Martín-Gil 

2004; Salgar-Chaparro et al. 2020). The allocation of various species within the genus 

Shewanella has been made based on 16S rDNA phylogeny, but members of this genus exhibit a 

wide range of physiological traits that make it difficult to define common phenotypic 

characteristics for Shewanella species. In general terms, members of the genus Shewanella are 

chemoheterotrophs facultative anaerobes that exhibit a rod shape (0.5 – 0.8 × 0.7 – 2.0 μm) and 

are Gram negative (Nealson and Scott 2006). Shewanella spp. are oxidase and catalase-positive 

and most of them are motile by a single, unsheathed, polar flagellum (Bowman 2015). The 

optimal temperature for growth of most Shewanella strains is above 16  °C, although many 

strains are psychrotolerant with the ability to grow at temperatures below 5 °C (Hau and Gralnick 

2007). 

Perhaps one of the most fascinating characteristics shared by many members of this 

genus is the great flexibility in the electron acceptors used for respiration. Some authors have 

argued that Shewanella spp. are the most diverse and flexible respiratory organisms described so 



7 

 

far (Hau and Gralnick 2007) as they can respire around 20 organic and inorganic compounds, 

including oxygen, iron and manganese oxides, thiosulfate, nitrate, elemental sulfur, arsenate, and 

trimethylamine N-oxide (Charles R. Myers and Nealson 1988; Venkateswaran et al. 1999). 

Conversely, the carbon source for most Shewanella strains is restricted to fermentation end 

products such as lactate, pyruvate, some amino acids, and formate, (Ringo, Stenberg, and Strom 

1984). Because growth is fastest with lactate as the carbon source, lactate is often the preferred 

substrate for the anaerobic culturing of Shewanella spp.  

A notable species of this genus is Shewanella oneidensis MR-1 (Figure 1.1; formerly 

Alteromonas putrefaciens strain MR-1 and Shewanella putrefaciens strain MR-1), first isolated 

from Oneida Lake, NY (Charles R. Myers and Nealson 1988). The physiology and genetics of 

this strain are perhaps better studied than any of the other shewanellae (Venkateswaran et al. 

1999). The unparalleled number of c-type cytochromes (more than 40) in the genome of S. 

oneidensis MR-1 (Heidelberg et al. 2002; Meyer et al. 2004), when compared to other bacteria of 

similar genome size, reflects the versatility in the respiratory activity of this organism. In 

addition to being able to reduce iron, manganese, chromium, and uranium oxides, S. oneidensis 

cells also reduce nitrate to nitrite, nitrite to nitrous oxide, thiosulfate to hydrogen sulfide, and 

fumarate to succinate (Nealson and Saffarini 1994). Under aerobic conditions, S. oneidensis MR-

1 utilizes the complete tricarboxylic acid cycle as the main carbon metabolism route (Y. J. Tang, 

Hwang, et al. 2007). Under anaerobic conditions, alternative metabolic pathways are used 

depending on the carbon substrate and the growth conditions. For example, under anoxic 

conditions and when lactate is the carbon source, the phosphotransacetylase-acetate kinase (Pta-

AckA) pathway drives the incomplete oxidation of lactate to acetate (Scott and Nealson 1994; Y. 

J. Tang, Meadows, et al. 2007; Pinchuk et al. 2011). Other carbon sources include pyruvate, 
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acetate, succinate, formate, and some amino acids (Y. J. Tang, Meadows, et al. 2007). S. 

oneidensis is a halotolerant strain being able to grow at a concentration of up to 6% NaCl 

(Venkateswaran et al. 1999).  

 

Figure 1.1. SEM micrograph of Shewanella oneidensis MR-1 grown under fumarate reducing 

conditions and using carbon steel as the electron donor. 

S. oneidensis MR-1 was one of the first organisms for which unequivocal evidence that 

dissimilatory metal reduction is coupled to cellular metabolism and growth was reported 

(Charles R. Myers and Nealson 1988). Since then it has become a model organism to study 

microbial extracellular electron transfer processes, i.e. electron transfer processes between cells 

and extracellular electron donors or acceptors. Initially, only the ability of S. oneidensis MR-1 to 

transfer electrons to minerals or anodes was extensively studied, but in the last decade, 

experimental evidence has suggested that S. oneidensis MR-1 can also engage in the reverse 

process: electron transport from an extracellular substrate or cathode to intracellular electron 
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acceptors, such as fumarate and oxygen (Ross et al. 2011; Hsu et al. 2012; Rowe et al. 2018). 

This discovery has increased the interest in the physiology of S. oneidensis, as the microbial 

extracellular electron uptake has important implications for the microbiologically influenced 

corrosion of metallic substrates and for the development of microbial electrochemical 

technologies that rely on microorganisms catalyzing the synthesis of valuable products with 

electrons derived from cathodes. 

Because of their electroactive ability (i.e., their capacity to engage in extracellular 

electron transfer reactions), the ease of growing them in the laboratory, and the rapidly 

increasing understanding of their genetics, shewanellae have become excellent candidates not 

only as models to expand the electromicrobiology field but also for the development of 

biotechnological applications tailored to remediate pollutants such as uranium, technetium, 

chromium, and cobalt using microbial fuel cells (Hau and Gralnick 2007; Fredrickson et al. 

2008; Zou, Huang, et al. 2019). The recent observations suggesting that microorganisms can take 

electrons directly from insoluble electron donors have driven an increasing interest in the 

microbial electrosynthesis field. The effective deployment of microbial electrochemical 

technologies will depend on our ability to understand the molecular mechanisms governing 

microbial electroactivity not only in Shewanella spp. but in the vast realm of organisms that 

exhibit this trait and that await to be studied.   

1.3.2.   Microbiologically influenced corrosion 

Microbiologically influenced corrosion (MIC) is the degradation of metals and alloys 

caused by microorganisms. MIC is important for a wide range of industries, including aviation 

(Naval Research Lab Stennis Space Center MS Oceanography 1997), water distribution (G. 

Zhang et al. 2018), and oil and gas industries (Mori, Tsurumaru, and Harayama 2010; Skovhus, 
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Eckert, and Rodrigues 2017; Eckert and Skovhus 2018). In the oil and gas industry, the annual 

corrosion costs are calculated at 170 billion USD (Dwivedi, Lepková, and Becker 2017), and 

MIC is estimated to account for a significant fraction of that cost (Enning and Garrelfs 2014). 

However, the impact of MIC is not only on the economic sphere. Serious accidents have been 

prompted by equipment failure driven by MIC, including oil spills (Jacobson 2007; Alaska 

Department of Environmental Conservation 2010) and explosions (Marsh’s Risk Consulting 

Practice 2002; Natural Transportation Safety Board 2003). 

There is a mounting amount of evidence suggesting that carbon steel, the preferred 

construction material in structural components and pipes across industries (Dwivedi, Lepková, 

and Becker 2017), is highly susceptible to MIC (Schütz et al. 2014, 2015; Javed et al. 2016; Jia 

et al. 2017, 2018; Salgar-Chaparro et al. 2020; Lahme et al. 2020). Monitoring and predicting 

this type of corrosion is a hard task given that MIC, unlike rusting of iron exposed to air, is not 

frequently visible as it mainly occurs inside pipelines or in underground constructions. This sets 

a big challenge for industries to develop effective MIC mitigation programs (Enning et al. 2012). 

Although steel corrosion influenced by microorganisms was suggested as early as 1910 in 

regards to pipeline corrosion during the construction of the Catskill Aqueduct (Gaines 1910), our 

current understanding of MIC mechanisms remains very limited. During the 1980s and 1990s, 

industries’ attention to MIC increased significantly as corrosion problems became more evident 

when failures due to corrosion increased in the aged production oilfields, and bacteria were 

proved to survive and proliferate in petroleum environments (Hoxha et al., 2014; Eckert and 

Skovhus, 2018). This prompted extensive research in the field of petroleum microbiology that 

resulted in the recognition of sulfate-reducing bacteria (SRB) as the main culprits of MIC due to 
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the frequent co-occurrence of these organisms with iron sulfide (FeS) in the corroded metallic 

infrastructure.  

According to Blackwood (2018), the increasing availability and improvement of 

molecular techniques have shown that SRB are not the only MIC agents, but instead, MIC is 

caused by a diverse array of microorganisms commonly found in the environment. These 

microorganisms include nitrate-reducing bacteria (Xu et al. 2013; Iino et al. 2015; Jia et al. 

2017), acid-producing bacteria (Dong et al. 2018), sulfur-oxidizing bacteria (SOB) (Huber et al. 

2016), iron-oxidizing bacteria (Ray, Lee, and Little 2010; H. Liu et al. 2015), iron-reducing 

bacteria (Herrera and Videla 2009; Schütz et al. 2015), methanogens (Mand et al. 2015), and 

archaeal species (Lahme et al. 2020). However, the understanding of MIC in relation to non-SRB 

anaerobes is still incipient, and even for SRB, it is not fully understood how these 

microorganisms accelerate corrosion. Both, biological alteration of the local chemistry and direct 

participation in the electrochemical corrosion process, have been regularly cited in the MIC 

literature (Enning et al. 2012; Blackwood 2018), but with some key aspects remaining to be 

experimentally demonstrated, none of the MIC models proposed is yet unanimously accepted. 

MIC of iron and its alloys has its origin in the chemical Reaction 1, where metallic iron 

gives off electrons. The oxidation reaction is coupled with the reduction of a suitable oxidant. 

Depending on the fate of the electrons given off by Reaction 1, corrosion occurs under aerobic or 

anaerobic conditions. In aerobic conditions, the dissolved oxygen acts as the oxidizing agent as 

shown in Reaction 2. Conversely, in anaerobic conditions, proton reduction often supplies the 

cathodic current that supports the corrosion reaction (Blackwood 2018). In other words, the 

electrons obtained from the oxidation of the material under anaerobic conditions end up reducing 

protons as shown in Reaction 3. Therefore, an environment with a corrosion potential positive to 
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the reversible hydrogen electrode (RHE) is classified as aerobic, whereas an environment with a 

corrosion potential negative to RHE is classified as anaerobic (Blackwood 2018). 

𝐹𝑒0 → 𝐹𝑒2+ + 2𝑒−                       𝐸° = −0.469 𝑉                                          Reaction 1 

4𝑒− + 𝑂2 + 4𝐻+ → 2𝐻2𝑂          𝐸° = +0.815 𝑉                                           Reaction 2 

2𝑒− + 2𝐻+ → 𝐻2                          𝐸°′
= −0.414 𝑉                          Reaction 3 

Reaction 3 is very slow at near-neutral solutions because of the low proton availability, 

so intuitively, it may seem that anaerobic conditions are not as corrosive as aerobic ones. 

However, the corrosion risk for iron under anaerobic conditions can dramatically increase when 

microorganisms are present (Enning et al. 2012). Non-sterile anaerobic environments are 

considered, economically, to be the most destructive ones in terms of corrosion (Blackwood 

2018). Hence, from now this discussion will focus on anaerobic MIC, for which two major 

mechanisms have been proposed: i) chemical MIC (CMIC), and ii) electrical MIC (EMIC) 

(Enning et al. 2012; Venzlaff et al. 2013; Enning and Garrelfs 2014). Both mechanisms are 

explained below. 

A. Chemical microbiologically influenced corrosion (CMIC) 

Under the CMIC mechanism, electrons are proposed to originate from the attack of a 

chemical agent on the metal (Enning et al. 2012). The presence and distribution of this chemical 

agent are influenced by microorganisms. This mechanism can be further divided into the 

cathodic depolarization theory and the attack by sulfide model. 

Cathodic depolarization (CDP) theory  

The cathodic depolarization theory, first proposed by von Wolzogen Kühr and van der 

Vlugt (1934), states that the microbial consumption of cathodic hydrogen accelerates the 
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corrosion of iron and iron alloys. Figure 1.2 presents an illustration of the CDP theory for 

sulfate-reducing organisms. Cathodic hydrogen is the molecular hydrogen that is formed from 

proton reduction with the electrons derived from the oxidation of the metallic substrate (Reaction 

1 and 3). The removal of cathodic hydrogen from the metallic surface by bacteria has been 

thought to accelerate the cathodic Reaction 3 by lowering the activation energy for the 

desorption of hydrogen, causing a positive shift in the open-circuit potential (i.e., depolarizing 

the electrode) that leads to increased corrosion rates. This is better understood by analyzing 

Figure 1.3, where a Tafel extrapolation of polarization curves is shown. If the cathodic reaction 

is accelerated, the cathodic branch will move towards higher current densities (right part of the 

graph), resulting in the intersection with the anodic branch (open circuit potential) at a more 

positive potential with higher corrosion rates. 

 

Figure 1.2. Schematic illustration of microbiologically influenced corrosion of steel via the 

cathodic depolarization theory. 

The CDP theory was perhaps the first theory that provided an explanation for the 

participation of microorganisms in the corrosion of iron alloys, but multiple lines of evidence 

that seem to contradict its most fundamental claims have provoked a strong skepticism on the 
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validity of this theory. One of the strongest turning points for the CDP theory came when Mori et 

al. (2010) evaluated the iron corrosion activities of 26 hydrogen-consuming organisms isolated 

from oil facilities in Japan and found that although almost all strains consumed the cathodically 

formed hydrogen, they did not induce significant iron corrosion (< 2x) relative to the abiotic 

control. Conversely, one isolate, Methanococcus maripaludis Mic1c10, caused significant iron 

corrosion (> 7x relative to the abiotic control) but did not consume cathodic hydrogen. This 

suggested that the CDP theory fails to explain MIC, at least when severe corrosion occurs. 

 

Figure 1.3 Tafel extrapolation of polarization curves. Figure was taken from Kakaei, Esrafili, & 

Ehsani (2019). 

Before presenting the second argument that seems to contradict the CDP theory, it is 

necessary to understand the multi-step reaction mechanism for the hydrogen evolution on the 

steel surface. The first step in the hydrogen evolution reaction is the adsorption of a proton on the 

steel surface (H+ + e- → Hads) followed by hydrogen desorption, either through a second proton-
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electron transfer (Hads + H+ + e- → H2(g)) or through the recombination of two adsorbed protons 

(Hads + Hads → H2(g)) (Dubouis and Grimaud 2019; Ekspong, Gracia-Espino, and Wågberg 2020).  

According to Blackwood (2018), the CDP theory presents some limitations from an 

electrochemical point of view given that it has been previously shown that the rate-determining 

step for H2 evolution on high-carbon steel in seawater is the adsorption rather than desorption 

step (Frankenthal and Milner 1986). This implicates that removing hydrogen from the steel 

surface would not accelerate the cathodic reaction. I consider it important to highlight that the 

determination of the rate-determining step in the hydrogen evolution reaction on high-carbon 

steel was conducted at slightly alkaline conditions (pH =8.3) and through the analysis of Tafel 

slopes (Frankenthal and Milner 1986). pH is a critical parameter influencing rate-determining 

steps (Dubouis and Grimaud 2019), and therefore, conclusions on whether or not a certain step is 

rate-determining on an environmentally relevant situation need to be carefully made only when 

the environmental conditions closely match those for the experimental determination of the 

kinetics of the hydrogen evolution reaction. Additionally, care needs to be exercised when using 

Tafel slopes as proxies of rate-determining steps, as this approach generally assumes extreme 

(complete or zero) coverage of the adsorbed species when in reality slopes are dependent on the 

coverage. Shinagawa, Garcia-Esparza, & Takanabe (2015) showed that although in the literature 

a Tafel slope of 120 mV dec-1 for the hydrogen evolution reaction is generally interpreted as the 

proton adsorption being the rate-determining step, this slope was also observed when the 

desorption step determines the rate through a second proton-electron transfer at high coverage of 

adsorbed hydrogen (> 0.6). 

Blackwood (2018) also offered the argument that the corrosion of carbon steel in 3.5% 

NaCl increases or remains unaffected under hydrogen overpressure (Smart, Blackwood, and 
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Werme 2002) despite the CDP theory predicting slower corrosion rates, but Philips (2020) 

claims that the afore mentioned argument against the CDP theory failed to consider the different 

H2 affinities and consumption characteristics of microorganisms as well as the role of excreted 

hydrogenases that catalyze the H2 evolution reaction (Deutzmann, Sahin, and Spormann 2015; 

Tremblay, Faraghiparapari, and Zhang 2019). From the above, although the CDP theory was first 

proposed almost 90 years ago, it is still actively scrutinized and a consensus on its validity to 

explain MIC is yet to be reached. 

Attack by sulfide  

In the attack by sulfide model, the intracellular oxidation of organic compounds by SRB 

coupled to sulfate reduction produces sulfide as a byproduct that upon diffusion out of the cell is 

proposed to provide an additional cathodic reduction reaction (Reaction 4, Costello, 1974) and 

form a conductive iron sulfide layer that would catalyze the cathodic hydrogen evolution 

reaction (Booth, Elford, and Wakerley 1968; King, Miller, and Smith 1973). Figure 1.4 shows a 

schematic illustration of this model. 

 

Figure 1.4. Schematic of microbiologically influenced corrosion of steel via attack by sulfides. 

Figure was modified from Blackwood (2018). 
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The redox reaction between hydrogen sulfide and iron is more thermodynamically 

favorable (lower Gibbs free energy) than the reaction between water and iron (Reaction 5 and 6) 

(Enning and Garrelfs 2014), and therefore, one might think that it is reasonable that hydrogen 

sulfide provides an additional cathodic reduction reaction in the oxidation of iron and its alloys. 

However, Kahyarian and Nesic (2019) recently showed that rather than undergoing a direct 

electrochemical reduction, H2S assists in the replenishment of H+ in the vicinity of the metal 

surface. 

