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Abstract 

Microbial communities are the major drivers of biochemical cycling and nutrient 

flux on the planet, yet despite their importance, the factors that influence and shape 

behavior and function of microbial ecosystems remain largely undefined. The knowledge 

gap existing for microbial communities stems partly from a focus of microbiologists on 

monoculture but also because studies of multispecies systems are impeded by their 

complexity and dynamic nature. Synthetic ecology, the engineering of rationally designed 

communities in well-defined environments, provides an innovative and robust approach 

to reduce the complexity inherent in natural systems and mimic microbial interaction in a 

controlled framework.  

Synthetic ecology was used to engineer a co-culture using two previously non-

interacting bacteria, Shewanella oneidensis and Geobacter sulfurreducens, both 

organisms important for multiple applications in biotechnology. The S. oneidensis and G. 

sulfurreducens co-culture provided a model laboratory co-culture to study microbial 

interactions and revealed that genetic mutations in metabolic pathways can provide the 

foundation to initiate cooperation and syntrophic relationships in multispecies 

ecosystems. Syntrophy between S. oneidensis and G. sulfurreducens was studied further 

using three-electrode bioreactors. Both S. oneidensis and G. sulfurreducens are capable of 

respiring insoluble terminal electron acceptors, a process termed extracellular respiration.  

During extracellular respiration, electrons produced during oxidative metabolism are 

transferred across both membranes to the outer surface of the bacterial cell where they 
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reduce terminal electron acceptors such as metal oxides. Extracellular respiration can be 

monitored in real time as current produced in bioreactors with electrodes serving as a 

proxy for metal oxides. The ability of both S. oneidensis and G. sulfurreducens to transfer 

electrons to their outer surface enabled the study of a process central to many syntrophic 

communities known as interspecies electron transfer – the transfer of reducing 

equivalents between organisms. Mutants in various electron transfer pathways revealed 

that interspecies electron transfer in an obligate S. oneidensis/G. sulfurreducens co-

culture was mediated by soluble redox-active flavins secreted by Shewanella serving as 

electron shuttles between species. 

The second half of this thesis focuses on S. oneidensis metabolism and 

interactions of microbes with metals. Microbial transfer of electrons to metals has a large 

impact on biogeochemical cycles and can also be harnessed for biotechnology 

applications in bioenergy and bioremediation. In order to effectively engineer S. 

oneidensis for these applications, it is imperative to understand how Shewanella gains 

energy from the oxidation of electron donors and the efficiency of electron transfer to 

metals and electrodes. Work in Chapter 4 revealed formate oxidation to be a central 

strategy under anaerobic conditions for energy conservation through the generation of 

proton motive force in S. oneidensis. Work in Chapter 5 quantified the effect of hydrogen 

metabolism on electron transfer reactions in Shewanella three-electrode bioreactors. 

Deletion of the hydrogenase large subunits, hyaB and hydA, in Shewanella resulted in 

higher current density and coulombic efficiency in single-chamber three-electrode 
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bioreactors by diverting electron flux to the anode instead of to hydrogen production. The 

final chapter of this thesis focused on harnessing microbial transformation of metals for 

bioremediation purposes. An engineered Escherichia coli strain containing a mercury 

resistance plasmid was constructed to facilitate the remediation of organic and ionic 

forms of mercury pollution. The engineered strain was then encapsulated using silica sol 

gel technology generating a bio-filtration material for use in bioremediation platforms.  