𝐻2𝑆 + 𝐹𝑒 → 𝐻2 + 𝐹𝑒𝑆                 ∆𝐺° = −72.5 𝑘𝐽𝑚𝑜𝑙−1                              Reaction 4 

𝐻2𝑂 + 𝐹𝑒 → 𝐻2 + 𝐹𝑒𝑂                ∆𝐺° = −14.3 𝑘𝐽𝑚𝑜𝑙−1                              Reaction 5 

2𝐻2𝑂 + 𝐹𝑒 → 𝐻2 + 𝐹𝑒(𝑂𝐻)2    ∆𝐺° = −15.6 𝑘𝐽𝑚𝑜𝑙−1                               Reaction 6 

The second proposition of this model states that the conductive iron sulfide layer that 

forms from the biological reduction of sulfate and the oxidation of iron increases the surface area 

for the cathodic reaction and acts as a better catalyst for hydrogen evolution than bare steel. This 

would cause a positive shift in the corrosion potential (i.e., electrode depolarization), a 

phenomenon commonly observed in the corrosion testing of SRB (Booth and Tiller 1962; Tiller 

and Booth 1962). To this respect, it has been argued that the increased cathodic surface area 

provided by the FeS film is more important at influencing the cathodic hydrogen evolution 

reaction than the catalytic properties of FeS (Newman, Webster, and Kelly 1991). 

In the light of the attack by sulfide model, the role of microorganisms is merely the 

production of sulfide. Although the extended cathode mechanism seems well accepted 

(Blackwood 2018; B. J. Little et al. 2020), the major drawback of this model is that it fails to 

explain corrosion by anaerobic organisms that do not produce H2S. Therefore, additional 

mechanisms are needed to explain MIC. 
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B. Electrical microbiologically influenced corrosion (EMIC) 

Cells conserve energy by coupling the oxidation of a reduced species (electron donor) to 

the reduction of a more oxidized species (electron acceptor). The difference in redox potential 

(∆E) between the electron donor and the electron acceptor determines the amount of energy that 

is released or required in a redox reaction (∆G= -nF∆E). Only reactions with a negative change 

in the Gibbs free energy (∆G) result in potential energy gains. Therefore, in cellular electron 

transport chains, electrons are transferred from low redox potential donors to acceptors with 

more positive redox potential. Figure 1.5 shows the reduction potential of biologically relevant 

compounds and proteins at standard conditions. The biochemical conditions inside the cells 

might differ from standard conditions, and therefore, care needs to be exercised when using the 

values reported in Figure 1.5, but I would like to bring to the reader’s attention that both soluble 

and solid species are listed as redox-active molecules for microbial metabolism. This might seem 

contrary to what most introductory biology textbooks teach us about life. Cell metabolism does 

not seem restricted to the cell’s interior as insoluble molecules that cannot cross the cell 

membrane can engage in microbial redox reactions that result in cellular energy gain! 

As I discussed before for Shewanella spp., some microorganisms have evolved 

fascinating molecular mechanisms that allow them to exchange electrons with extracellular solid 

substrates. These mechanisms provide the foundational basis for EMIC. In the EMIC model, 

bacteria are hypothesized to use metallic iron as the only source of reducing equivalents for 

microbial metabolism (Dinh et al. 2004; Venzlaff et al. 2013; Enning and Garrelfs 2014; Kato 

2016). This model has been predominantly discussed for SRB, as they have been traditionally 

considered the main causative agents of corrosion. Under the EMIC mechanism, SRB would use 

electrons derived from iron as reducing equivalents for sulfate reduction as shown in Reaction 7.  
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Figure 1.5. Environmentally relevant midpoint reduction potential of biologically 

relevant molecules and proteins at standard conditions (pH = 7, 1 atm, 25 °C) unless otherwise 

noted. Figure was adapted from Kracke, Vassilev, & Krömer (2015). Superscripts letters denote 

the reference for the values used. a Little, Hinks, & Blackwood (2020). b Bird, Bonnefoy, & 

Newman (2011). c Jaisi et al. (2009). d Thauer, Jungermann, & Decker (1977). e Ehrenreich & 

Widdel (1994). f Kracke, Vassilev, & Krömer (2015). 
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4𝐹𝑒0 + 𝑆𝑂4
2− + 3𝐻𝐶𝑂3

− + 𝐻2𝑂 → 𝐹𝑒𝑆 + 3𝐹𝑒𝐶𝑂3 + 5𝑂𝐻−  ∆𝐺°′ = −86.1 𝑘𝐽𝑚𝑜𝑙−1 Reaction 7 

Two different models propose how bacteria could take the electrons from the corrosion 

reaction and couple them to metabolic processes: direct electron transfer and mediator-assisted 

electron transfer. A schematic illustration of EMIC is provided in Figure 1.6. 

 

Figure 1.6. Schematic of microbiologically influenced corrosion of steel via direct 

electron transfer or mediator assisted – electron transfer. Med(red) and Med(ox) denote the reduced 

and oxidized forms of the mediator. Figure was modified from Blackwood (2018). 

Direct electron transfer 

The mechanism of direct electron transfer gained support after Dinh et al. (2004) showed 

that some strains of SRB –latter identified as Desulfopila corrodens strain IS4 and Desulfovibrio 

ferrophilus strain IS5 (Enning et al. 2012)- cause unusually high iron corrosion rates that could 

not be explained by the mere hydrogen consumption kinetics of related hydrogenotrophic SRB. 

The authors suggested that direct electron transfer from the metal to bacterial cells could occur, 

or in other words, that those particular organisms had the ability to electrically connect 

intracellular electron transport chains with extracellular solid materials. Enning et al. (2012) later 

showed that the ferrous sulfide layer deposited on steel coupons as a result of Reaction 7 is 
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conductive and could provide a medium for electron flow. Further investigations claimed to 

provide evidence for direct electron uptake from electrochemical studies (Venzlaff et al. 2013; 

Beese-Vasbender et al. 2015) and thermodynamics (Gu T, Zhao K, and Nesic S 2009), but no 

conclusive experimental demonstration of direct electron transfer was offered as the possibility 

of hydrogen serving as an electron carrier was not ruled out of the reported experiments and a 

mere comparison of the expected hydrogen consumption based on the behavior of other 

organisms or based on the observations in abiotic controls does not constitute a thorough 

evaluation of the influence of the hydrogen metabolism on the observed corrosion dynamics. 

Only recently, Tang et al. (2019) proposed a robust approach to consider the effect of hydrogen 

consumption when testing for the ability of a microorganism to engage direct electron uptake. 

They eliminated the possibility of hydrogen or formate serving as electron carriers through the 

deletion of the genes for hydrogenase and formate dehydrogenases and showed that Geobacter 

sulfurreducens strain ACL can use metallic iron as a sole electron donor under those conditions, 

providing strong evidence for the ability of this organism to engage in direct extracellular 

electron uptake. It is expected that this experimental strategy provides a better criterion to 

determine the ability of microorganisms to engage in direct electron uptake from extracellular 

solid substrates. 

If microorganisms were able to directly take electrons from a metallic surface, the 

electrons released by the corroding metal would need to move across the bacterium’s cell wall 

and be transferred to the cytoplasmic terminal electron acceptor. According to Blackwood 

(2018), this sets an important challenge for the validity of this mechanism, as the thickness of the 

cell wall in Gram-negative bacteria is about 7.5 to 10 nm (Salton, Shin-Kim, and Baron 1996), 

whereas the maximum distance for single-step electron transfer is 2 nm (Gray and Winkler 
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2006). Therefore, it would be impossible for electrons to cross the cell wall in a single-step 

electron transfer. I consider that it is important to point out here that many bacteria exhibit 

elaborated arrangements of redox-active proteins that span the cell wall and that could act as a 

conduit for electrons to cross the cell wall both inwards and outwards. Examples of these 

organisms include the well-studied Shewanella and Geobacter, which have a network of c-type 

cytochromes with different windows of redox potential that overlap with each other (MtrA, 

MtrC, and CymA in Figure 1.5 are examples of those cytochromes), enabling the transport of 

electrons between the cellular menaquinone pool and the extracellular solid substrates (Kracke, 

Vassilev, and Krömer 2015; Shi et al. 2016).  

Mediated-assisted electron transfer 

Alternative hypotheses on how the electrons are transported from the metallic surface 

across the cell membrane have been proposed. Those involve mediators acting as electron 

carriers and transferring electrons from the metallic substrate to the cell’s cytoplasm. The key 

aspect in this mechanism is that the electron being transferred is in association with the redox 

mediator. These mediators are known as extracellular electron shuttles and can be produced by 

the microorganisms (endogenous) or being naturally present in the environment (exogenous) 

(Hernandez and Newman 2001). The redox activity of electron shuttles normally stems from the 

presence of conjugated bonds as these can be easily reduced at biologically relevant reduction 

potentials (Glasser, Saunders, and Newman 2017). Electron shuttles include exogenous materials 

such as humic acids with quinone and/or hydroquinone moieties and endogenous molecules, 

such as flavins, cytochromes, and quinines (X. Liu, Shi, and Gu 2018; Huang et al. 2018).  

To transport electrons in the context of MIC, the electron shuttles need to have a redox 

potential positive to the corrosion potential. For carbon steel at 25°C, it means a redox potential 
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positive to that of Reaction 8. Other criteria for molecules acting as effective electron shuttles 

include the ability to undergo multiple redox cycles to sustain electron transfer in the long term 

as well as the power to provide a physiological benefit to its producer to balance out the 

associated metabolic costs that although estimated minor in comparison to other metabolic 

processes, it can require up to 25 ATP molecules to synthetize one molecule of electron shuttle 

(Glasser, Saunders, and Newman 2017). From my perspective, the metabolic cost of production 

of extracellular electron shuttles becomes more important when considering the losses due to 

diffusion outside the cell, and it is precisely the diffusion that occurs extracellularly what I think 

limits the importance of this mechanism in the environment in comparison to the closed systems 

we test in the laboratory; diffusion rates in open systems may be too rapid to support the electron 

transfer rates needed to sustain microbial metabolism. 

𝐹𝑒 → 𝐹𝑒2+ + 2𝑒−            𝐸 = −0.44 + 0.0295 log[𝐹𝑒2+]                             Reaction 8 

Extracellular electron shuttles and their role in microbial extracellular electron transfer 

reactions have been better studied in the context of dissimilatory iron respiration (Coates et al. 

1998; Lies et al. 2005; Marsili et al. 2008; Kotloski and Gralnick 2013; Tan et al. 2016) than in 

the opposite process (extracellular electron uptake), but because of the role that the electron 

shuttles play for iron-reducing microorganisms, one might think that these shuttles would also 

play a significant role in mediating the transfer of electrons from extracellular solid substrates, 

such as carbon steel, to the intracellular electron transport chains. The evidence supporting this is 

starting to pile up (P. Zhang et al. 2015; D. Wang et al. 2020, 2021). For me, the key questions to 

answer are: what are the diffusion rates of microbial extracellular electron shuttles in the 

environment, and are those rates supportive of microbial metabolism? 



24 

 

From the above discussion, I hope I have convinced you that despite the importance of 

MIC in our society and the tremendous efforts of the scientific community to understand and 

tackle this issue, we have not reached an agreement on the corrosion microbial players and the 

underlying molecular mechanism. I believe that rather than a single unifying MIC mechanism, it 

is feasible that different microorganisms exhibit different mechanisms depending on the local 

chemical and microbiological environment. It is also possible that different mechanisms overlap 

to some extent and co-occur under the right conditions, for example, the mediator-assisted 

electron transfer might be complementary to the direct electron transfer mechanisms where the 

outer membrane cytochromes are considered as the key actors. Regardless of the diversity of 

MIC mechanisms and players, it is expected that a better understanding of MIC results in 

improved prevention and mitigation strategies for preserving the steel infrastructure that supports 

our societies. 

1.3.3.  The role of Shewanella in the microbiologically influenced corrosion of carbon steel 

According to Enning and Garrelfs (2014), SRB are considered the main culprits of MIC 

for three reasons: 1) iron in anoxic environments containing sulfate is particularly prone to 

corrosion; 2) SRB and their corrosion product (FeS) are commonly found on anaerobically 

corroded iron; 3) the corrosion rates produced by SRB in laboratory testing match the cases of 

corrosion in the field. However, there are several cases where corrosion cannot be explained by 

SRB (El-Raghy, El-Leil, and Ghazal 1997; Starosvetsky, Starosvetsky, and Armon 2007; Kan et 

al. 2011; Lahme et al. 2020). In production water tanks in Putumayo, Colombia, severe corrosion 

was evidenced, but not SRB could be identified and no sulfate-reducing activity was detected (Y. 

Li 2018). In contrast, Li (2018) found a microbiota comprised predominantly of iron-reducing 

bacteria, which suggested a possible involvement of this type of microorganisms as MIC agents.  
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When corrosion occurs, corrosion products adhere to the surface of the metal forming a 

layer that provides a diffusion barrier to the reactants, i.e., a passivating layer. When iron or its 

alloys undergo corrosion, the passivating layer is generally comprised of iron oxide/hydroxides. 

The involvement of iron-reducing organisms in the corrosion of carbon steel has been attributed 

to the removal of the ferric iron oxide/hydroxide passivating layer from the steel surface through 

the reduction of ferric iron and subsequent dissolution of the produced ferrous iron (B. Little et 

al. 1998). As I mentioned before, S. oneidensis strain MR-1 is a model organism for iron-

reducing bacteria, so my discussion for the molecular pathways for iron reduction will focus on 

the knowledge we have gained by studying S. oneidensis MR-1. 

Underlying the ability of S. oneidensis MR-1 to transfer electrons to extracellular 

substrates is the presence of a high number (> 40) of c-type cytochromes genes in its genome 

(Heidelberg et al. 2002; Meyer et al. 2004). Our current understanding of the way S. oneidensis 

MR-1 reduces ferric iron points to the participation of the periplasmic decaheme c-type 

cytochrome MtrA, the outer membrane decaheme c-type cytochromes MtrC and OmcA, the 

outer membrane protein MtrB, and the inner-membrane tetraheme c-type cytochrome protein 

CymA (Fredrickson et al. 2008). Although the genes encoding these proteins have paralogs 

(mtrD, dmsE, SO4360 paralogs for mtrA; mtrF, omcA, and undA paralogs for mtrC; and mtrE, 

dmsF, and SO4359 paralogs for mtrB) in the genome of S. oneidensis, the proteins in the metal-

reducing cluster MtrABC/OmcA seem to be the primary components in the reduction of Fe(III). 

A schematic of the most widely accepted mechanism is shown in Figure 1.7. 

Under anoxic conditions, electrons from carbon oxidation enter the menaquinol pool and 

flow to the inner membrane c-type cytochrome CymA (C. R. Myers and Myers 1997). From 

CymA, electrons flow to MtrA, likely through the periplasmic fumarate reductase FccA or the 
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small tetraheme cytochrome CctA (Coursolle and Gralnick 2010, 2012; Sturm et al. 2015). From 

MtrA the electrons flow to MtrC. The trans-outer membrane protein MtrB is a porin molecule 

that forms a complex with MtrA and MtrC to stabilize these proteins and enable electron transfer 

(Ross et al. 2007; Hartshorne et al. 2009; Edwards et al. 2020). MtrC and OmcA are responsible 

for the electron transfer to extracellular electron acceptors (Xiong et al. 2006; Lower et al. 2007; 

Marshall et al. 2008; Eggleston et al. 2008; Zheming Wang et al. 2008; Reardon et al. 2010). I 

would like to highlight at this point that our understanding about the role of MtrF is not as 

extensive as for the role of MtrC or OmcA, and therefore most of the molecular models we find 

in the literature center around MtrC and OmcA, but Coursolle and Gralnick (2012) showed that 

MtrF can also facilitate this step when Fe(III)-citrate is the extracellular electron acceptor. 

 

Figure 1.7 Schematics of iron reduction mechanisms in Shewanella oneidensis MR-1. Figure 

was taken from Fredrickson et al. (2008). The electron transfer from CymA to MtrA is now 

known to be facilitated by FccA and/or CctA (Sturm et al. 2015).  
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S. oneidensis MR-1 also uses flavins as soluble electron shuttles or bounded cofactors for 

the outer membrane c-type cytochromes to transfer electrons to extracellular electron acceptors 

(Marsili et al. 2008; Von Canstein et al. 2008; Coursolle et al. 2010; Okamoto et al. 2013). In 

this case, reduced flavins diffuse out of the cell and donate electrons to the solid surface. Upon 

extracellular oxidation, the oxidized shuttle can return to the cell, get reduced, and continue the 

redox cycle. It has been shown that the same c-type cytochromes that are thought to be 

responsible for the direct electron transfer mechanism also participate in the reduction of flavins, 

suggesting that both mechanisms might overlap. However, because a significant portion (> 70%) 

of the current produced during the reduction of a carbon electrode (Marsili et al. 2008) and a 

solid Fe(III) oxide (Kotloski and Gralnick 2013) by S. oneidensis is dependent on the presence of 

flavins, it has been argued that the mediator-assisted electron transfer is the most common 

mechanism for the reduction of extracellular substrates by this organism (Brutinel and Gralnick 

2011; Kotloski and Gralnick 2013; Grobbler et al. 2018).  

A third mechanism for iron reduction in S. oneidensis MR-1 is through nanowires (Gorby 

et al. 2006), which are extensions of the outer membrane that contain cytochromes and are 

comprised of interconnected outer membrane vesicles (Pirbadian et al. 2014; Subramanian et al. 

2018). This mechanism is somehow similar to the one exhibited by Geobacter spp. which show 

filaments containing the multi-heme c-type cytochromes OmcS and OmcZ (F. Wang et al. 2019; 

Filman et al. 2019; Yalcin et al. 2020). The nanowires in Geobacter spp. have been considered to 

be made of electrically conductive PilA-N pili (Reguera et al. 2005; Lovley and Walker 2019), 

but there is new evidence that suggests that the role of the pilin filament is to help in the 

translocation of the c-type cytochromes rather than conducting electrons (Gu et al. 2021), 

making it more similar to the nanowires of Shewanella than it had been previously thought. 
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From a genome perspective at least, it seems like the aforementioned mechanisms are not 

unique to S. oneidensis MR-1 but are shared by members of the genus Shewanella as many of 

them have a single locus that encodes mtrA, mtrC, and mtrB (Figure 1.8). This locus also 

encodes 1-3 decaheme (omcA, mtrF, mtrG, and mtrH) or undecaheme (undA and undB) outer 

membrane c-type cytochromes. At the time of writing this dissertation, there are 34 species of 

Shewanella with a complete genome sequence available at NCBI, and 91% of them share this 

locus. This suggests that although the discussion here is centered around S. oneidensis MR-1, it 

is also likely relevant for other members of the genus Shewanella. 

 

 

Figure 1.8 Metal-reductase-encoding locus in the genus Shewanella. Figure was taken from 

Fredrickson et al. (2008). 
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Several Shewanella strains have been isolated from produced water samples from oil 

storage tanks and have been linked to corrosion of metal infrastructure in the oil field 

environment (Semple and Westlake 1987; Venkateswaran et al. 1999). In a recent biological 

survey conducted by a major oil and gas operator in the Permian basin, members of the family 

Shewanellaceae were found in produced fluids samples of 139 wells –out of the 308 wells 

studied (> 45%)- in a relative abundance ranging from 0.01% to 12.81% as determined by 16S 

rDNA sequencing analysis. Figure 1.9 shows a map of the location of the wells whose produced 

fluids contain shewanellae. To provide a comparison point, members of the family 

Geobacteraceae, another widespread and well-studied iron-reducing family, were only present in 

less than 11% of the produced fluid samples in relative abundance ranging from 0.01% to 3.7%.  

 

Figure 1.9. Map of the Permian basin showing the location of oil wells with Shewanella spp. 

The presence of Shewanella spp. in produced fluids samples occurs despite the expensive 

efforts of oil and gas companies to control microbial populations through biocidal programs. One 
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thing that I consider important to note is that Shewanella spp. were also found in the rock 

cuttings of more than 57% of the wells studied, but only in 11.5% of the drilling mud and 21.7% 

of the frac fluids samples, suggesting that Shewanella spp. could be indigenous to the petroleum 

reservoir and not only introduced during drilling or completion operations. This might help to 

explain why biocidal programs are not always effective at controlling corrosive microbial 

populations as the programs are frequently targeted to the microbial populations in the injected 

materials rather than to the indigenous microbial populations in the reservoirs. 

As with other iron-reducing bacteria, the role of S. oneidensis MR-1 in the corrosion of 

carbon steel has been primarily attributed to the iron-reducing metabolism (Esnault et al. 2011; 

Schütz et al. 2015), but additional evidence supporting other mechanisms exists in the literature 

yet remains overlooked. First, De Windt et al. (2003) proposed that S. oneidensis MR-1 

accelerates the corrosion of steel by consuming the molecular hydrogen naturally formed on the 

steel surface, similar to what the cathodic depolarization theory proposes. Others have suggested 

that S. oneidensis would prevent rather than accelerate corrosion by consuming oxygen and 

forming thick biofilms on the steel surface (Dubiel et al. 2002; R. B. Miller et al. 2016). And 

finally, since the discovery of the bidirectional extracellular electron transfer capabilities of S. 

oneidensis MR-1 (Ross et al. 2011; Rowe et al. 2018; Zou, Wu, et al. 2019), researchers have 

proposed that Shewanella sp. could oxidize metallic iron through direct electron uptake (Philips 

et al. 2018). Therefore, a proper investigation of the different corrosion mechanisms of S. 

oneidensis MR-1 is warranted. 

S. oneidensis MR-1 can use molecular hydrogen as an electron donor by expressing the 

periplasmic HydA and HyaB hydrogenases under anoxic conditions (Meshulam-Simon et al. 

2007). Although the mere ability to consume H2 does not guarantee an accelerated 
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microbiologically influenced corrosion (Mori, Tsurumaru, and Harayama 2010), it has been 

shown that free hydrogenases and presumably formate dehydrogenases can mimic apparent 

electron uptake that enhances iron corrosion (Deutzmann, Sahin, and Spormann 2015). Hence, 

one of the critical questions that need to be addressed is what is the role of the hydrogen 

metabolism in the corrosion facilitated by S. oneidensis MR-1? 

1.3.4.  Influence of iron-binding ligands on the corrosion of carbon steel driven by 

Shewanella oneidensis 

Iron can readily complex with carbon-, oxygen-, nitrogen-, and sulfur-bearing ligands due 

to its electrons in d orbitals with π-character (Melton et al. 2014).  It is estimated that more than 

99% of the total dissolved iron is complexed with organic iron-binding ligands in the marine 

environment (Gledhiir and Buck 2012). Upon complexation, the chemistry (solubility, redox 

potential, bioavailability, etc.) of iron is altered, suggesting an important role for the ligands in 

the corrosion of carbon steel, especially when it is driven by iron-reducing bacteria, like S. 

oneidensis, whose iron respiration rates are known to be influenced by the iron chemistry (Haas 

and Dichristina 2002; Bonneville, Van Cappellen, and Behrends 2004; Bonneville, Behrends, 

and Van Cappellen 2009).  

Short-chain dicarboxylic acids are ubiquitous iron-binding ligands that play a key role in 

mobilizing iron in the environment by dissolving ferric iron from naturally occurring iron oxy-

hydroxides (W. P. Miller, Zelazny, and Martens 1986; Reichard, Kretzschmar, and Kraemer 

2007; Zhenzhen Wang et al. 2017; Fengyi Li, Koopal, and Tan 2018; Tapparo et al. 2020). At 

pH 7.0, the short-chain dicarboxylic acids oxalic, malonic, and succinic acids occur at the 

deprotonated state, which forms soluble complexes with Fe(III). Because these dicarboxylic 

acids have been previously found in production waters from carbon steel tanks experiencing 
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corrosion (Y. Li 2018) and because of their widespread occurrence in formation waters of 

sedimentary basins (Kharaka, Ambats, and Thordsen 1993; Prapaipong, Shock, and Koretsky 

1999), I will use them as models to research the impact of iron-binding ligands on the corrosion 

of carbon steel and the microbial iron respiration rates. 

The effect of short-chain dicarboxylic acids on the abiotic corrosion of steel has been 

previously investigated (Saltykov, Makarov, and Toroptseva 2001; Giacomelli et al. 2004; 

Saltykov et al. 2004; Wiersma 2011). For oxalic acid, three different effects are distinguished: i) 

under acidic conditions, the cathodic current density is higher for solutions containing oxalic acid 

than for oxalic acid-free solutions, suggesting an enhanced hydrogen evolution reaction in the 

presence of oxalic acid (Giacomelli et al. 2004); ii) evidence suggests that hydro-oxalate ions 

(HC2O4
-) interact with the FeOHads surface (hydroxyl ions adsorbed on the steel surface), 

forming FeHC2O4
+

ads, Fe(II), and releasing an electron, which suggests a direct electrochemical 

mechanism for the oxidation of steel by oxalic acid (Saltykov, Makarov, and Toroptseva 2001); 

and iii) formation of a ferrous oxalate layer through deposition on the steel surface, indicating a 

corrosion passivating effect (Saltykov et al. 2004). Succinic acid has been found to inhibit 

corrosion of carbon steel at pH < 3 but the inhibition becomes insignificant at pH > 4 (Deyab and 

El-Rehim 2014). Not only pH and the chemical nature of the iron-binding ligand seem to 

influence the corrosive effect of these molecules on steel, but the presence of oxygen has also 

been shown to play an important role in determining whether carboxylates passivate or not the 

steel surfaces (Godinez-Alvarez et al. 2004). Because the effect of short-dicarboxylic acids on 

the corrosion of carbon steel has not been thoroughly investigated under anoxic conditions, it is 

necessary to define the effect of these molecules under anoxic sterile conditions before we can 
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understand how they influence the corrosion driven by S. oneidensis under iron-reducing 

conditions. 

Previous research in our group investigated the effect of oxalate, malonate, and succinate 

on the polarization resistance and corrosion potential of carbon steel under oxic conditions and 

offered some exploratory work on how they impact the iron respiration by S. oneidensis under 

anoxic conditions (Kokbudak 2017). It was found that the presence of these short-chain 

deprotonated dicarboxylic acids increases the dissolution of ferric iron from oxidized carbon 

steel and seems to increase the microbial iron respiration and corrosion rates, but a thorough 

evaluation of the effect of the deprotonated dicarboxylic acids on the microbial respiration and 

corrosion rates was hindered by the non-uniform cell density used across the experiments. 

Kokbudak (2017) also found evidence for the adsorption of the dicarboxylic acids on the 

oxidized carbon steel surface from the increase in the polarization resistance over time, but a 

characterization of the surface has yet to be done. Therefore, although there is good evidence that 

indicates that iron-binding ligands can influence the corrosion of carbon steel driven by iron-

reducing bacteria, a systematic evaluation of the effect that these molecules have on corrosion 

under anoxic conditions driven by S. oneidensis is needed. 

By now I hope I have conveyed the complexity of corrosion chemistry and why despite 

the many efforts that microbiologists, electrochemists, and engineers have coordinated, our 

understanding of corrosion driven by microorganisms is still in its infancy. In the rest of this 

dissertation, I aim to provide answers to some of the critical gaps I have identified during this 

revision to the literature, and I will propose the new challenges that will need to be addressed 

next. 
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Chapter 2 :   The influence of iron-binding ligands on the corrosion of carbon steel driven 

by iron-reducing bacteria 

In this chapter, I evaluated the ability of Shewanella oneidensis MR-1 to accelerate the 

corrosion of carbon steel by dissolving the iron oxide passivating layer through the reduction of 

ferric iron under anoxic conditions. Given that the rates for microbial iron respiration are dictated 

by the kinetics of iron coordination and solubility, it was hypothesized that the presence of iron-

binding ligands would increase the microbial iron respiration rates, which in turn would increase 

the corrosion rates of carbon steel. Part of this chapter was submitted to the NPJ Materials 

Degradation journal and is under revision at the time that I write this dissertation.  

 Introduction 

Corrosion of metallic infrastructure facilitated by microorganisms is a costly 

phenomenon that affects a wide range of industries, including aviation (Naval Research Lab 

Stennis Space Center MS Oceanography 1997), water distribution (G. Zhang et al. 2018), and oil 

and gas (Mori, Tsurumaru, and Harayama 2010; Skovhus, Eckert, and Rodrigues 2017; Eckert 

and Skovhus 2018). There is mounting of literature that suggests that carbon steel, the preferred 

material in structural components and pipes across industries (Dwivedi, Lepková, and Becker 

2017), is highly susceptible to corrosion facilitated by microorganisms (Schütz et al. 2014; Javed 

et al. 2016; Jia et al. 2017, 2018). Therefore, scientists and engineers across the globe face the 

challenge to understand how microorganisms accelerate the corrosion of carbon steel before 

being able to develop effective corrosion prevention and mitigation strategies. 

When steel is oxidized, an iron (hydr)oxide passivating layer forms, protecting the steel 

surface underneath it from further corrosion events. Given that ferric iron is poorly soluble at 

neutral pH and cannot easily enter the interior of bacterial cells, the metabolic utilization of this 
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redox-active substrate is challenging for most microorganisms. However, Shewanella spp. 

exhibit Fe(III)-reductases on their outer membrane that allow them to access the energy stored in 

the poorly soluble ferric iron through direct and indirect reduction mechanisms (Lies et al. 2005).  

Shewanella spp. have been frequently linked to corrosion (Semple and Westlake 1987; 

Venkateswaran et al. 1999; R. B. Miller et al. 2018), although a consensus on the role that 

Shewanella spp. play in the corrosion of carbon steel is yet to be reached. Shewanella oneidensis 

MR-1 has been shown to accelerate the corrosion of carbon steel up to 1.3-1.8 times via the 

dissolution of the magnetite passivating layer (Schütz et al. 2015; Esnault et al. 2011). However, 

some authors have argued that S. oneidensis MR-1 would decelerate rather than accelerate the 

corrosion of carbon steel by decreasing the dissolved oxygen in the system through the 

production of Fe(II) and the ability of Shewanella species to respire oxygen (Dubiel et al. 2002) 

or by blocking the steel surface with a dense biofilm (R. B. Miller et al. 2016). In both cases, the 

Fe(III) reducing metabolism of Shewanella spp. seems to underlie the involvement of this taxon 

in the corrosion of carbon steel. 

The dissolution of Fe(III) oxides is very slow at circumneutral pH values, but the 

mobility of iron in aqueous phases can be enhanced by the formation of soluble Fe(III) 

complexes with iron-chelating ligands. Short-chain dicarboxylic acids are effective iron-binding 

ligands that play a key role in mobilizing iron in the environment by dissolving ferric iron from 

naturally occurring iron oxy-hydroxides (W. P. Miller, Zelazny, and Martens 1986; Reichard, 

Kretzschmar, and Kraemer 2007; Zhenzhen Wang et al. 2017; Fengyi Li, Koopal, and Tan 2018; 

Tapparo et al. 2020). At neutral pH, the short-chain dicarboxylic acids oxalic acid (pKa1= 1.23, 

pKa2= 4.19), malonic acid (pKa1=2.83, pKa2=5.69), and succinic acid (pKa1=4.19, and pKa2= 

5.48) (Brown, McDaniel, and Häfliger 1955) occur in the deprotonated state, which forms strong 
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soluble complexes with Fe(III) (Table 2.1). These molecules occur naturally in the environment 

and in many instances, they are byproducts of microbial metabolism. 

Table 2.1. Stability constants of ferric iron-ligand (Fe-L) complexes (Smith and Martell 1989).  

Ligand Most stable species Logβab 

Oxalate FeL3
3- (a=1; b=3) 18.6 

Malonate FeL3
3- (a=1; b=3) 16.6 

Succinate FeL2
- (a=1; b=2) 13.3 

Lactate FeL (a=1; b=1) 6.4 

 

Dicarboxylic acids are frequently considered corrosion inhibitors based on reports 

showing the deacceleration of corrosion of steel under oxic conditions due to the formation of a 

dicarboxylate salt that weakly adsorbs on the steel surface.  Oxalic acid has been shown to 

inhibit corrosion of iron alloys in aerated solution at pH < 6.0 by forming a passive ferrous 

oxalate layer (Saltykov, Makarov, and Toroptseva 2001; Giacomelli et al. 2004; Saltykov et al. 

2004), whereas succinic acid was found to inhibit corrosion of carbon steel at pH < 3 but the 

inhibition becomes insignificant at pH > 4 (Deyab and El-Rehim 2014). Therefore, it seems that 

pH conditions strongly influence the role different dicarboxylic acids play in the corrosion of 

carbon steel. Furthermore, It has been shown that not all dicarboxylic acids act as corrosion 

inhibitors in oxygen-free conditions (Godinez-Alvarez et al. 2004), highlighting the need for 

researching the effects on corrosion of dicarboxylic acids under anoxic conditions. 

In this chapter, I aimed to determine whether S. oneidensis MR-1 accelerates the 

corrosion of carbon steel under anoxic and iron-reducing conditions and if so, what the impact of 

short-chain deprotonated dicarboxylic acids is in the corrosion driven by S. oneidensis MR-1. 
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 Methods 

2.2.1.  Chemicals:  

Sodium oxalate (CAS number: 62-76-0) ACS reagent ≥ 99.5%, sodium malonate dibasic 

(CAS number: 141-95-7) ≥ 97.0%, sodium succinate dibasic (CAS number: 150-90-3) ≥ 98.0%, 

and ferric citrate (CAS number: 3522-50-7) were purchased from Sigma Aldrich. 

2.2.2.  Bacterial culture conditions: 

S. oneidensis MR-1 was kindly donated by Dr. Jizhong Zhou at the University of 

Oklahoma and grown in a modified minimal medium (Appendix 1) adjusted to pH 7.0 with 

NaOH 1 M and supplemented with 60 mM sodium lactate and 50 mM Fe(III)-citrate. The 

medium recipe was modified from Y. J. Tang, Meadows, & Keasling (2007). Oxygen was 

removed from the medium by boiling for 1 min and bubbling oxygen-free N2 gas for 20 minutes 

before capping with stoppers and autoclaving at 121 °C for 15 min. After autoclaving, filter-

sterilized Fe(III)-citrate was added to the medium at a final concentration of 50 mM. Cultures 

were incubated overnight at 30 °C and 120 rpm. A liquid inoculum from an anaerobic overnight 

culture was transferred (1% vol/vol) into 10 mL of fresh medium and incubated at 30 °C and at 

120 rpm for 8 h. These cultures were harvested by centrifugation at 1,500 RCF for 10 min inside 

a Coy anaerobic chamber (5% H2, 95% N2 gas atmosphere) and washed and resuspended twice 

in the anoxic minimal medium. This was used as the inoculum for biotic microcosm 

experiments. 