Work in this thesis highlights the importance of microbial interactions, both with 

other organisms and with metals in the environment. Comprehensive knowledge on 

microbial interactions is important not only for a better understanding of ecosystem 

function but can also be harnessed for biotechnology applications. Microbial interactions 

and transformation of metals shape the world around us and have also facilitated use and 

further engineering of microorganisms for bioenergy and bioremediation technologies.  
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Chapter 1 : Introduction on Microbial Communities 
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Microbial Communities 

Microorganisms are ubiquitous across Earth’s biosphere and total prokaryotic 

abundance measurements are estimated at 4-6 x 1030 cells representing the largest pool of 

nutrients in living organisms at 350-550 Pg of cellular carbon, 85-130 Pg of nitrogen, and 

9-14 Pg of phosphorous (Whitman et al., 1998). The shear numbers estimated for 

prokaryotic abundance highlights their importance as drivers of biogeochemical cycling 

and nutrient flux via microbially catalyzed reactions (Falkowski et al., 2008). As such, 

microorganisms in the environment rarely act as individuals but instead as inherently 

complex and dynamic communities that interact and communicate with one another and 

the environment, yet factors that influence/determine behavior and function of microbial 

ecosystems remain largely undefined (De Roy et al., 2014).  

Sequencing technologies have enabled initial analysis of microbial communities 

and allowed the characterization of species diversity in numerous environments ranging 

from communities in the ocean, soil, built environment, and the human microbiome  

(Huttenhower et al., 2012; Kembel et al., 2012; Rondon et al., 2000; Venter et al., 2004). 

To date, the Integrated Microbial Genomes (IMG) system lists a total of 42,658 genome 

datasets across all domains of life with 31,905 from prokaryotic organisms and 4242 

metagenome datasets (img.jgi.doe.gov), and the National Center for Biotechnology 

Information (NCBI) currently lists a total of 55,096 prokaryotic genomes 

(ncbi.nlm.nih.gov). Yet, the vast quantities of sequencing data do not enable attribution 

of key functions within communities to individual members or the identification of active 
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members within natural communities (Franzosa et al., 2015). Isolation of individual 

organisms and –omics based studies have also enabled in-depth research into the genetic 

and physiological characteristics of microbes and advanced understanding of function 

and adaptation, but behavior in communities is often very different from behavior in pure 

culture laboratory conditions.  

Studies on microbial communities are inherently limited by the complexity and 

dynamic nature of multispecies ecosystems. Further, the utility of methods to study 

communities is generally inversely proportional to overall complexity (Denef et al., 

2010). Metagenomics, metatranscriptomics, and metaproteomics provide information on 

species diversity, expression profiles, and protein production, but it remains nearly 

impossible to assign functional roles to specific individual species (Zengler & Palsson, 

2012). Current approaches also do not allow for comprehensive analysis of 

environmental fluctuations, interactions between members of a community, and detailed 

spatial organization, all which increase complexity of communities. In order to develop 

comprehensive understanding of communities, researchers must be able to formulate 

testable hypotheses, which necessitate reduced complexity and increased control.  

Synthetic Microbial Communities  

Synthetic biology encompasses applying rational engineering principles to the 

design of novel biological systems, and the extension of synthetic biology to engineering 

of whole consortia has ushered a new frontier in the study of microbial communities 

termed synthetic ecology (Dunham, 2007; Endy, 2005). Synthetic ecology is the rational 
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design of communities containing two or more members in well-controlled and defined 

environments (De Roy et al., 2014; Dunham, 2007). By deconstructing features of 

communities using a bottom-up approach, researchers are able to investigate fundamental 

principles involved in microbial interaction and metabolic networks, or design 

interactions with desired outputs and functions. Synthetic communities can serve as 

model systems in the lab to formulate and test hypotheses due to their reduced 

complexity, increased control, and the ability to identify specific community responses 

and interactions. Overall, synthetic systems enable researchers to mimic microbial 

interactions under controlled conditions and enable better understanding of how different 

variables affect community function.   

Synthetic communities offer multiple benefits to researchers both in the laboratory 

and applied biotechnology settings. Model laboratory cultures enable studies on the 

evolution of cooperation, co-adaptation, and the emergence of novel metabolic networks 

over time (Harcombe, 2010; Hillesland & Stahl, 2010; Wintermute & Silver, 2010). 