2.2.3.  Corrosion experiments: 

Round C1018 carbon steel (0.15-0.20% C, 0.6-0.9% Mn, 0.035% maximum S, 0.03% 

maximum P, and elemental iron as the remainder) coupons (9.53 mm diameter, 1 mm thickness) 
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(Alabama Speciality Products) with a 1.726 cm2 surface area were placed in 3 mL of 0.1M 

NaNO3 solution and allowed contact with the atmosphere for 3 days. Upon the development of 

an iron oxide layer on the steel surface, the coupons were rinsed with nano-pure water, allowed 

to dry inside a Coy anaerobic chamber (5% H2, 95% N2 gas atmosphere), and autoclaved for 30 

min at 121 °C under an N2 atmosphere. Anoxic microcosm experiments were in sterile 120-mL 

serum bottles, each containing an oxidized sterile carbon steel coupon suspended by a PTFE-

coated quartz string to a butyl rubber septum, as suggested by Liang and Suflita (2015), and 50 

mL of minimal medium MR-1 supplemented with 60 mM lactate but without Fe(III)-citrate. The 

bottles were crimp-sealed and filled with an N2 atmosphere by repeating flushing and vacuuming 

cycles 10 times under sterile conditions.  

An ethanolic solution of chloramphenicol was added at a final concentration of 25 ug mL-

1 to all experiments to prevent bacteria from growing in biotic experiments as recommended by 

Haas, Dichristina, and Wade (2001). The corrosion microcosm experiments were conducted 

under both abiotic and biotic conditions in triplicate.  In biotic experiments, 1.0×106 cells mL-1 

were added to each bottle. Filter-sterilized pH= 7.0 solutions of the deprotonated dicarboxylic 

acids under study (oxalate, malonate, and succinate) were prepared in deaerated water and added 

at a final concentration of 50 mM. In the control experiments without any dicarboxylic acid, 

sterile and deaerated nanopure water (> 18.2 MΩ) at pH 7.0 was added at the same volume as 

dicarboxylic acids were added to the rest of the experiments to assure the same total volume of 

experimentation. All the experiments were incubated at 30 °C and 120 rpm for 26 h under dark 

conditions. Because oxidized carbon steel coupons were used, we could not conduct mass loss 

measurements at the end of the experiments. 
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2.2.4.  Chemical analyses:  

Liquid samples were collected under anoxic conditions with N2-rinsed sterile syringes 

and acidified with HCl at a final concentration of 0.5 N. Ferrozine assay (Stookey 1970) for the 

quantification of Fe(II) was performed immediately following sample collection to minimize 

iron oxidation. Briefly, Ferrozine reagent was prepared by adding 1 g of 3-(2-pyridyl)-5,6-

diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt in 1 L of  50 mM HEPES pH 7.0 

and stored under dark conditions at room temperature. For the assay, 2.5 mL of ferrozine reagent 

was mixed with 50 μL of the sample or the standard solution, and the extinction of the mixture at 

562 nm was measured using a UV-1601 spectrophotometer (Shimadzu) after vigorous shaking 

for 15 s. Iron reduction rates were calculated over the linear portion of the Fe(II) curve. 

Total dissolved iron was quantified with a NexION 2000 (Perkin Elmer) Inductively 

Coupled Plasma-Mass Spectrometer (ICP-MS). The isotope 56Fe was measured in the dynamic 

reaction cell (DRC) mode. The plasma gas was 16 L Ar min-1. Ammonia was used as DRC gas at 

a 0.59 mL min-1 flow rate. A 500 ppb Gallium standard solution (Inorganic Ventures) was used 

as the internal standard, and a 10,000 ug mL-1 iron standard stock solution (Perkin Elmer) was 

used for preparing standard solutions. The samples for total dissolved iron quantification were 

stored at -20 °C before analysis.  

The total iron at the completion of the experiment was quantified after collecting the 

coupons inside a Coy anaerobic glove box (5% H2, 95% N2 gas atmosphere) and submerging 

them in 3 mL of corrosion cleaning solution (3.5 g L-1 hexamethylenetetramine in 6 N HCl) for 

10 min. Then, the coupons were washed with deoxygenated nanopure (> 18.2 MΩ) water and 

stored under an N2 atmosphere. The liquid fraction (corrosion cleaning solution + dissolved ions 

from corrosion products) was mixed with the original aqueous phase from each of the microcosm 
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experiments and acidified with HNO3 at a final concentration of 2.0% (v/v). The total iron 

concentration in this liquid phase was measured using ICP-MS in a similar way to the dissolved 

iron measurements. 

One mL liquid samples were collected and filtrated through a 0.45 μm syringe filter at the 

end of experimentation for organic acids analysis to corroborate that S. oneidensis MR-1 had not 

metabolized the iron-binding ligands as a carbon source. The samples were kept frozen at -20 °C 

before analysis. Organic acids were quantified with the Beckman System Gold HPLC 126 

Programmable Solvent Mode and 168 Detector using an AMINEX HPX 87H column and 5 mM 

H2SO4 as the mobile phase. The flow rate was 0.9 mL min-1. Detection was set at 210 nm. 

Compounds were identified and quantified by comparison to known standards.  

2.2.5.  Scanning electron microscopy: 

Coupons were collected after experimentation inside a Coy anaerobic glove box (5% H2, 

95% N2 gas atmosphere), washed with 1 mL of phosphate buffer saline pH 7.2 (Appendix 2), 

and submerged in 4 mL of 2.5% glutaraldehyde solution in phosphate buffer saline pH 7.2 and 

incubated for 10 h at 4°C. Then, coupons were washed with 1 mL of nanopure (> 18.2 MΩ) 

water, and ethanol dehydration series (30%, 50%, 60%, 70%, 80%, 90%, 95%, 100%, 100%) 

was performed by submerging each coupon in 4 mL of each of the ethanolic solutions for 10 

min. Coupons were allowed to dry inside an anaerobic glove box and stored under N2 

atmosphere in crimp-sealed vials until examination with a Zeiss NEON 40 EsB scanning 

electron microscope at a 5 kV accelerating voltage. When SEM-EDS spectra were taken, a 15 

kV accelerating voltage was used. SEM micrographs were analyzed with ImageJ and cells on the 

surface of the steel coupon were counted using the Cell Counter plugin. 
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2.2.6.  X-ray Diffraction: 

Powder X-ray diffraction (XRD) analyses were performed using a Rigaku Ultima IV 

diffractometer on the surface of the coupon after experimentation. Cu-K-alpha radiation (40 kV, 

44 mA) was used with a scintillation detector and a curved graphite monochromator. The MDI 

Jade 2010 software with the ICDD (International Centre for Diffraction Data) PDF4+ database 

was used for the data analysis.  

2.2.7.  Linear Polarization Resistance Experiments: 

Linear Polarization Resistance analyses were conducted using a Reference 600+ 

Potentiostat (Gamry Instruments). Cylindrical oxidized C1018 carbon steel coupons were used as 

the working electrode. The coupons were sterilized and treated as described for the microcosm 

experiments. The dimensions of the working electrode are 0.95 cm x 1.27 cm, and the surface 

area is 4.5 cm2. A standard calomel electrode was used as the reference electrode, whereas a 

graphite rod was used as the auxiliary electrode. Electrolyte medium consisted of the modified 

minimal medium adjusted to pH 7.0 and supplemented with 60 mM lactate. The potential was 

swept ±10 mV from the open circuit potential at a rate of 0.125 mV s-1. Measurements were 

taken every 10 min for 40 h. The experiments were conducted in EuroCells (Gamry Instruments) 

inside a Coy anaerobic glove box (5% H2, 95% N2 gas atmosphere). Anoxic and sterile solutions 

of the different deprotonated dicarboxylic acids were added at 7 h at a final concentration of 50 

mM. S. oneidensis MR-1 cells were also added at 7 h in the biotic experiments. The inoculum 

was prepared as described for the microcosm corrosion experiments. The electrolyte was stirred 

at 200 rpm between measurements to avoid diffusion limitations. Results were analyzed using 

the Echem Analyst software (Gamry Instruments). 
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 Results 

Short-chain deprotonated dicarboxylic acids solubilize iron from oxidized carbon steel in a 

manner that positively correlates with the stability constant of the most thermodynamically 

favorable metal-ligand complex. 

The effect of short-chain deprotonated dicarboxylic acids (oxalate, malonate, and 

succinate) on the dissolution of the iron oxide passivating layer of carbon steel was tested by 

conducting abiotic experiments with oxidized carbon steel and 50 mM amendments of 

deprotonated dicarboxylic acids under anoxic conditions. Figure 2.1 shows the concentration of 

total dissolved iron in abiotic microcosm experiments with time.  

 

Figure 2.1. Total dissolved iron concentration in abiotic corrosion experiments amended with 50 

mM oxalate ( ), malonate ( ), succinate ( ), and no ligand ( ). Error bars 

associated with the triplicate measurements represent standard deviations but are too small to be 

evident in the figure. 
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The addition of 50 mM deprotonated dicarboxylic acids resulted in the higher dissolution 

of iron in comparison to the dicarboxylate-free control. Dicarboxylic acids solubilized iron from 

the oxidized steel coupon following the trend: oxalate > malonate > succinate. This trend 

correlates well (Pearson correlation coefficient, r = 0.997) with the stability constant of the most 

stable species of the corresponding iron-ligand complex (Table 2.1). The zero-order iron 

dissolution rates with the different dicarboxylic acids are shown in Table 2.2. Up to 2.5 times 

faster iron dissolution rates were observed when short-chain dicarboxylic acids were present. 

Table 2.2. Zero-order dissolution rates of iron in abiotic microcosm experiments of oxidized 

carbon steel amended with short-chain dicarboxylic acids at pH= 7.0, 30 °C, and anoxic 

conditions.ⱡ  

Dicarboxylic acid Iron Dissolution 

Rate (mol h-1 m-2) 

95% CI R2 

50 mM oxalate 0.0128 ± 0.0022 0.9785 

50 mM malonate 0.0119 ± 0.0017 0.9840 

50 mM succinate 0.0100 ± 0.0019 0.9726 

No ligand 0.0052 ± 0.0014 0.9518 

ⱡ Confidence intervals (CI) at 95% and linear coefficients of determination (R2) are also shown. 

Higher availability of dissolved iron results in a shorter lag phase for microbial iron reduction 

but not faster reduction rates. 

I had hypothesized that the high concentrations of total dissolved iron driven by the 

presence of deprotonated dicarboxylic acids would facilitate microbial iron reduction by S. 

oneidensis MR-1. Figure 2.2 shows a time course of dissolved iron speciation in microcosm 
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experiments under both biotic and abiotic conditions. In the abiotic experiments, the total 

dissolved iron is predominantly (> 90%) in the form of Fe(III), but in biotic experiments, the 

dissolved Fe(II) concentration increases over time due to microbial iron reduction by S. 

oneidensis MR-1. Experiments amended with 50 mM oxalate or malonate showed a shorter lag 

phase for the microbial reduction of Fe(III) (Figure 2.2 a-b) when compared to the experiments 

with 50 mM succinate (Figure 2.2 c) or the dicarboxylate-free control (Figure 2.2 d). In the biotic 

experiments with oxalate and malonate, the dissolved Fe(II) concentration increases linearly with 

time after a lag phase of 4 h at a rate of 0.86 μmol h-1 and 1.40 μmol h-1, respectively. These rates 

are lower than the total iron dissolution rates in the abiotic experiments with oxalate (2.20 μmol 

h-1) and malonate (2.05 μmol h-1; Figure 2.1). In the biotic experiments with succinate and 

without any ligand, the dissolved Fe(II) concentration increases after a lag phase of 15 h at a rate 

of 1.85 μmol h-1 and 1.78 μmol h-1, respectively. These rates are higher than the total iron 

dissolution rates in the abiotic experiments with succinate (1.73 μmol h-1) and without any 

dicarboxylic acid (0.90 μmol h-1; Figure 2.1). 

The iron speciation follows a similar trend in experiments with oxalate or malonate, and 

this is distinct from the trends exhibited in experiments with succinate and without any 

dicarboxylic acid. In experiments with oxalate and malonate, the total dissolved iron 

concentration is the same irrespective of the presence of bacteria (Figure 2.2 a-b), whereas, in the 

experiments with succinate, the total dissolved iron concentration after 15 h in abiotic 

experiments is higher than in the biotic experiments (Figure 2.2 c). When no dicarboxylic acid is 

present, the total dissolved iron concentration after 15 h is slightly higher in biotic experiments 

than in abiotic ones (Figure 2.2 d).  
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a)        b) 

  

c)        d) 

Figure 2.2. Time course of iron speciation in abiotic (pale color squares) and biotic (dark color 

circles) experiments with carbon steel and a) 50 mM oxalate (blue), b) 50 mM malonate (green), 

c) 50 mM succinate (red), and d) without ligand (orange). The solid lines (  ) denote total 

dissolved iron concentration, whereas dashed lines denote dissolved Fe(II) (  ) and Fe (III) (  ). 

Error bars represent standard deviations of triplicate measurements.  
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I monitored the concentration of the added iron-binding ligands at the end of 

experimentation to evaluate if the microorganisms utilized them as a carbon source and that a 

constant concentration of the deprotonated dicarboxylic acid persisted at least through the 

duration of the experiment. No significant consumption of the dicarboxylic acid was observed. 

Final concentrations are as follow for every set of treatments: oxalate = 44.8 ± 1.4 mM; malonate 

= 44.7 ± 5.0 mM; and succinate = 47.1 ± 6.0 mM. 

Different dicarboxylic acids distinctly change the surface of carbon steel 

The surface of the oxidized carbon steel coupon from biotic experiments was examined 

under the scanning electron microscope (SEM) after 26 h of experimentation (Figure 2.3). The 

coupons from experiments with oxalate and malonate (Figure 2.3 a-b) look smoother than the 

surface of the coupons from experiments with succinate and without ligand (Figure 2.3 c-d). 

Flakes of iron oxide, as determined by SEM-EDS (Figure 2.3 e-f) are readily visible on the 

surface of the coupon treated with succinate and the coupon from the control (without any 

dicarboxylic acid). Higher density of sessile cells is observed on the surface of coupons from 

experiments with succinate (Figure 2.3 c; 1.91 ˟ 106 cells/cm2) and without ligand (Figure 2.3 d; 

1.56 ˟ 106 cells/cm2) than on coupons from experiments with oxalate (Figure 2.3 a; 7.69 ˟ 105 

cells/cm2) and malonate (Figure 2.3 b; 7.51 ˟ 105 cells/cm2). A crystalline precipitate was 

evidenced on the surface of the carbon steel coupon from the experiment with oxalate. This 

precipitate was identified by X-ray diffraction as likely ferrous oxalate (Humboldtine) (Figure 

2.4). 
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Figure 2.3. Scanning electron micrographs of the surface of oxidized carbon steel coupons after 

26 h of incubation with Shewanella oneidensis MR-1 and a) 50 mM oxalate, b) 50 mM malonate, 

c) 50 mM succinate, and d) no ligand. Panel e) and f) show the SEM micrograph of an oxidized 

carbon steel coupon before experimentation and its corresponding EDS spectrum, respectively. 
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Figure 2.4. X-ray diffractogram of the surface of the coupon from the biotic experiment with 

oxalate (red top line). The X-ray diffractograms of humboldtine (FeC2O4·2H2O) (black middle 

line) and C1018 steel (brown bottom line) are provided for reference. 

Total (dissolved and solid-phase) iron concentration is higher in biotic experiments with ligands 

and this is consistent with an accelerated cathodic reaction 

The total iron concentration was measured at the end of the experiments after removing 

and collecting the corrosion products from the carbon steel surface and acidifying the entire 

contents of the aqueous phase of the different microcosm experiments. Figure 2.5 shows the total 

iron concentration for the different treatments after 26 h of experimentation. The total iron 

concentration is up to 1.97 – 2.60 times higher in biotic experiments with ligands than in 

experiments without ligands. Higher total iron concentration was observed in biotic experiments 

relative to abiotic experiments (1.36 mM for all abiotic experiments with the different ligands). 

Experiments without ligands showed the lowest total iron concentration (1.02 mM and 1.19 mM 

for the abiotic and biotic experiments, respectively). In all cases, the total iron concentration was 

higher in biotic experiments than in the abiotic counterparts. 
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Figure 2.5. Range of total (dissolved and solid phase) iron after 26 h of experimentation in 

abiotic and biotic microcosm experiments of oxidized carbon steel with the addition of different 

dicarboxylic acids. Black lines represent the mean concentration values.  

To understand better the redox dynamics responsible for the observed differences in total 

iron, I conducted Linear Polarization Experiments where I followed the corrosion potential of 

oxidized carbon steel coupons upon the addition of S. oneidensis MR-1 and the different ligands. 

Figure 2.6 shows the results of this experiment. The coupons exposed to the different ligands 

experienced a negative shift in the corrosion potential, and the potential shift is more prominent 

in the biotic experiments relative to the abiotic control for each ligand. A negative shift in the 

corrosion potential signals an acceleration in the cathodic reaction at the working electrode.  
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Figure 2.6. Corrosion potential from Linear Polarization experiments of oxidized C1018 carbon 

steel coupons. The different ligands were added at time = 7 h at a final concentration of 50 mM. 

For biotic experiments, Shewanella oneidensis MR-1 cells were also added at time = 7h. The 

experiments were conducted under an anoxic environment at 30 °C and circumneutral pH.  

 Discussion 

Short-chain dicarboxylic acids are effective iron-binding ligands that play a key role in 

mobilizing iron in the environment by dissolving Fe(III) from naturally occurring iron oxy-

hydroxides (W. P. Miller, Zelazny, and Martens 1986; Reichard, Kretzschmar, and Kraemer 

2007; Zhenzhen Wang et al. 2017; Fengyi Li, Koopal, and Tan 2018; Tapparo et al. 2020). At 

neutral pH, the short-chain dicarboxylic acids oxalic, malonic acid, and succinic, occur in the 

deprotonated state, which forms strong soluble complexes with Fe(III) (Table 2.1). The low 

solubility of Fe(III) at circumneutral pH imposes significant challenges to the microbial iron 

respiratory metabolism, therefore, it was hypothesized that the addition of deprotonated 

dicarboxylic acids would result in the dissolution of the iron oxide passivating layer of carbon 
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steel, facilitating microbial Fe(III) reduction to Fe(II) and rendering the steel surface susceptible 

to enhanced corrosion.  