Populations can also be designed to mimic a range of interactions from beneficial to 

detrimental to various members, and also enable exploration of the effect of cheaters, 

members of a community who enjoy the benefits of a costly behavior without 

contributing to it themselves, on community stability (Foster & Bell, 2012; Shou et al., 

2007; Waite & Shou, 2012). Through control of the system, synthetic communities also 

enable the design of experiments to probe natural stability of ecosystems and their 

response to environmental perturbations such as bottlenecks and spatial arrangement  
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(Kim et al., 2008; Shou et al., 2007). In biotechnology applications, synthetic 

communities can perform tasks that may be too complex for monogenic populations, and 

division of labor can be engineered in communities to eliminate heavy metabolic burdens 

on individual strains (Brenner et al., 2008). Each step of a metabolic pathway can be 

engineered individually, and populations can be coordinated as a whole. Microbial 

consortia have also been shown to be more robust to environmental fluctuations over 

time (Brenner et al., 2008). Construction of simplified ecosystems with well-defined 

genetic backgrounds and identifiable cellular interactions also enable researchers to 

utilize communities as chasses or platforms to develop more complex communities. 

Definitions of Bacterial Interactions 

Interactions between organisms can be beneficial (+), neutral (0), or detrimental (-), 

meaning that for a pair of organisms (with no directionality implied) up to six types of 

pairwise interactions are possible and are often driven by metabolic interaction (Fig. 1). 

The first type assumes a neutral environment for both organisms (0/0) and represents no 

interaction between community members. Non-interaction is rare, as resources and space 

are generally limited in any community. More common is a type of interaction termed 

commensalism where one member benefits and the second remains neutral (0/+) (Faust & 

Raes, 2012; Grobkopf & Soyer, 2014). Food chains are examples of commensalism 

where the by-product of one organism is consumed by another. The food chain example 

also highlights the fact that true commensal relationships can be hard to accurately define 

since the “neutral” partner may derive an unknown benefit such as consumption of waste 
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products by the partner strain. Interactions that benefit all members of a community are 

defined as mutualisms (+/+) and further as syntrophy or obligate mutualisms if the 

beneficial exchange occurs through required bi-directional metabolic reactions (Dolfing, 

2014; Morris et al., 2013). Both commensal and mutualistic relationships can be defined 

as cross-feeding if the metabolic output from one organism is utilized as a nutrient and/or 

energy source by another (Bull & Harcombe, 2009). Negative interactions, which are not 

covered further in this thesis, include classical predation models (-/+), amenalism (0/-) 

where one member is harmed without direct benefit to the other, and competition (-/-).  

 

Figure 1.1: Six basic types of microbial interactions. Represented are the effects of interaction on 
individual strains (circles), which can be positive (+, green arrows), neutral (0, no line), or negative (-, red 
lines). Figure modified from (Grobkopf & Soyer, 2014). 
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Syntrophy and Interspecies Electron Transfer 

Origin of the word syntrophy, as it applies to bacterial communities, is often 

incorrectly attributed to a 1978 study describing the exchange of sulfur compounds 

between phototrophic, sulfur-oxidizing and chemotrophic sulfate-reducing bacteria (Biebl 

& Pfennig, 1978). Syntrophism was described as early as 1946 by Joshua Lederberg in 

the ‘Proceedings of Local Branches’ section of the Journal of Bacteriology as the 

“growth of two distinct biochemical mutants in mixed culture as a result of the ability of 

each strain to synthesize the growth factor required by the other” (Lederberg, 1946). He 

found that mutants in different stages of the same metabolic pathway could promote each 

other’s grow when cultured together, likely due to exchange of metabolites. Since 

Lederberg’s description, the definition of syntrophy has become more complex and has 

spurred a few articles on correct use of the term (Dolfing, 2014; Morris et al., 2013). 