Figure 2.1 shows that the addition of short-chain deprotonated dicarboxylic acids results 

in higher dissolution of iron from oxidized steel when compared to the control without any 

dicarboxylic acid. The iron dissolution rates of the abiotic experiments amended with the 50 mM 

short-chain dicarboxylic acids (Table 2.2) follow the trend: oxalate > malonate > succinate > no 

dicarboxylic acid. The strong correlation (Pearson correlation coefficient, r = 0.997) of the 

ligand-promoted dissolution rates with the stability constant of the most stable species of the 

corresponding iron-ligand complex (Table 2.1) suggests that the formation of a 

thermodynamically stable product drives, at least in part, the ligand-promoted dissolution of 

Fe(III) from the iron oxide passivating layer of carbon steel. 

Mechanistically, the ligand-promoted dissolution of iron oxides is proposed to start with 

an adsorption step of the dicarboxylic acid to the iron oxide surface, followed by the formation 

of a coordination complex with the iron atom on the surface that breaks the Fe-O bonds of the 

crystal lattice, facilitating the detachment of the iron-ligand complex and resulting in the 

solubilization of iron (W. P. Miller, Zelazny, and Martens 1986). Furrer and Stumm (1986) 

proposed that the detachment step is the rate-determining step of the mechanism and that five-

membered chelate rings are the most readily detachable groups, followed by six- and seven-

membered rings. This could help to explain the higher dissolution rate of iron by oxalate (five-

membered chelate ring), followed by malonate (six-membered chelate ring), and succinate 

(seven-membered chelate ring).  

In the abiotic experiments, the total dissolved iron was predominantly in the redox state 

Fe(III) (Figure 2.2). Although the oxide layer on the carbon steel is likely comprised of mixed-
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valence iron oxides (El Mendili, Abdelouas, and Bardeau 2013), the stability constants of the 

Fe(II)-dicarboxylate complexes are at least 10 orders of magnitude lower than those of the 

Fe(III)-dicarboxylate complexes (Smith and Martell 1989), explaining why the Fe(III) is 

preferentially dissolved over Fe(II) by the ligands. Despite the reports of many organic acids 

being capable of reducing Fe(III) to Fe(II), no significant iron reduction was observed in our 

abiotic experiments. This is in agreement with the need for such reductions to be activated by the 

presence of oxygen or light (Zhenzhen Wang et al. 2017; W. P. Miller, Zelazny, and Martens 

1986). Since our microcosm experiments were carried under anoxic and dark conditions, the 

ligand-facilitated photochemical iron reduction was not a possibility. 

In the biotic experiments, the concentration of dissolved Fe(II) increased after a lag phase as the 

result of microbial iron reduction by S. oneidensis MR-1. The shorter lag phase in experiments 

amended with 50 mM oxalate or 50 mM malonate (Figure 2.2) seems to be driven by the 

increased availability of Fe(III) in solution, which would support microbial iron reduction by 

planktonic cells. Conversely, in the experiments amended with 50 mM succinate or not amended 

with any dicarboxylic acid, the dissolved Fe(III) concentration is hypothesized to be too low to 

support microbial iron reduction by planktonic cells in the first 15 h of experimentation. Most 

likely, the microbial iron reduction in the latter cases is initiated once the cells reach the surface 

of the iron oxide layer and establish a biofilm. This is in agreement with the higher cell density 

observed on the surface of the steel coupons coming from the experiments with 50 mM succinate 

(1.91 ˟ 106 cells/cm2) or without dicarboxylic acid (1.56 ˟ 106 cells/cm2)  in comparison to the 

coupons from the experiments with 50 mM oxalate (7.69 ˟ 105 cells/cm2) or malonate (7.51 ˟ 105 

cells/cm2) as well as with the low availability of the iron oxide layer on the coupons exposed to 

the strong iron-binding ligands oxalate and malonate (Figure 2.3). The observed difference in 
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cell density on the steel surface represents a difference in the microbial distribution between 

planktonic and surface-attached states because these were resting cell experiments that were 

originally amended with the same number of cells. 

The distinct mechanisms for microbial iron reduction when different dicarboxylic acids 

are present are also evidenced by the differences in iron reduction rates and how they compare to 

the ligand-promoted iron dissolution rates. In the case of the experiments with oxalate and 

malonate, the ligand-promoted iron dissolution rates are faster than the microbial iron reduction 

rates, suggesting that the microbial iron reduction is not limited by the availability of Fe(III) in 

solution. Furthermore, the difference in iron reduction rates in experiments with oxalate (0.86 

μmol h-1) in comparison to the experiments with malonate (1.40 μmol h-1) suggests a distinct 

nature of the substrate being reduced (Fe(III)-oxalate3
3- vs Fe(III)-malonate3

3-). In the 

experiments with 50 mM succinate or without any dicarboxylic acid, once the microbial iron 

reduction starts, the reduction rates are not only faster than the corresponding iron dissolution 

rates, but they are similar (~ 1.80 μmol h-1) for the two treatments despite the big difference in 

the dissolution rates (1.73 vs 0.90 μmol h-1). This suggests that a similar iron reduction 

mechanism is used by cells exposed to succinate and the treatment without dicarboxylic acid and 

that this mechanism is independent of the ligand-promoted iron dissolution dynamics. The iron 

reduction rate for the experiments with succinate and without dicarboxylic acid is half of the 

reported reduction rate of Fe(III) (hydr)oxide by S. oneidensis MR-1 through a direct contact 

mechanism (Lies et al. 2005). However, the same authors reported a 46% reduction in the iron 

reduction rate when chloramphenicol was present due to the impeded synthesis of new proteins. 

Since our experiments had chloramphenicol, the iron reduction rates observed in our experiments 



54 

 

without any dicarboxylic acid and with succinate support the proposed biofilm-mediated 

reduction process for experiments with weak iron-binding ligands. 

Interestingly, cells exposed to 50 mM oxalate did not yield the highest microbial iron 

reduction (highest dissolved Fe(II) concentrations) despite oxalate being the ligand that 

promoted the dissolution of Fe(III) to the greatest extent. It is hypothesized that the Fe(III)-

oxalate complex is so strong that oxalate acts as a competitor for Fe(III) relative to the S. 

oneidensis outer membrane cytochromes responsible for binding and reducing Fe(III). A similar 

equilibrium competition for Fe(III) between strong Fe(III)-chelating agents and the Fe(III)-

sorbing functional groups on Shewanella putrefaciens cell surface was reported by Haas and 

Dichristina (2002).  Similarly, Taillefert et al. (2007) proposed that S. putrefaciens produce 

Fe(III)-ligands that help solubilize Fe(III) oxides, and therefore a competitive equilibrium could 

be established with exogenous ligands that strongly bind iron. An alternative and perhaps 

complementary hypothesis is that formation of the low solubility (Ksp=  3.2x10-7 M2; F. Liu, 

Peng, Wilson, & Lundström, 2019) product ferrous oxalate occurs when oxalate is present and 

Fe(III) is reduced to Fe(II). This product was shown to form and adsorb to the carbon steel 

surface (Figure 2.4), lowering the Fe(II) concentration in solution, and possibly blocking to some 

extent further dissolution of Fe(III).  

The total dissolved iron concentration is the same irrespective of the presence of bacteria 

when oxalate and malonate are present. However, when succinate is present, the total dissolved 

iron concentration in the abiotic treatment is higher than in the biotic one, despite the succinate 

concentration remaining constant (47.1 ± 6.0 mM for the biotic treatment at the end of 

experimentation vs 50 mM originally provided). This is explained by the fast iron dissolution 

driven by oxalate and malonate, which could result in a quick replenishment of the dissolved 
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Fe(III) consumed by microbial iron reduction. Since the succinate-facilitated iron dissolution rate 

is slower than that for oxalate and malonate and a greater biofilm coverage is evidenced on the 

surface of coupons exposed to succinate, it is reasonable that the replenishment of the consumed 

dissolved Fe(III) does not occur as readily as when oxalate or malonate are present, resulting in a 

lower total dissolved iron concentration in the experiments with bacteria when compared to the 

abiotic counterpart.  

To determine the combined effect of the iron-binding dicarboxylic acids and S. 

oneidensis MR-1 on the corrosion of carbon steel, the total iron at the end of the microcosm 

experiments was quantified after removing the corrosion products from the carbon steel surface 

and collecting them in the acidified aqueous phase. The total iron concentration is higher in 

biotic experiments with ligands, showing that the ligands accelerate the microbiologically 

influenced corrosion up to 2.6 times more compared to the experiments without dicarboxylic 

acids. The highest corrosion, as measured by the total iron concentration, was observed in the 

biotic experiments with malonate, followed by oxalate, and succinate. In the control experiment 

without dicarboxylic acids, S. oneidensis MR-1 accelerated the corrosion 1.2 times relative to the 

abiotic counterpart. This is in agreement with the corrosion acceleration rates reported by Schütz 

(Schütz et al. 2015). The mere presence of deprotonated dicarboxylic acids accelerated the 

corrosion of carbon steel 1.3 times compared to the experiment without dicarboxylic acids, 

showing that individually, ligand-promoted dissolution or microbial iron reduction of the iron 

oxide passivating layer have a mild impact on the corrosion of carbon steel under dark and 

anoxic conditions.  However, when both iron-binding ligands and microbes with iron-reducing 

capabilities are present together, the corrosion of carbon steel is significantly exacerbated. This is 

also evidenced by the more prominent shift in the corrosion potential of the carbon steel coupons 



56 

 

exposed to both ligand and S. oneidensis MR-1 cells when compared to the mere exposure to 

ligands under abiotic conditions (Figure 2.6). 

 

 Conclusions 

In conclusion, it was demonstrated that the ligand-facilitated iron dissolution dynamics 

impact microbial iron reduction and intensify its effect on the corrosion of carbon steel under 

anoxic conditions. The corrosion of carbon steel as measured by the total (dissolved and solid 

phase) iron at the end of the experiments is accelerated in the presence of S. oneidensis MR-1 

and short-chain deprotonated dicarboxylic acids. Individually, S. oneidensis MR-1 or the short-

chain dicarboxylic acids have a mild impact on the corrosion rates of carbon steel (< 1.3 times 

relative to sterile anoxic experiments without the deprotonated dicarboxylic acids), but when 

combined their impact on the corrosion of carbon steel is magnified as up to 2.6 times more total 

iron was found in experiments with both iron-binding ligands and S. oneidensis MR-1 than in 

their sterile counterpart. 

When weak iron-binding ligands such as succinate are present, the microbial iron 

reduction seems to be mainly driven by cells in close contact with the steel surface, whereas 

when strong iron-binding ligands are present, planktonic cells appear to drive the reduction of 

Fe(III). I hypothesize that the difference in cell lifestyle is driven by the sustained availability of 

dissolved Fe(III) when strong iron-binding ligands are present. The readily available dissolved 

Fe(III) could help maintain the cells metabolically active through sustained respiration, whereas 

when dissolved Fe(III) is not readily available or quickly replenished after microbial reduction, 

the cells would face energetic limitations that trigger biofilm formation. Future research will 

need to address this hypothesis.  
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Chapter 3 :  Direct electron transfer as a microbiologically influenced corrosion 

mechanism in Shewanella oneidensis MR-1 

In this chapter, I evaluated the ability of Shewanella oneidensis MR-1 to accelerate the 

corrosion of carbon steel through extracellular direct electron uptake and determined the role of 

microbial hydrogen consumption in the corrosion mechanism. To answer these questions, I 

adopted an experimental approach that relied on the testing of the corrosion capabilities of an S. 

oneidensis double hydrogenase mutant strain (∆hydA∆hyaB) and a mutant strain lacking the 

genes encoding for key c-type cytochromes in the Mtr pathway (∆Mtr). I found that S. oneidensis 

MR-1 accelerates the corrosion of carbon steel up to four times more under fumarate-reducing 

conditions than in the sterile and heat-killed controls. I observed more localized corrosion and 

higher cell density on the steel surface when cells were limited to direct electron transfer than 

when H2 consumption was operational. Corrosion rates, determined by both weight loss 

measurements and Linear Polarization Resistance experiments, of microcosm experiments with 

wild-type strains and each of the mutant strains showed that S. oneidensis preferentially uses the 

direct electron transfer mechanism for corroding steel infrastructure under anoxic conditions. 

This study illustrates the use of mutant strains as an experimental approach to definitively 

validate the ability of organisms to engage in extracellular electron uptake through a direct 

mechanism. Part of this chapter will be submitted to the International Biodegradation and 

Biodeterioration journal.  

 Introduction 

Microorganisms able to obtain electrons from extracellular solid substrates (i.e., 

electroactive organisms) are being extensively scrutinized due to their potential application in a 

wide variety of processes including, energy bioconversions, carbon capture, chemical synthesis, 



58 

 

and water pollution remediation (Logan et al. 2019). Electroactive microorganisms also 

participate in the microbiologically influenced corrosion (MIC) of metallic structures. 

The deterioration of metals by MIC on a global scale is estimated to cost 0.68% of the 

annual gross domestic product (or $0.57 trillion USD for 2020) (National Association of 

Corrosion Engineers 2016; B. J. Little et al. 2020) and presents operational challenges for 

numerous industrial sectors, including aviation (Naval Research Lab Stennis Space Center MS 

Oceanography 1997; Rcheulishvili et al. 2020), water distribution (G. Zhang et al. 2018; Dao, 

Ryu, and Yoon 2021; Ress et al. 2020), and oil and gas (Mori, Tsurumaru, and Harayama 2010; 

Skovhus, Eckert, and Rodrigues 2017; Eckert and Skovhus 2018). The significance of MIC 

reaches beyond economic consequences, as corrosion failures often results in the unintended 

spill of hazardous chemicals and the impairment of ecosystems (Natural Transportation Safety 

Board 2003; Jacobson 2007). Despite almost 100 years of research in MIC, the current 

understanding of this phenomenon is still limited (B. J. Little et al. 2020). It is generally assumed 

that MIC occurs through the biological production of an oxidizing chemical agent, such as 

sulfide (Equation 3.1 and 3.2), or the consumption of hydrogen naturally evolved at the steel 

surface when it comes in contact with water (Equation 3.3) (Pankhania 1988; von Wolzogen and 

van der Vlugt 1934). More recently, a new mechanism known as direct electron transfer was 

proposed (Enning et al. 2012; Venzlaff et al. 2013), where cells with outer membrane c-type 

cytochromes would be able to directly get electrons from metallic substrates.  

4 H2 + SO4
2- + 2H+ → H2S + 4 H2O        (Equation 3.1) 

Fe0 + H2S  →FeS (s) +  H2 (g)                     (Equation 3.2) 

Fe0 + 2 H2O → Fe2+ + H2 (g)+ 2 OH-     (Equation 3.3) 
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Direct electron transfer from steel was proposed when researchers identified a strain of 

sulfate reducing bacteria (SRB) that exhibited unexpectedly high corrosion rates (Dinh et al. 

2004; Enning et al. 2012). Since then, other organisms have been noted to possess the capability 

(Venzlaff et al. 2013; Su et al. 2020; Palacios et al. 2019). These claims have rarely included a 

corrosion assessment independent of microbial hydrogen consumption dynamics. Thus, 

definitive evidence for direct electron transfer remains somewhat elusive as it is difficult to 

differentiate the extent of corrosion due to hydrogen consumption from the corrosion due to 

direct electron transfer. Recently, Tang et al. tested direct electron transfer in Geobacter 

sulfurreducens ACL by eliminating the possibility of hydrogen and formate serving as electron 

carriers during the oxidation of metallic iron through deletion of the genes responsible for 

hydrogen and formate metabolism (H. Y. Tang et al. 2019). It is expected that as more studies 

adopt this kind of experimental approach, the debate over the role of direct electron transfer as a 

MIC mechanism will be quantitatively resolved. 

Given the predominance of SRB on corroding structures, their production of corrosive 

metabolic products (e.g. H2S), and the general agreement between corrosion rates in the field and 

the laboratory, SRB got acknowledged as the predominant MIC culprits (Hamilton 1985; Lee et 

al. 1995; Enning and Garrelfs 2014). The advent of molecular tools verified that SRB, albeit 

important, are only one of many types microbes and mechanisms causing metal deterioration (B. 

J. Little et al. 2020), opening an avenue for the discovery of new MIC mechanisms and players. 

One group of microorganisms that has been implicated in iron corrosion by direct 

electron transfer are members of the genus Shewanella (Philips et al. 2018). Shewanella spp. are 

frequently isolated from corroded metallic infrastructure (Philips et al. 2018; Salgar-Chaparro et 

al. 2020), and Shewanella oneidensis has been linked to metal deterioration issues in oil fields as 
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well as other industrial settings (Semple and Westlake 1987; Schütz et al. 2014, 2015). S. 

oneidensis is a remarkably flexible facultative anaerobe with the ability to use different terminal 

electron donor and acceptor combinations, including solid metal substrates, to supply its 

nutritional needs. S. oneidensis is thus a model organism for the study of extracellular electron 

transfer reactions, but the ability of this organism to corrode steel through direct electron transfer 

remains to be evaluated.  

Hydrogen metabolism by S. oneidensis is well understood and includes the periplasmic 

[Fe-Fe] and [Ni-Fe] hydrogenases called HydA and HyaB, respectively (Meshulam-Simon et al. 

2007). The molecular pathway for the direct electron transfer from extracellular surfaces is less 

studied, but it is known that MtrCAB , an outer membrane protein complex, is required (Ross et 

al. 2011). Therefore, it is possible to evaluate the role of each of these components in the 

corrosion of carbon steel by S. oneidensis by using mutant strains that lack the genes encoding 

hydrogenases and Mtr proteins.  

Here I independently tested the ability of S. oneidensis MR-1 to corrode carbon steel 

through both direct electron transfer and hydrogen consumption. By testing an S. oneidensis 

strain unable to consume hydrogen (∆hydA∆hyaB), I aimed to provide an independent 

assessment of the ability of this organism to corrode by directly extracting electrons from the 

steel. Likewise, I tested the corrosion capabilities of an S. oneidensis strain that is defective in 

extracellular electron transfer (∆Mtr) and found that although both mechanisms (hydrogen 

consumption and direct electron transfer) are operational in S. oneidensis, direct electron transfer 

seems to contribute the most to MIC. These results suggest that direct electron transfer must be 

considered an important MIC mechanism in S. oneidensis. I hope that this approach helps to set a 

framework for further validation of direct electron transfer in other MIC agents. 
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 Methods 

3.2.1.  Bacterial strains and growth conditions: 

Table 3.1 lists the strains used in this study. Frozen stocks (stored at -80 °C in 15% 

glycerol) of S. oneidensis were recovered in a modified minimal medium (Appendix 1) adjusted 

to pH 7.0 with NaOH 1 M and supplemented with 60 mM sodium lactate and 60 mM sodium 

fumarate. The medium recipe was modified from Y. J. Tang, Meadows, & Keasling (2007). 

Anaerobic cultures were grown in 10 mL of the modified minimal medium supplemented 

with 60 mM fumarate and 60 mM lactate in 28-mL Balch tubes sealed with butyl rubber 

stoppers. Oxygen was removed from the medium by boiling for 1 min and bubbling oxygen-free 

N2 gas for 20 minutes before capping with stoppers and autoclaving at 121°C for 15 min. 

Anaerobic recovery cultures were incubated overnight at 30 °C with shaking at 120 rpm. An 

inoculum from the overnight culture was transferred (1% vol/vol) into 10 mL of the same 

medium and incubated under identical conditions for another 8 h until the culture reached an 

optical density of around 0.400 at 600 nm. These cultures were then used as inocula for 

subsequent experiments. 

Table 3.1. Shewanella oneidensis strains used in this study 

Strain Relevant Genotype Relevant Phenotype Source 

WT (JG274) S. oneidensis MR-1 Wild type (Myers and Nealson 

1988) 

∆hydA∆hyaB 

(JG2642) 

∆hydA/∆hyaB Incapable of 

consuming hydrogen 

(Joshi et al. 2019) 

∆Mtr 

(JG1194) 

∆mtrC/∆omcA/∆mtrF/∆mtrA

/∆mtrD/∆dmsE/∆SO4360/ 

∆cctA/∆recA 

Incapable of engaging 

in extracellular 

electron transfer 

(Coursolle and 

Gralnick 2012) 



62 

 

3.2.2.  Corrosion experiments: 

Carbon steel 1018 (0.15-0.20% C, 0.6-0.9% Mn, 0.035% maximum S, 0.03% maximum 

P, and elemental iron as the remainder) round coupons (9.53 mm diameter, 1 mm thickness, 

Alabama Specialty Products) were sonicated for 15 min in acetone, dried, weighed to the fifth 

significant figure, and stored under an N2 atmosphere in stoppered and crimp-sealed bottles. 

Coupons were autoclaved at 121°C for 30 min under an N2 atmosphere. Anaerobic incubation 

experiments were set up in 160-mL serum bottles containing a coupon suspended with a PTFE-

coated quartz string to a butyl rubber septum as suggested by Liang and Suflita (Liang and 

Suflita 2015). Sterile anaerobic modified minimal medium supplemented with 60 mM fumarate 

(80 mL) was transferred aseptically under N2 atmosphere to each bottle. The biotic experiments 

received a 1% (vol/vol) inoculum. Before inoculation, cells were harvested inside a Coy glove 

box (5% H2, 95% N2 gas atmosphere) by centrifuging at 1,500 RCF for 10 min. Cells were 

washed twice with deaerated and sterile 0.5 M PIPES buffer pH 7.0 to avoid carryover of 

organics. Abiotic, heat-killed, steel-free, and fumarate-free experiments were included as 

controls. Cells for the heat-killed controls were incubated at 95 °C for 10 min before inoculation. 

Experiments were run in triplicates and incubated in dark conditions at 30 °C. 

Experiments were monitored for 20 d by periodically analyzing liquid and gas samples. 

Liquid samples were taken with a sterile syringe previously purged with N2. One mL of each 

sample was filtered (0.45 μm syringe filter) and stored at -20 °C prior to organic acid analysis. 

Another 1.0 ml aliquot was similarly filtered and mixed with 40 μL of 6 N HCl for ferrous iron 

determination. Samples of the gaseous headspace (0.5 ml) phase were taken with a sterile 1.0 

mL-gas-tight syringe that was previously purged with N2 gas. Gas samples were immediately 

analyzed for H2 quantification. 
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3.2.3.  Chemical analyses:  

Dissolved ferrous iron was quantified with the Ferrozine assay (Stookey 1970). Briefly, 

Ferrozine reagent was prepared by adding 1 g of 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-

disulfonic acid monosodium salt in 1 L of  50 mM HEPES pH 7.0 and stored under dark 

conditions at room temperature. For the assay, 2.5 mL of ferrozine reagent was mixed with 50 

μL of sample or standard solution. After vigorous shaking for 15 s, the extinction of the mixture 

at 562 nm was measured using a UV-1601 Spectrophotometer (Shimadzu). Ferrozine assay was 

performed immediately following sample collection to minimize iron oxidation. 

Organic acids were quantified with the Beckman System Gold HPLC 126 Programmable 

Solvent Mode and 168 Detector using an AMINEX HPX 87H column and 5 mM H2SO4 as the 

mobile phase. The flow rate was 0.9 mL min-1, and detection was at 210 nm. Compounds were 

identified and quantified by comparison to known standards. 

Headspace samples were injected into a reduction gas hydrogen analyzer Peak Performer 

I 910- Series (Peak Laboratories) immediately after collection. The instrument is operated at 

room temperature using 99.998% N2 as the carrier gas. Hydrogen was quantified according to a 

standard calibration curve and total hydrogen concentration in the bottle was calculated by using 

Henry’s constant of 7.8*10-4 M atm-1 at 25 °C (Sander 2015). 

3.2.4.  Weight loss measurements: 

At the completion of the experiment, coupons from each treatment were collected inside 

a Coy anaerobic glove box (5% H2, 95% N2 gas atmosphere), and submerged in corrosion 

cleaning solution (3.5 g L-1 hexamethylenetetramine in 6 N HCl) for 10 min, dried under N2, and 

weighed. Mass was determined to the fifth significant figure. This washing/weighing cycle was 

repeated until a graph of the mass loss versus the number of cycles showed no slope. The mass 
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loss due to corrosion was taken as the point right before the slope reached zero as suggested by 

ASTM G1-03 (ASTM International 2017). The corrosion rate from weight loss measurements 

was calculated with Equation 3.4. 

Corrosion rate (mpy) = 
3.45*106*mass loss (g)

area (cm2)*time of exposure(h)*density (g cm-3)
     (Equation 3.4) 

3.2.5.  Linear polarization resistance (LPR) experiments: 

Anaerobic experiments were set up in electrochemical cells and incubated for 20 d at 30 

°C in the dark. Polarization resistance measurements were taken every 3-4 days using a 

Reference 600+ Potentiostat (Gamry Instruments). Initial LPR measurements were taken 6 h 

after setup of the experiments to allow for open circuit potential equilibration. A cylindrical 

carbon steel 1018 coupon (Gamry Instruments) was used as the working electrode. The 

dimensions of the working electrode were 0.95 cm ˟ 1.27 cm, and the surface area was 4.5 cm2. 

A standard calomel electrode was used as the reference electrode and a graphite rod was as the 

auxiliary electrode. Electrolyte medium consisted of the modified minimal medium 

supplemented with fumarate 60 mM. The potential was swept ±10 mV from the open circuit 

potential at a rate of 0.125 mV s-1.  

3.2.6.  Scanning electron microscopy: 

A coupon for each treatment was washed with 1 mL of phosphate buffer saline pH 7.2 

(Appendix 2) and submerged in 4 mL of 2.5% glutaraldehyde solution in phosphate buffer saline 

pH 7.2 for 10 h at 4°C. Then, coupons were washed with 1 mL of nanopure (> 18.2 MΩ) water, 

and ethanol dehydration series (30%, 50%, 60%, 70%, 80%, 90%, 95%, 100%, 100%) was 

performed by submerging each coupon in 4 mL of each of the ethanolic solutions for 10 min. 

Coupons were allowed to dry inside an anaerobic glove box (5% H2, 95% N2 gas atmosphere), 
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and stored under N2 atmosphere in crimp-sealed vials until examination with a Zeiss NEON 40 

EsB scanning electron microscope. A 5kV accelerating voltage was used. 

3.2.7.  Protein quantification: 

The initial and final protein amount in biotic experiments was quantified using the 

Coomassie Plus-Bradford Assay Kit (Thermo Scientific) following manufacturer instructions. 

For the measurements at the end of experiments, the protein amount in both the spent liquid 

medium and the carbon steel surface were quantified separately. To quantify the protein 

associated with the carbon steel surface, the coupons were treated as described elsewhere 

(Bretschger et al. 2015). Briefly, the coupons were harvested and immediately submerged in 4 

ml of 0.2 N NaOH. Then, three freeze/thaw cycles were conducted before quantifying protein 

concentration with the Coomassie Plus-Bradford Assay Kit. 

3.2.8.  Statistical Analysis: 

The statistical difference in weight loss measurements and average corrosion rates were 

evaluated using a one-way analysis of variance (ANOVA) followed by a Tukey’s multiple 

comparisons test. A significance level of 0.05 was used in all tests. Assumptions of normality 

and homoscedasticity were checked before using ANOVA. When assumptions were not met, 

such as in the analysis of corrosion rates derived from Linear Polarization Resistance 

experiments, the non-parametric Kruskal-Wallis test was used followed by the Pairwise 

Wilcoxon test. All statistical tests and graphs were made using R software (R Development Core 

Team 2020). 
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 Results 

Shewanella oneidensis MR-1 accelerates the corrosion of carbon steel 

The concentration of dissolved Fe(II) in anoxic microcosm corrosion experiments was 

monitored over time to understand the corrosion dynamics of carbon steel driven by the S. 

oneidensis strains tested (Table 3.1). Figure 3.1a shows that for experiments without carbon 

steel, the concentration of dissolved Fe(II) remained constant at 0.075 ± 0.028 mmol of electron 

equivalents (meeq) L-1, a concentration similar to what was originally provided to the medium 

(0.100 meeq L-1). Conversely, for experiments with coupons, the dissolved Fe(II) concentration 

increased with time, signaling the oxidation of carbon steel. Higher concentrations of dissolved 

Fe(II) were observed in biotic experiments with coupons than in the abiotic counterpart. The 

highest dissolved Fe(II) concentration was observed in experiments with coupons exposed to the 

∆hydA∆hyaB strain, followed by the WT strain, and the ∆Mtr strain. Heat-killed controls behave 

identically to the abiotic experiment, but the data are not shown for clarity of the figure. 

 Weight loss measurements of the carbon steel coupons were conducted after 20 days of 

experimentation, and the results are shown in Figure 3.1b. The carbon steel coupons exposed to 

the different biotic treatments showed significantly higher (p < 0.05) weight loss measurements 

than the abiotic counterpart. Carbon steel coupons exposed to the WT strain and the 

∆hydA∆hyaB showed a similar weight loss, whereas the weight loss of coupons exposed to the 

WT strain was significantly higher than coupons exposed to the ∆Mtr strain. Although the mean 

value of the weight loss measurements for the carbon steel coupons exposed to the ∆hydA∆hyaB 

strain is higher than for coupons exposed to the ∆Mtr strain, the difference was not found 

significant (p > 0.05), likely due to the wide distribution in the weight loss measurements for 

coupons exposed to the ∆Mtr strain.  
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Figure 3.1. a) Time course measurements of dissolved Fe(II) for ∆hydA∆hyaB ( ), WT ( ), 

∆Mtr ( ), and abiotic ( ) experiments. Treatments without steel but with ∆hydA∆hyaB ( ), 

WT ( ), and ∆Mtr ( ) are also shown. Error bars show the standard deviation of triplicates. b) 

Weight loss measurements of carbon steel coupons after 20 d of experimentation. Stars denote 

significant differences between treatments at an α = 0.05. 

The corrosion rates of carbon steel exposed to the different S. oneidensis strains were 

calculated from both weight loss measurements and LPR experiments (Table 3.2). Carbon steel 

coupons exposed to the WT strain showed the highest corrosion rates, followed by the coupons 

exposed to the ∆hydA∆hyaB strain, and the ∆Mtr strain. The corrosion rate of carbon steel 

coupons not exposed to S. oneidensis was significantly lower (p < 0.05) than the comparable 

measure upon exposure to the different bacterial strains. There were differences between the 

corrosion rates calculated from weight loss measurements and the rates calculated from LPR 

experiments. In all cases, the corrosion rates calculated from LPR experiments were lower than 

the rates calculated from weight loss measurements, however, both data sets converged on the 
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same trends. The corrosion rates calculated from LPR experiments were found to be statistically 

different (p < 0.05) between the different treatments, whereas the corrosion rates calculated from 

weight loss measurements were only statistically different between the abiotic and all the biotic 

experiments and between the experiments with ∆Mtr cells and those with WT cells. 

Table 3.2. Corrosion rates from electrochemical measurements and weight loss measurements. 

Superscript letters denote statistical differences. 

Treatment Corrosion rates from LPR 

experiments (mpy) 

Corrosion rates from weight 

loss measurements (mpy) 

Abiotic 0.686 ± 0.113 a 1.20 ± 0.36 e 

WT 2.816 ± 0.850 b 4.62 ± 0.53 f 

∆hydA∆hyaB 1.755 ± 0.281 c   4.03 ± 0.13 f,g 

∆Mtr 1.079 ± 0.240 d 3.40 ± 0.64 g 

 

The carbon steel coupons submerged in the corrosion cleaning solution for weight loss 

measurements were also imaged with a scanning electron microscope. Figure 3.2 shows 

micrographs of the surface of the coupons exposed to the different strains. More uniform 

corrosion was evidenced in the coupons exposed to abiotic conditions (Figure 3.2 a) and the 

∆Mtr strain (Figure 3.2 d), whereas heavily localized corrosion was observed in the coupons 

exposed to the WT (Figure 3.2 b) and ∆hydA∆hyaB (Figure 3.2 c) strains. 
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Figure 3.2. Micrographs of steel coupon’s surface after removing corrosion products at day 20 

of experimentation with different treatments: A) abiotic, B) WT, C) ∆hydA∆hyaB, D) ∆Mtr. 

Shewanella oneidensis MR-1 reduces fumarate to succinate using electrons derived from steel  

The concentration of the organic acids fumarate, malate, and succinate were monitored at 

the start and end of the experiments. The initial concentration of fumarate for all the experiments 

was 124.1 ± 6.6 meeq L-1. Initial malate and succinate concentrations were zero in all cases. 

Figure 3.3 shows the concentration of the different organic acids at the end of the 

experimentation. No significant loss of fumarate was evident in the abiotic experiment as the 

final concentration of fumarate was measured as 117.7 ± 6.3 meeq L-1. However, fumarate 

concentration decreased in the biotic experiments. For experiments with WT and ∆hydA∆hyaB 

cells and carbon steel coupons, there was a significant reduction in the fumarate concentration 
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accompanied by the formation of malate and succinate. There was a less significant reduction in 

the fumarate concentration in the experiments with the ∆Mtr strain compared to the experiments 

with the WT and ∆hydA∆hyaB strains. As in the latter case, the decrease in the fumarate 

concentration co-occurred with the formation of malate and succinate. For experiments with WT 

cells but without carbon steel coupons, there was a minor reduction in the fumarate concentration 

accompanied by the proportional formation of succinate. The malate and succinate concentration 

in experiments without fumarate was negligible (< 1 meeq L-1). 

 

 

Figure 3.3. Concentration of fumarate, malate, and succinate after 20 days of experimentation. 

The initial concentration of fumarate was 124.1 ± 6.6 meeq L-1, whereas the initial concentration 

of malate and succinate was 0 meeq L-1 for all treatments. Error bars show the standard deviation 

of triplicate measurements. 
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Shewanella oneidensis colonizes the surface of the steel 

Figure 3.4 shows the surface of carbon steel coupons after 20 days of experimentation 

with the different strains tested. The carbon steel coupons exposed to ∆hydA∆hyaB cells show 

abundant colonization of cells on the steel surface (Figure 3.4 a), whereas the coupons exposed 

to the ∆Mtr strain exhibited far less if any surface colonization (Figure 3.4 c). For the carbon 

steel coupons exposed to the WT cells (Figure 3.4 b), colonization on the steel surface is evident, 

but it seems to be less abundant than for the coupons exposed to the ∆hydA∆hyaB strain. 

 

Figure 3.4.  Micrograph of carbon steel coupons’ surface exposed to A) ∆hydA∆hyaB, B) WT, 

and C) ∆Mtr cells. 

To get a better understanding of the distribution of cells in the liquid medium vs. the cells 

attached to the carbon steel surface, the protein concentration in the liquid medium was 

quantified and compared to the protein concentration associated with the carbon steel coupons. 

The results are shown in Table 3.3. 