Concise terms are hampered by the fact that syntrophic communities can be described in 

terms of three different components: nutritional dependence, thermodynamics, and 

mutual cooperation. From the nutritional perspective, syntrophy describes two or more 

members of a community interacting to gain energy through combined metabolic 

strategies to catabolize compounds that either organism alone could not digest (Morris et 

al., 2013; Schink, 1997; Schink & Stams, 2006). With respect to thermodynamics, 

syntrophic degradation often requires the end products of the first partner to be kept at a 

low concentration for the overall reaction to be thermodynamically feasible (Dolfing, 

2014; Morris et al., 2013; Schink, 1997; Schink & Stams, 2006; Sieber et al., 2012). 
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Finally, syntrophy requires cooperation or interdependence where each partner directly 

influences metabolism of the other (Dolfing, 2014; Morris et al., 2013; Schink, 1997; 

Schink & Stams, 2006; Sieber et al., 2012).  For the sake of this thesis, syntrophy will be 

defined as proposed by Morris et al. (2013) simply as “obligately mutualistic 

metabolism.”  

Many syntrophic communities require the exchange of reducing equivalents 

between community members to catalyze reactions that no single member can 

accomplish alone. Oftentimes, cooperative exchange of electrons is required in these 

communities in order to gain energy and overcome thermodynamic barriers. The first 

interspecies electron transfer mechanisms studied were those mediated by hydrogen and 

formate. Various shuttling molecules like sulfur, cysteine, and humics have also been 

shown to mediate community electron transfer. More recently, strong evidence suggests 

that a direct mechanism mediated by c-type cytochromes and/or conductive pili may also 

exist in some communities. Interspecies electron transfer has also recently been shown to 

occur through conductive minerals serving as conduits between partner organisms. Each 

type will be discussed further in the following paragraphs.  

Interspecies Hydrogen and Formate Transfer 

Interspecies hydrogen transfer, the canonical method of interspecies electron 

transfer, is a process in which one organism oxidizes an organic compound coupled to the 

reduction of protons forming hydrogen that is consumed by a partner organism (Stams & 

Plugge, 2009). Due to the low redox potential of 2H+/H2 (Eº’ = -414 mV), it is 
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energetically unfavorable to produce hydrogen from reducing equivalents such as 

NADH, and continuous generation requires a syntrophic hydrogen-consuming partner 

(Stams & Plugge, 2009). Interspecies hydrogen transfer was first described in the 

“Methanobacillus omelianskii” culture that was initially thought to be a single organism 

but was later determined to be a dual species co-culture containing an ‘S organism’ 

(which has since been lost) and the M.o.H strain (Methanobacterium ruminantium) 

(Bryant et al., 1967; Schink & Stams, 2006). The S strain converted ethanol to acetate, 

carbon dioxide, and hydrogen only in the presence of the M.o.H. strain, which consumed 

hydrogen for the reduction of carbon dioxide to methane (Bryant et al., 1967; Schink & 

Stams, 2006). Consumption of hydrogen by the M.o.H. strain, effectively keeping 

hydrogen concentrations low, shifted conversion of ethanol by the S strain (unfavorable 

at standard conditions) to be thermodynamically favorable (Bryant et al., 1967; Schink & 

Stams, 2006). Conversion of ethanol to methane could not be completed by either species 

alone but instead required syntrophic activities mediated by interspecies hydrogen 

transfer. Since the “Methanobacillus omelianskii” culture, interspecies hydrogen transfer 

has been determined to be important for methanogenic communities tied to the 

breakdown of complex organic compounds and may also mediate anaerobic oxidation of 

methane (AOM) though the exact mechanism of AOM is not yet fully understood 

(Schink, 1997; Schink & Stams, 2006; Sieber et al., 2012; Stams & Plugge, 2009). 

As an alternative to hydrogen, microbial communities can exchange electrons 

through formate (Stams & Plugge, 2009). The low redox potential of formate (Eº’ = -420 
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mV) poses the same thermodynamic constraints as hydrogen on the formate-producing 

partner, and hence, reduction of carbon dioxide (as bicarbonate) requires a formate-

consuming partner. Evidence for interspecies formate transfer arose in a syntrophic 

community where hydrogen transfer could not explain rates of ethanol degradation linked 

to methane formation (Thiele & Zeikus, 1988). Addition of hydrogen at levels making 

ethanol oxidation thermodynamically unfavorable by the community (even in the 

presence of a consuming partner) had no effect on ethanol oxidation or methane 

formation, and exogenous inhibition of methanogenesis resulted in the accumulation of 

formate (Thiele & Zeikus, 1988). Further evidence for interspecies formate transfer was 

provided by a propionate degrading co-culture where Syntrophobacter fumaroxidans only 

grew with methanogens capable of using both hydrogen and formate and not with 

methanogens only able to utilize hydrogen (Dong et al., 1994). Formate transfer may be 

preferred over hydrogen in some systems due to higher diffusion coefficient for formate 

enabling larger mass transfer to the methanogenic partner (Shrestha & Rotaru, 2014).  

Interspecies Electron Transfer by Shuttles/Conductive Materials 

Various shuttling compounds have also been implicated in interspecies electron 

transfer. Cysteine and other sulfur compounds have been shown to mediate electron 

transfer as well as the humic analog AQDS (Biebl & Pfennig, 1978; Kaden et al., 2002; 

Smith et al., 2015). Recently, conductive materials such as magnetite particles, graphite, 

granular activated carbon, and biochar have also been shown to serve as conduits 

facilitating electron transfer between community members (Chen et al., 2014; Kato et al., 
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2012; Liu et al., 2012). Mediating electron transfer through carbon compounds could 

have important applications for stimulating methanogenesis in anaerobic digestors and 

wastewater systems (Kouzuma et al., 2015). Flavins acting as electron shuttles have also 

been shown to improve electron transfer to insoluble terminal electron acceptors by 

Shewanella  (Brutinel & Gralnick, 2012; Coursolle et al., 2010; Kotloski & Gralnick, 

2013; Marsili et al., 2008; von Canstein et al., 2008). The role of flavins in interspecies 

electron transfer is discussed further in Chapter three.  

Direct Interspecies Electron Transfer  

Ocean sediments are huge sources of methane and produce methane at amounts 

equivalent to approximately half of all natural sources. Methane is a potent greenhouse 

gas, and luckily the majority of methane produced in ocean sediments never reaches the 

ocean or atmosphere due to syntrophic breakdown of methane by microbial communitites 

(Alperin & Hoehler, 2010; Orcutt & Meile, 2008). Control of methane at the sea floor is 

performed by methanogenic archaea effectively running methanogenesis ‘in reverse’ 

(oxidizing methane and producing carbon dioxide and hydrogen) in a partnership with 

sulfate-reducing bacteria (Boetius et al., 2000; Orphan et al., 2001). The longstanding 

mystery of these communities stems from the fact that AOM rates observed in the 

environment cannot be explained solely by interspecies hydrogen or formate transfer or 

any other mechanisms requiring diffusion based transfer (Orcutt & Meile, 2008). 

Modeling studies hinted at a direct method for electron transfer between AOM 
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community members, yet with no ability to separate members or perform genetics-based 

studies, this has been hard to prove (Orcutt & Meile, 2008).  

Recently a synthetic laboratory community composed of Geobacter 

metallireducens and Geobacter sulfurreducens provided strong evidence for direct 

interspecies electron transfer in syntrophic communities (Summers et al., 2010). In this 

system, G. metallireducens oxidizes ethanol only in the presence of G. sulfurreducens 

who can accept electrons produced by G. metallireducens and reduce the provided 

terminal electron acceptor fumarate, which G. metallireducens cannot use  (Summers et 

al., 2010). The community formed large aggregates similar to environmental syntrophic 

communities, and deletions of the hydrogenase and formate dehydrogenase 

(∆hybL∆fdnG) in G. sulfurreducens still generated successful co-cultures with G. 

metallireducens (Rotaru et al., 2012; Summers et al., 2010). Deletion of omcS, an outer 

membrane mutliheme cytochrome associated with pili, and pilA, the structural pilin unit, 

prevented growth of the co-culture indicating that multiheme cytochromes and pili are 

involved in direct transfer of electrons between G. metallireducens and G. sulfurreducens 

(Summers et al., 2010). Recent evidence suggests multiheme cytochromes and pili may 

also play important roles in AOM communities (McGlynn et al., 2015; Wegener et al., 

2015). 