Table 3.3. Initial and final protein amounts in experiments with different strains of S. oneidensis 

Treatment Initial 

Protein (μg) 

Final 

Protein (μg) 

% Protein from 

planktonic cells 

% Protein from 

surface-attached cells 

WT 247.2 286.2 89.2 10.8 

∆hydA∆hyaB 275.4 357.5 82.7 17.3 

∆Mtr 356.6 340.2 96.6 3.4 
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Shewanella oneidensis MR-1 utilizes both a hydrogen-dependent and hydrogen-independent 

mechanisms to get electrons from carbon steel 

The hydrogen concentration was monitored over time. For the experiments with coupons 

and WT and ∆Mtr cells as well as for the biotic experiments without carbon steel, H2 remained 

below 0.001 meeq L-1, whereas for the abiotic experiment and the experiment with ∆hydA∆hyaB 

cells and carbon steel, H2 increased over time (Figure 3.5a). I tested the ability of ∆hydA∆hyaB 

and WT cells to consume H2 by harvesting the cells from the spent medium at the conclusion of 

corrosion experiments and transferring them to fresh medium supplemented with 0.426 ± 0.022 

mmol of hydrogen and 60 mM fumarate. After monitoring the hydrogen concentration (Figure 

3.5b), it was found that the H2 decreased in the experiments with WT cells but remained constant 

in the experiments with ∆hydA∆hyaB cells, confirming that ∆hydA∆hyaB cells were not able to 

consume H2, whereas WT cells were actively using H2 as an electron donor. 

  

Figure 3.5. Hydrogen production in corrosion experiments with ∆hydA∆hyaB ( ), WT ( ), 

∆Mtr ( ), and abiotic conditions ( ) and experiments without steel but with ∆hydA∆hyaB ( ), 

WT ( ), and ∆Mtr ( ). B) Hydrogen consumption in experiments inoculated with cells from 

spent medium of corrosion experiments. Error bars show the standard deviation of the mean. 
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 Discussion 

The ability of S. oneidensis to accelerate the corrosion of carbon steel was tested with a 

series of anaerobic corrosion experiments. I hypothesized that the organism could accelerate 

corrosion by multiple mechanisms including, hydrogen-mediated electron transfer (Figure 3.6a) 

and/or a direct electron transfer (Figure 3.6b). A prediction of hydrogen-mediated electron 

transfer is that the S. oneidensis cells would increase corrosion rates of carbon steel by 

maintaining a low molecular hydrogen concentration even as this electron donor is both 

produced from the metal and consumed by the bacterium In the direct electron transfer 

mechanism, S. oneidensis cells would form contact with the carbon steel surface and directly 

obtain electrons from it by using outer membrane c-type cytochromes of the Mtr pathway.  

 

Figure 3.6. Proposed mechanisms for corrosion of steel driven by Shewanella oneidensis MR-1. 

a) Hydrogen mediated electron transfer and b) Direct electron transfer. 

It has been shown that the decaheme c-type cytochromes MtrA, MtrC, and OmcA are key 

components of the direct electron transfer mechanism. Research by Ross and coworkers (2011) 

showed that an S. oneidensis mutant strain lacking the gene encoding for MtrA was capable of 

producing only ~3% of the cathodic current produced by wild-type cells. Similarly, Rowe and 

coworkers showed that cells lacking the genes encoding for MtrC and OmcA showed an 88.1 ± 
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6.7% reduction in the cathodic current with respect to wild-type cells (Rowe et al. 2018). To 

distinguish the preferred MIC mechanism used by S. oneidensis, in addition to the wild type 

(WT) strain I tested a mutant strain unable to use molecular hydrogen as an electron donor 

(∆hydA∆hyaB) and a mutant strain (∆Mtr) lacking the genes encoding for several of the Mtr c-

type cytochromes and homologs, including MtrA, MtrC, and OmcA (Table 3.1). 

Regardless of corrosion mechanism, the oxidation of carbon steel under anoxic 

conditions results in the production of Fe(II). I measured the dissolved Fe(II) concentration over 

time to understand the corrosion dynamics of the different test strains (Figure 3.1a). For all 

experiments with carbon steel, the dissolved Fe(II) concentration increased linearly with time, 

showing that even under anoxic and abiotic conditions, the coupons experienced corrosion. 

However, the dissolved Fe(II) concentration was higher in all experiments with S. oneidensis 

(∆hydA∆hyaB > WT > ∆Mtr) relative to the abiotic counterpart. The fact that the dissolved 

ferrous iron concentration remained constant in biotic experiments without coupons, confirm that 

the increase in carbon steel corrosion was a function of the different S. oneidensis strains tested.  

To quantify the effect of each of the proposed mechanisms on the corrosion of carbon 

steel, corrosion rates (Table 3.2) were calculated using weight loss measurements (Figure 3.1b) 

and LPR experiments. The corrosion rates detailed here are consistent with the rates reported for 

carbon steel corrosion reported elsewhere. In the case of baseline abiotic corrosion under anoxic 

and circumneutral conditions, corrosion rates between 0.39 mpy and 1.19 mpy  have been 

reported (Schütz et al. 2014; Smart, Blackwood, and Werme 2001). Here, I report corrosion rates 

between 0.686 to 1.20 mpy (Table 3.2). In anoxic experiments with S. oneidensis MR-1 wild 

type cells, the corrosion rate of carbon steel of 1.3 to 3 times higher than in abiotic experiments 

(Schütz et al. 2014, 2015) were reported, although the findings were not determined under 
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precisely the same electron donor and acceptor combinations evaluated in my study. 

Interestingly, weight loss measurements and associated corrosion rates did not show a significant 

difference (p > 0.05) between experiments with WT and double mutant (∆hydA∆hyaB) cells. 

Nonetheless, from the corrosion rates calculated with LPR measurements, WT cells were found 

to produce significantly higher corrosion rates than ∆hydA∆hyaB cells (p < 0.05). This is 

contrary to what the dissolved ferrous iron measurements suggested (Figure 3.1a), where a 

higher concentration of dissolved ferrous iron was found in experiments with ∆hydA∆hyaB cells 

than in experiments with WT cells. It is known that upon anoxic oxidation of carbon steel, some 

of the released ferrous ions may adsorb on the carbon steel surface in the form of minerals such 

as vivianite (Schütz et al. 2015). The thick biofilm on the surface of the coupons exposed to 

∆hydA∆hyaB cells (Figure 3.4a) might have limited the adsorption of ferrous iron onto the 

carbon steel, resulting in higher concentrations of ferrous iron in the dissolved phase than in 

experiments with WT cells. The differences found between the corrosion proxies I analyzed 

(dissolved ferrous iron, weight loss, and LPR measurements) highlight the importance of 

assessing corrosion through multiple quantitative approaches. 

In all cases the corrosion rates calculated from LPR experiments were lower than the 

ones from weight loss measurements, but both methods exhibited the same trends in corrosion 

rate determinations (WT > ∆hydA∆hyaB > ∆Mtr > abiotic). The discrepancies in the corrosion 

rates calculated with the two methods might arise from the fact that weight loss measurements 

represent an average rate over the duration of the experiment, whereas the LPR measurements 

are limited to rates at the specific time when the electrochemical test was conducted. The initial 

LPR measurement was taken 6 h after the start of the experiment to allow for equilibration of the 

corrosion potential. The first hours of coupon immersion in an electrolytic medium are generally 
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associated with the highest corrosion rates. The fact that I did not measure corrosion rates during 

the first 6 hours of the LPR experiments might help explain why the average corrosion rates were 

lower than the rates calculated from the weight loss determinations. For these reasons, I consider 

the LPR rates as more representative of the longer-term conditions of the experiments. 

Regardless of the differences in corrosion rates determinations, both methods show that 

S. oneidensis WT cells accelerate the corrosion of carbon steel up to four times more relative to 

abiotic control and that the mutant strain unable to use H2 as an electron donor (∆hydA∆hyaB) 

accelerated carbon steel corrosion up to 1.6 times more than the mutant strain lacking key c-type 

cytochromes but with intact hydrogen consumption capabilities (Table 3.2, Figure 3.5a). This 

suggests that the direct electron transfer mechanism (Figure 3.6b) would contribute 

predominantly to MIC, despite both mechanisms being potentially operable in S. oneidensis.  

To better understand the role of each of the proposed mechanisms (Figure 3.6) on carbon 

steel MIC, we also analyzed the surface of the coupons, the changes in the concentration of the 

electron acceptor and its related organic acids, and the hydrogen concentration with time. I found 

that S. oneidensis strains able to engage in direct electron transfer (WT and ∆hydA∆hyaB) 

produced localized corrosion (Figure 3.2b-c) and formed biofilms on the steel surface (Figure 

3.4a-b, Table 3.3), whereas S. oneidensis cells unable to engage in direct electron transfer (∆Mtr) 

produced more uniform corrosion (Figure 3.2d) and remained largely suspended or planktonic 

(Figure 3.4c, Table 3.3). These results were consistent with the proposed mechanisms, as biofilm 

formation by WT and ∆hydA∆hyaB cells would allow for the required close contact necessary 

for direct electron transfer from carbon steel to the outer membrane c-type cytochromes of S. 

oneidensis. In this case, the area of the steel coupon in direct contact with the cells is 

preferentially oxidized, supporting the formation of the pits observed in Figure 3.2b-c. 
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Conversely, in abiotic experiments or in experiments with ∆Mtr where the corrosion of carbon 

steel is driven by the reduction of protons to molecular hydrogen and the subsequent 

consumption of molecular hydrogen (in the case of ∆Mtr experiments), anodic and cathodic 

areas on the steel coupon are not preferentially localized and therefore more uniform corrosion is 

observed in these cases (Figure 3.2a and d). Since hydrogen is freely diffusible, cells are not 

required to be in close contact with the steel surface to access the electrons from molecular 

hydrogen, therefore, the fact that ∆Mtr cells remained planktonic (Figure 3.4c, Table 3.3) is 

consistent with a mechanism where molecular hydrogen serves as the electron carrier.  

All the tested S. oneidensis strains reduced fumarate to succinate and partially converted 

fumarate to malate (Figure 3.3), but a significant conversion of fumarate to succinate and malate 

was dependent on the presence of a carbon steel coupon, suggesting that the electrons released 

from the oxidation of carbon steel supported the microbial reduction of fumarate, likely through 

the periplasmic fumarate reductase FccA (Leys et al. 1999; Maier, Myers, and Myers 2003). 

FccA has been shown to sustain the cathodically generated current when fumarate is added to 

thin films on S. oneidensis MR-1 attached to a graphite electrode (Ross et al. 2011) poised at -

0.36 V vs SHE, so it is not surprising that this protein could be involved in the direct electron 

uptake from carbon steel. FccA engages in direct and reversible electron transfer with MtrA in 

vitro (Schuetz et al. 2009), but Ross et al. (2011) propose that this is a secondary reaction in vivo 

and that the preferred mechanism inside the cell is the reduction of CymA by MtrA given that 

the mutant strain ∆cymA is severely impeded in its ability to reduce fumarate despite the 

unchanged expression of the Mtr pathway. CymA would then transfer the electrons to FccA. 

I could not directly compare the number of moles of electron equivalents of iron being released 

with the number of moles of electron equivalents of succinate being produced. In all cases, 
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succinate concentrations were between 4.9 to 8.2 times higher than the measured dissolved 

ferrous iron concentrations. When comparing the succinate concentrations with the expected 

concentration of Fe(II) based on weight loss measurements, the succinate concentration was 1.0 

to 2.1 times higher than the expected Fe(II) concentrations. This kind of electron imbalance has 

been evidenced before with S. oneidensis under fumarate reducing conditions in a microbial fuel 

cell and the authors have hypothesized that an extra electron pool could exist in the extracellular 

biofilm matrix or an energy storage polymer (Hsu et al. 2012). Also, I would like to point of that 

not all the ferrous iron that forms from the oxidation of steel is dissolved in the liquid phase. 

Some of the released ferrous iron might adsorb on the steel surface or precipitate out of solution, 

so it is likely that by measuring only dissolved ferrous iron, I am not capturing the whole extent 

of the corrosion, and therefore, the exact numbers of electrons being exchanged, which could 

contribute to the observed electron imbalance. Low levels of succinate formation were observed 

in experiments with WT cells but without carbon steel. In that case, I hypothesize that the 

fumarate reduction might be supported by the oxidation of minimal levels of electron donors in 

the tryptone added to the medium or by the extra electron pool suggested by Hsu et al. (2012). 

The formation of malate from fumarate has been reported during iron corrosion 

experiments with Shewanella sp. strain 4t3-1-2LB (Philips et al. 2018). The authors attributed 

this to the reversible hydration reaction catalyzed by the enzyme fumarate hydratase FumB. 

Contrary to what Philips et al. (2018) found, I did not detect malate formation in the biotic 

experiments without carbon steel coupons, suggesting a low activity of FumB under these 

conditions. I hypothesize that the high concentration of Fe(II) in the experiments with coupons 

relative to the experiments without carbon steel (Figure 3.1a) played a role in the activation of 

FumB activity, as it was shown that excess Fe(II) increases the expression of fumB (Tseng 1997). 
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Succinate concentration was higher in experiments with ∆hydA∆hyaB and WT cells than 

in experiments with ∆Mtr (Figure 3.3), confirming that cells with the ability to engage in direct 

electron transfer can obtain more electrons from carbon steel than the cells that entirely rely on 

hydrogen-mediated electron transfer. This helps explain why WT and ∆hydA∆hyaB cells were 

found to be the most corrosive strains tested. However, H2 measurements showed that WT cells 

not only used the direct electron transfer mechanism but at least partially relied on the hydrogen-

mediated electron transfer. That is, the H2 concentrations in experiments with WT cells remained 

below 0.001 meeq L-1, whereas it increased linearly to 2.346 meeq L-1 in experiments with 

∆hydA∆hyaB (Figure 3.5a). The ∆hydA∆hyaB cells were confirmed not to be able to produce or 

consume H2 (Figure 3.5b), but interestingly, the experiments with ∆hydA∆hyaB cells were found 

to have a higher concentration H2 than abiotic experiments. I hypothesize that malate produced 

through fumarate hydration (Figure 3.3) might accelerate the H2 evolution reaction on the carbon 

steel surface, as has been demonstrated with other organic acids, such as oxalic and acetic acid 

(Giacomelli et al. 2004; Tran et al. 2014). This will require further experimental confirmation. 

 Conclusions 

Our results showed that S. oneidensis accelerates the anoxic corrosion of carbon steel up 

to four times more relative to abiotic conditions and that it uses at least two distinct mechanisms, 

hydrogen mediated electron transfer (Figure 3.6A) and direct electron transfer (Figure 3.6B). The 

latter mechanism contributed predominantly to carbon steel MIC. This distinction was possible 

due to the exploitation of mutants that were either incapable of consuming hydrogen or engaging 

in direct electron transfer reactions. It is my hope that as more studies adopt this kind of 

approach, the existing gap on the microbiologically influenced corrosion mechanisms is 

alleviated to the point where we can start proposing effective corrosion and mitigation strategies. 
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Chapter 4 :  Contributions, Limitations and Future work 

The iron and steel industry in the United States had an estimated value of $91 billion in 

2020 with more than 72 million metric tons of raw steel being produced according to the US 

Geological Survey (Mineral Commodity Summaries, 2021). Iron is the most widely used metal 

substrate. From transportation, water and oil distribution pipelines, buildings, wind turbines to 

spacecraft, iron and its alloys are unquestionably the foundation of our modern lifestyle.  

For my doctoral research, I decided to investigate a phenomenon that severely degrades 

iron and steel infrastructure and that relies on the extraordinary ability of microorganisms to 

exchange electrons with extracellular metallic substrates: the microbiologically influenced 

corrosion of carbon steel. I investigated the different ways Shewanella oneidensis MR-1 

influences the corrosion of carbon steel under oxygen-deprived conditions. S. oneidensis MR-1 is 

a widespread organism that has fascinated researchers for decades due to its impressive 

metabolic flexibility. Shewanella spp. are frequently isolated from metallic infrastructure 

experiencing corrosion, but the mechanisms used by these organisms to accelerate the corrosion 

of carbon steel had not been thoroughly examined. S. oneidensis MR-1 is also a model for the so-

called “electroactive bacteria”, organisms that can exchange electrons with substrates that reside 

outside their cell membranes and couple those reactions with intracellular electron transport 

chains, so a question that needed to be addressed was whether carbon steel was part of the 

substrates that S. oneidensis can use as an electron donor.  

The first contribution of this dissertation is that we now know that S. oneidensis, and 

likely, other members of the genus Shewanella, accelerate the corrosion of carbon steel through 

at least three different mechanisms. Not only does S. oneidensis remove the iron oxide 

passivating layer of steel surfaces as previously thought, but it also engages in direct 
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extracellular electron uptake and can use molecular hydrogen to mediate the extracellular 

electron transfer reaction. Under fumarate reducing conditions, direct electron uptake was found 

to contribute more to corrosion than hydrogen-mediated electron transfer. 

A second contribution of this research is that it showed that planktonic and surface-

attached cells distinctly impact the corrosion of carbon steel. Under iron reducing conditions, 

strong iron-binding ligands favor microbial iron respiration by planktonic cells, whereas in the 

absence of these ligands a direct contact mechanism with surface-attached cells seems to be 

favored. Under fumarate reducing conditions, planktonic cells can engage in hydrogen-mediated 

electron transfer, whereas surface-attached cells can engage in both hydrogen-mediated electron 

transfer and direct electron uptake. These results suggest that a comprehensive evaluation of 

corrosion needs to include a way to independently determine the role of planktonic vs surface-

attached cells. Similarly, corrosion prevention and mitigation strategies should independently 

target planktonic and biofilm sub-populations to effectively control the corrosion driven by 

microorganisms.  