“Life is an electron looking for a place to land.” – Daniel Bond 

Electron transfer reactions are the energy currency of life. Movement of electrons 

from donor to acceptor molecules mediate energy production and are important for 
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shaping communities and environmental processes. The following thesis sections are 

dominated by the theme of electron transfer and how it mediates microbial interactions 

both with other species and their environment. Further introductory discussion focuses on 

electron transfer as it relates to respiration and unusual organisms able to respire, or 

breathe, insoluble compounds like metals. Laboratory techniques used to monitor these 

processes in the laboratory are also discussed. 

Bacterial Respiration 

Many bacteria thrive across a diverse range of environments due to the ability to 

couple the oxidation of compounds to the reduction of a variety of terminal electron 

acceptors. The process of transferring electrons to a terminal electron acceptor is termed 

respiration, and many bacteria are capable of respiring compounds other than oxygen 

such as organic acids, nitrogen oxides, sulfur oxyanions, and minerals. Free energy 

associated with coupled oxidation and reduction (redox) reactions can be converted to 

energy in the form of an electrochemical ion gradient across insulating membranes 

(Mitchell, 1961). The energy released by the flow of electrons in redox reactions is 

related to the difference in reduction potential between the donor and terminal electron 

acceptor. Electrons released during oxidation “flow” from the more negative potential 

electron donor to a more positive potential electron acceptor, and energy released during 

this process can be used to drive the translocation of protons across the cytoplasmic 

membrane. The difference in pH and separation of charge across an insulating membrane 

created by proton translocation can be harnessed by cells to perform work and is termed 
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the proton motive force (pmf). Pmf can be used to drive production of ATP, for cell 

motility, and to facilitate transport of molecules across the cytoplasmic membrane.  

Proton translocation occurs either through the pumping of protons by various 

protein complexes involved in electron transport chains or through the cycling of redox 

loops. In the first example, low potential electron donors (NADH, FADH2) generated 

during oxidative metabolism transfer electrons to a chain of proteins in the cytoplasmic 

membrane and electron flow through the chain facilitates proton pumping by some 

members. In the second example, proton translocation is facilitated by quinone-mediated 

redox loops. Quinones are lipid soluble molecules that can shuttle protons and electrons 

mediating their transfer between electron transport proteins. Coupling sites on the donor 

and acceptor proteins can occur at either the cytoplasmic or periplasmic side of the 

membrane and can facilitate proton movement across the membrane (Fig. 2). Depending 

on location of coupling sites, redox loops can also be net neutral or energy dissipating 

with respect to proton movement. Energy conservation through proton translocation 

mediated by redox loops is often vary important during anaerobic respiration as will be 

highlighted in Chapter 4. 
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Figure 1.2: Generic configuration of a redox loop leading to translocation of protons across a 
membrane. Oxidation of the donor (D) and subsequent reduction of the acceptor (A) are connected via a 
redox loop that leads to translocation of protons due to the placement of coupling sites (stars) on opposite 
sides of the cytoplasmic membrane.   

Extracellular Respiration 

Respiratory chains are generally thought of as occurring at the cytoplasmic 

membrane, but some bacteria are able to extend these pathways and transfer electrons to 

the outer cell surface or beyond in a process termed extracellular respiration. The best-

studied mechanisms of extracellular respiration are those involving the transfer of 

metabolic electrons to the reduction of extracellular metals. Unlike oxygen and soluble 

organic acceptors, Fe and Mn mineral oxides are insoluble at neutral pH, and respiration 

of such compounds necessitates specialized systems to transfer electrons across the 

cytoplasmic membrane, periplasm, and outer membrane (Gram negative metal reducers) 

or cell wall (Gram positive metal reducers). Transfer of electrons between bacteria and 

metals largely affect biogeochemical cycling as changes in redox state can alter 

solubility, bioavailability, toxicity, and partitioning of metals in the environment. The 

electrical connection between living organisms and metals has also been harnessed for 

multiple biotechnology applications. Microbial transfer of electrons to metals can 
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generate electrical current from the oxidation of waste in microbial fuel cells, be used to 

produce hydrogen in microbial electrolysis cells, or act as the input for bio-sensing 

technologies. Reversing this electron transfer process—driving electron transfer from 

metals back into microbes—can potentially be harnessed for electrosynthesis, where 

reducing power is used to produce value-added biofuels and biochemicals.  

Since the discovery of microbially-catalyzed respiration of Fe and Mn oxides over 

25 years ago, the bacteria Shewanella and Geobacter have served as the model organisms 

for extracellular respiration. Complete genome sequences for multiple species as well as 

well-defined genetics systems have aided in identifying important mechanisms for 

extracellular electron transport, a few of which are discussed next. 

Shewanella 

Shewanella species are Gram-negative, facultative anaerobic members of the γ-

Proteobacteria found globally in redox-stratified aquatic and sediment environments 

(Fredrickson et al., 2008; Hau & Gralnick, 2007; Nealson & Scott, 2006). Their diverse 

distribution is due in part to their respiratory diversity. Shewanella oneidensis, the best-

studied member of the genus, is able to respire over 20 organic and inorganic compounds 

as terminal electron acceptors including oxygen, fumarate, iron and manganese oxides, 

and electrodes (Hau & Gralnick, 2007; Nealson & Scott, 2006). Due in part to a number 

of promising applications in biotechnology, respiratory electron transfer has been 

intensely studied in S. oneidensis and the underlying physiology is well understood 

(Fredrickson et al., 2008; Hau & Gralnick, 2007). Electrons generated during anaerobic 
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metabolism are transferred from the quinone pool to the inner membrane tetraheme 

cytochrome CymA, which serves as the branch point to multiple terminal electron 

acceptor pathways (Marritt et al., 2012a; Myers & Myers, 2000). For respiration of 

soluble compounds such as fumarate, which can enter the periplasm, electrons are 

transferred from CymA to periplasmic terminal reductases (Nealson & Scott, 2006). 

During respiration of metals (either soluble or insoluble), electrons are transferred from 

CymA to the outer surface of the cell utilizing a mutli-heme cytochrome-porin complex 

collectively termed the Mtr (metal respiration) pathway (Beliaev & Saffarini, 1998; 

Beliaev et al., 2001; Coursolle & Gralnick, 2010; Coursolle et al., 2010; Hartshorne et al., 

2009). At the cell surface, electrons can also be transferred to redox active flavin 

compounds that facilitate electron transfer between the cell and extracellular substrates 

(Brutinel & Gralnick, 2012; Kotloski & Gralnick, 2013; Marsili et al., 2008; von 

Canstein et al., 2008). Further description of S. oneidensis is provided as warranted in the 

introductory sections of subsequent chapters.  

Geobacter 

Geobacter species are Gram negative, members of the δ-Proteobacteria and are 

found in a variety of anaerobic sediments (Lovley et al., 2011). A hallmark of the 

Geobacter genus is the ability to exchange electrons with the extracellular environment, 

and they were the first organisms discovered to couple the oxidation of organic 

compounds to the reduction of Fe(III) oxide as terminal electron acceptor (Lovley et al., 

1987; Lovley et al., 1993). Some of the electron acceptors utilized by Geobacter species 
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include Fe(III) and Mn(IV) oxides and chelates, toxic metals U(VI) and Tc(VII), 

fumarate, elemental sulfur, the humic acid analog AQDS, and electrodes (Lovley et al., 

2011). Respiration of metals by Geobacter species play important roles in 

biogeochemical cycling and also affect cycling of the trace metals and nutrients like 

phosphate that can adsorb onto metal oxides (Lovley et al., 2004).   