Although previously thought of as a unique characteristic of a few bacterial genera, we 

now know that electroactive organisms are ubiquitous in the environment, and it almost seems 

like everywhere we look, we find them. However, one of the main hurdles electromicrobiologists 

face today is how to properly evaluate the electroactive ability of microorganisms. In contrast to 

other types of bacterial metabolism, electroactive microorganisms are not phylogenetically 

confined, and no gene has been found responsible for electroactivity in all electroactive 

microorganisms, therefore, screening tools such as 16S rDNA sequencing, PCR of biomarker 

genes, or fluorescence hybridization tools work great for screening other microbial groups but 

are not very informative in the field of electromicrobiology. Here I offered an approach to screen 
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for microbial electroactivity in a way that allows researchers to properly account for the role of 

the prevalent hydrogen consuming metabolism. I advocate for the use of hydrogenase mutant 

strains lacking hydrogen consumption capabilities when testing for the ability of microorganisms 

to engage in extracellular electron transfer reactions. This is by no means a one-fit-all solution, 

as it is limited to well-studied organisms for which we have a good understanding of the 

molecular machinery responsible for hydrogen consumption and production as well as the ease 

of the genetic manipulation of their genome. However, with the revolution in genome 

sequencing and the advent of new tools for the rapid manipulation of bacterial genomes (e.g., 

CRISPR gene editing), it is not unreasonable to think that this approach will prove feasible for 

many other microorganisms. 

I want to point out that an important contribution of this dissertation is the advancing of 

our understanding of the ways S. oneidensis MR-1 interacts with metallic substrates, and of 

particular importance is to know that removing the hydrogen metabolic machinery in this 

organism does not seem to have a negative effect on the extracellular electron transfer rates. 

Advancing the understanding in the newly minted Ph.D.’s field would seem to be a mandatory 

statement in any dissertation, but I am truly convinced it is the case here. Synthetic biology is 

rapidly expanding as a tool to increase the electron flux performance of known electroactive 

microorganisms in microbial electrochemical technologies (Johnson et al. 2010; Feng Li et al. 

2018; Ueki et al. 2018), and S. oneidensis MR-1 is often the go-to chassis organism for the 

engineered genetic manipulation in this field (Cao et al. 2019; Tefft and TerAvest 2019). Authors 

have claimed that control over extracellular electron transfer flux in S. oneidensis is challenging 

due to our limited understanding of the molecular mechanisms underlying electroactivity, with 

one critical aspect being how to divert electrons entirely to the desired reactions while 
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minimizing coulombic losses through, for example, protons reduction by hydrogenases (Dundas, 

Walker, and Keitz 2020). Therefore, for all the microbiologists out there trying to improve 

coulombic efficiencies in S. oneidensis MR-1 biofilms, one thing that would be worth trying is to 

test whether or not the coulombic efficiency of the microbial electrochemical system can be 

improved by using hydrogenase mutant strains.  

One important limitation of my doctoral research is that it was conducted under highly 

controlled conditions in the laboratory, and thus, it might not be representative of the dynamic 

conditions in the field. Laboratory testing is only the first step towards the determination of the 

importance and interplay of these mechanisms in the environment and it needs to be followed by 

proper field testing. The questions that will need to be address are under what environmental 

conditions do Shewanella members favor one mechanism over the others? And how relevant are 

these mechanisms relative to other abiotic and biotic corrosion processes? Another important 

limitation of my study is that it involved a single species when in reality we know that millions 

of different microorganisms can be present in a particular habitat, and that the way every species 

behaves is strongly dependent on community-level chemistry and biology. However, I hope that 

my findings provide the foundation to begin studying these new mechanisms in Shewanella 

members in future field efforts.  

Another limitation of my experimental approach is that did not test the effect of soluble 

redox shuttles (e.g., riboflavin) that have been shown to enhance extracellular electron transfer 

rates in S. oneidensis. My rationale was that previous investigations on the extracellular electron 

uptake by S. oneidensis from cathodes have demonstrated that although the addition of 1 μM 

riboflavin increases the cathodically generated current, it cannot restore the electron flow in 

∆mtrB or ∆mtrA mutant strains (Ross et al. 2011), highlighting the role of the outer membrane 
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proteins in delivering the extracellular electrons into the periplasm, and demonstrating that 

electron shuttles, although complementary, could not replace the direct pathway. However, on 

every limitation lies an opportunity, and one of the questions that needs to be addressed is what 

is the role of electron shuttles –other than hydrogen- in the corrosion of carbon steel driven by S. 

oneidensis? Flavin electron shuttles have been proven to be extremely important in the reduction 

of solid ferric iron, and therefore, a proper investigation of the role of these molecules on the 

corrosion of carbon steel by the different mechanisms revealed here seems prudent.  

 

 

 

 

 

  



85 

 

References 

Alaska Department of Environmental Conservation. 2010. “North Slope Spills Analysis.” 

https://dec.alaska.gov/spar/ppr/response-resources/publications-conferences/nssa-reports/. 

ASTM International. 2017. “ASTM G1-03 Standard Practice for Preparing, Cleaning, and 

Evaluating Corrosion Test.” https://doi.org/10.1520/G0001-03R11.2. 

Beese-Vasbender, Pascal F., Simantini Nayak, Andreas Erbe, Martin Stratmann, and Karl J.J. 

Mayrhofer. 2015. “Electrochemical Characterization of Direct Electron Uptake in Electrical 

Microbially Influenced Corrosion of Iron by the Lithoautotrophic SRB Desulfopila 

corrodens Strain IS4.” Electrochimica Acta 167 (June): 321–29. 

https://doi.org/10.1016/J.ELECTACTA.2015.03.184. 

Bird, Lina J., Violaine Bonnefoy, and Dianne K. Newman. 2011. “Bioenergetic Challenges of 

Microbial Iron Metabolisms.” Trends in Microbiology 19 (7): 330–40. 

https://doi.org/10.1016/j.tim.2011.05.001. 

Blackwood, Daniel. 2018. “An Electrochemist Perspective of Microbiologically Influenced 

Corrosion.” Corrosion and Materials Degradation 1 (1): 59–76. 

https://doi.org/10.3390/cmd1010005. 

Bonneville, Steeve, Thilo Behrends, and Philippe Van Cappellen. 2009. “Solubility and 

Dissimilatory Reduction Kinetics of Iron(III) Oxyhydroxides: A Linear Free Energy 

Relationship.” Geochimica et Cosmochimica Acta 73: 5273–82. 

https://doi.org/10.1016/j.gca.2009.06.006. 

Bonneville, Steeve, Philippe Van Cappellen, and Thilo Behrends. 2004. “Microbial Reduction of 

Iron(III) Oxyhydroxides: Effects of Mineral Solubility and Availability.” Chemical 

Geology. https://doi.org/10.1016/j.chemgeo.2004.08.015. 

Booth, G. H., Lynette Elford, and D. S. Wakerley. 1968. “Corrosion of Mild Steel by Sulphate-

Reducing Bacteria: An Alternative Mechanism.” British Corrosion Journal 3 (5): 242–45. 

https://doi.org/10.1179/000705968798326073. 

Booth, G. H., and A. K. Tiller. 1962. “Polarization Studies of Mild Steel in Cultures of Sulphate-



86 

 

Reducing Bacteria. Part 3.-Halophilic Organisms.” Transactions of the Faraday Society 58 

(0): 2510–16. https://doi.org/10.1039/TF9625802510. 

Bowman, John P. 2015. “Shewanella.” In Bergey’s Manual of Systematics of Archaea and 

Bacteria, 1–22. John Wiley & Sons, Inc. 

https://doi.org/10.1002/9781118960608.gbm01100. 

Bretschger, Orianna, Crystal Snowden, Lisa McDonald, Shino Suzuki, and Shun’ichi Ishii. 2015. 

“Characterization of Electrode-Associated Biomass and Microbial Communities.” In 

Biofilms on Bioelectrochemical Systems, 83–120. Hoboken, NJ. 

Brettar, Ingrid, Richard Christen, and Manfred G. Hölfe. 2002. “Shewanella denitrificans sp. 

Nov., a Vigorously Denitrifying Bacterium Isolated from the Oxic-Anoxic Interface of the 

Gotland Deep in the Central Baltic Sea.” International Journal of Systematic and 

Evolutionary Microbiology 52 (6): 2211–17. https://doi.org/10.1099/ijs.0.02255-0. 

Brown, H.C., D.H. McDaniel, and O. Häfliger. 1955. “Dissociation Constants.” In 

Determination of Organic Structures by Physical Methods, edited by E.A. Braude and F.C. 

Nachod, 1:624. New York: Academic Press. https://doi.org/10.1016/C2013-0-12413-0. 

Brutinel, Evan D., and Jeffrey A. Gralnick. 2011. “Shuttling Happens: Soluble Flavin Mediators 

of Extracellular Electron Transfer in Shewanella.” Applied Microbiology and Biotechnology 

93 (1): 41–48. https://doi.org/10.1007/S00253-011-3653-0. 

Canstein, Harald Von, Jun Ogawa, Sakayu Shimizu, and Jonathan R. Lloyd. 2008. “Secretion of 

Flavins by Shewanella Species and Their Role in Extracellular Electron Transfer.” Applied 

and Environmental Microbiology 74 (3): 615–23. https://doi.org/10.1128/AEM.01387-07. 

Cao, Yingxiu, Mengyuan Song, Feng Li, Congfa Li, Xue Lin, Yaru Chen, Yuanyuan Chen, Jing 

Xu, Qian Ding, and Hao Song. 2019. “A Synthetic Plasmid Toolkit for Shewanella 

oneidensis MR-1.” Frontiers in Microbiology 10: 410. 

https://doi.org/10.3389/FMICB.2019.00410. 

Coates, John D., Debra J. Ellis, Elizabeth L. Blunt-Harris, Catherine V. Gaw, Eric E. Roden, and 

Derek R. Lovley. 1998. “Recovery of Humic-Reducing Bacteria from a Diversity of 

Environments.” Applied and Environmental Microbiology 64 (4): 1504–9. 



87 

 

https://doi.org/10.1128/AEM.64.4.1504-1509.1998. 

Costello, J A. 1974. “Cathodic Depolarization by Sulphate-Reducing Bacteria.” South African 

Journal of Science 70: 202–4. 

Coursolle, Dan, Daniel B. Baron, Daniel R. Bond, and Jeffrey A. Gralnick. 2010. “The Mtr 

Respiratory Pathway Is Essential for Reducing Flavins and Electrodes in Shewanella 

oneidensis.” Journal of Bacteriology 192 (2): 467–74. https://doi.org/10.1128/JB.00925-09. 

Coursolle, Dan, and Jeffrey A. Gralnick. 2010. “Modularity of the Mtr Respiratory Pathway of 

Shewanella oneidensis Strain MR-1.” Molecular Microbiology 77 (4): 995–1008. 

https://doi.org/10.1111/j.1365-2958.2010.07266.x. 

Coursolle, Dan, and Jeffrey A. Gralnick. 2012. “Reconstruction of Extracellular Respiratory 

Pathways for Iron(III) Reduction in Shewanella oneidensis Strain MR-1.” Frontiers in 

Microbiology 3: 56. https://doi.org/10.3389/fmicb.2012.00056. 

Dao, Van Hung, Hyung Ki Ryu, and Kee Bong Yoon. 2021. “Leak Failure at the TP316L Welds 

of a Water Pipe Caused by Microbiologically Influenced Corrosion.” Engineering Failure 

Analysis 122 (April): 105244. https://doi.org/10.1016/j.engfailanal.2021.105244. 

Deutzmann, Jörg S., Merve Sahin, and Alfred M. Spormann. 2015. “Extracellular Enzymes 

Facilitate Electron Uptake in Biocorrosion and Bioelectrosynthesis.” MBio 6 (2): e00496-

15. https://doi.org/10.1128/mBio.00496-15. 

Deyab, M. A., and S. S.Abd El-Rehim. 2014. “Effect of Succinic Acid on Carbon Steel 

Corrosion in Produced Water of Crude Oil.” Journal of the Taiwan Institute of Chemical 

Engineers 45 (3): 1065–72. https://doi.org/10.1016/j.jtice.2013.09.004. 

Dinh, Hang T., Jan Kuever, Marc Mußmann, Achim W. Hassel, Martin Stratmann, and Friedrich 

Widdel. 2004. “Iron Corrosion by Novel Anaerobic Microorganisms.” Nature 427 (6977): 

829–32. https://doi.org/10.1038/nature02321. 

Dong, Yuqiao, Baota Jiang, Dake Xu, Chengying Jiang, Qi Li, and Tingyue Gu. 2018. “Severe 

Microbiologically Influenced Corrosion of S32654 Super Austenitic Stainless Steel by Acid 

Producing Bacterium Acidithiobacillus caldus SM-1.” Bioelectrochemistry 123: 34–44. 

https://doi.org/10.1016/J.BIOELECHEM.2018.04.014. 



88 

 

Dubiel, M., C. H. Hsu, C. C. Chien, F. Mansfeld, and D. K. Newman. 2002. “Microbial Iron 

Respiration Can Protect Steel from Corrosion.” Applied and Environmental Microbiology 

68 (3): 1440–45. https://doi.org/10.1128/AEM.68.3.1440-1445.2002. 

Dubouis, Nicolas, and Alexis Grimaud. 2019. “The Hydrogen Evolution Reaction: From 

Material to Interfacial Descriptors.” Chemical Science 10: 9165. 

https://doi.org/10.1039/c9sc03831k. 

Dundas, Christopher M., David J.F. Walker, and Benjamin K. Keitz. 2020. “Tuning Extracellular 

Electron Transfer by Shewanella oneidensis Using Transcriptional Logic Gates.” ACS 

Synthetic Biology 9 (9): 2301–15. https://doi.org/10.1021/ACSSYNBIO.9B00517. 

Dwivedi, Deepak, Kateřina Lepková, and Thomas Becker. 2017. “Carbon Steel Corrosion: A 

Review of Key Surface Properties and Characterization Methods.” RSC Advances 7 (8): 

4580–4610. https://doi.org/10.1039/C6RA25094G. 

Eckert, Richard B., and Torben Lund Skovhus. 2018. “Advances in the Application of Molecular 

Microbiological Methods in the Oil and Gas Industry and Links to Microbiologically 

Influenced Corrosion.” International Biodeterioration & Biodegradation 126: 169–76. 

https://doi.org/10.1016/J.IBIOD.2016.11.019. 

Edwards, Marcus J, Gaye F White, Julea N Butt, David J Richardson, and Thomas A Clarke. 

2020. “The Crystal Structure of a Biological Insulated Transmembrane Molecular Wire.” 

Cell 181: 673. https://doi.org/10.1016/j.cell.2020.03.032. 

Eggleston, Carrick M., Janos Vörös, Liang Shi, Brian H. Lower, Timothy C. Droubay, and 

Patricia J.S. Colberg. 2008. “Binding and Direct Electrochemistry of OmcA, an Outer-

Membrane Cytochrome from an Iron Reducing Bacterium, with Oxide Electrodes: A 

Candidate Biofuel Cell System.” Inorganica Chimica Acta 361 (3): 769–77. 

https://doi.org/10.1016/J.ICA.2007.07.015. 

Ehrenreich, A., and F. Widdel. 1994. “Anaerobic Oxidation of Ferrous Iron by Purple Bacteria, a 

New Type of Phototrophic Metabolism.” Applied and Environmental Microbiology 60 (12): 

4517–26. https://doi.org/10.1128/AEM.60.12.4517-4526.1994. 

Ekspong, Joakim, Eduardo Gracia-Espino, and Thomas Wågberg. 2020. “Hydrogen Evolution 
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Appendix 1 Recipe for modified minimal medium 

 Reagent Final Concentration 

Modified Minimal Medium 

PIPES Buffer pH 7.0 20.0 mM 

NH4Cl 28.0 mM 

KCl 1.34 mM 

NaH2PO4 4.35 mM 

MgCl2·6H2O 1.00 mM 

CaCl2·2H2O 1.00 mM 

Tryptone 0.02 % w/v 

Trace Minerals Solution  1 X 

Vitamins Solution 1 X 

100 X Trace Minerals Solution 

Nitrilotriacetic acid 12.80 g / L 

FeCl2·4H2O 1.00 g / L 

MnCl2·4H2O 0.50 g / L 

CoCl2·6H2O 0.35 g / L 

ZnCl2 0. 20 g / L 

Na2MoO4·2H2O 0.044 g / L 

H3BO3 0.02 g / L 

NiSO4·6H2O 0.10 g / L 

CuCl2·2H2O 0.002 g / L 

Na2SeO3 0.006 g / L 

Na2WO4·2H2O 0.008 g / L 

1,000 X Vitamins solution 

(adjusted to pH 7.0 with NaOH) 

Biotin 0.02 g / L 

Folic acid 0.02 g / L 

Pyridoxine HCl 0.10 g / L 

Thiamine HCl 0.05 g / L 

Riboflavin 0.05 g / L 

Nicotinic acid 0.05 g / L 

DL-pantothenic acid 0.05 g / L 

p-aminobenzoic acid 0.05 g / L 

Lipoic acid 0.05 g / L 

Choline chloride 2.00 g/ L 

Vitamin B12 0.01 g / L 
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Appendix 2 Recipe for phosphate-buffered saline pH 7.2 

Reagent Final Concentration  

NaCl 137 mM  

KCl 2.7 mM  

Na2HPO4 10 mM  

KH2PO4 1.8 mM  

 

Adjust the pH to 7.2 with HCl and autoclave at 121 °C for 15 min on liquid cycle. 

 

 