Unlike Shewanella, the full mechanism(s) of electron transport by Geobacter have 

not been elucidated. Genomes of Geobacter species contain, on average, approximately 

80 cytochromes representing about 2% of protein coding regions (Butler et al., 2010; 

Methe et al., 2003). The vast majority of these cytochromes also contain more than one 

heme-binding motif (Butler et al., 2010; Methe et al., 2003). Despite this, comparative 

genomics studies have revealed that very few of the multiheme cytochromes are 

conserved across the Geobacter genus (Butler et al., 2010). Omics-based studies have 

also failed to highlight any one pathway, and genetics have been complicated by the fact 

that no one deletion has been shown to completely eliminate extracellular electron 

transfer (Aklujkar et al., 2013; Butler et al., 2010; Ding et al., 2006; Ding et al., 2008; 

Holmes et al., 2006; Rollefson et al., 2009).  

Recently, two studies have identified distinct cytochromes involved in electron 

transport across the inner membrane of G. sulfurreducens, the model strain of the 

Geobacter genus. Using a combination of transposon mutagenesis and high-throughput 

Illumina sequencing known as Tn-seq, it was found that transposon disruption of imcH 

and cbcL resulted in respiratory phenotypes during the respiration of high and low 



 

 19 

potential terminal electron acceptors, respectively (Levar et al., 2014; Zacharoff et al., 

2016). Disruption of imcH by insertion of a kanamycin resistance cassette and a clean 

deletion of cbcL agreed with the transposon data providing evidence for at least two 

pathways for electron transport across the inner membrane indicating that G. 

sulfurreducens can adapt and respond to varying redox potentials in the environment  

(Levar et al., 2014; Zacharoff et al., 2016).   

Three-Electrode Bioreactors 

Extracellular respiration can be monitored in real-time in the laboratory using 

three-electrode bioreactors with electrodes serving as the terminal electron acceptor 

(Bond et al., 2002). In bioelectrochemical reactors, bacteria couple the oxidation of 

supplied electron donors to respiration of the working electrode (anode), which can be set 

at a user-defined potential via a potentiostat and reference electrode. Control of potential 

at the anode allows the electrode to serve as a proxy for the terminal electron 

acceptor/respiratory pathway being investigated. Electrons transferred from bacterial 

cells to the anode flow through the system to the cathode where they re-enter the reactor 

medium and complete the circuit. Electron flow through these systems is monitored as 

current produced over time via the potentiostat. A depiction of three-electrode bioreactors 

utilized in this thesis is provided in Figure 3. 
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Figure 1.3: Schematic of a three-electrode bioreactor with an electrode serving as the terminal 
electron acceptor. Bacteria attached to electrode couple oxidation of supplied electron donors to the 
respiration of the electrode and electron flow is monitored as current produced over time. A potentiostat 
and reference electrode are utilized to control potential set at the working electrode and also to monitor 
electron flow as current between the working (anode) and counter (cathode) electrodes.  

Thesis Summary 

The overarching theme of the following thesis chapters is the role of electron 

transfer as a mediator of microbial interactions both with other organisms and compounds 

in the environment such as metals. Chapter 2 focuses on the characterization of a model 

laboratory co-culture of S. oneidensis and G. sulfurreducens. In this system, S. oneidensis 

has been engineered to consume glycerol and secrete acetate that can then be utilized as a 

carbon source by G. sulfurreducens. Both organisms couple oxidation of their respective 

carbon sources to the reduction of fumarate. The commensal nature of the S. oneidensis 
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and G. sulfurreducens co-culture was shifted to an obligate mutualism by deleting the 

fumarate reductase in S. oneidensis (∆fccA) disabling its use of fumarate as terminal 

electron acceptor. Co-culturing S. oneidensis ∆fccA and G. sulfurreducens resulted in a 

shift in overall metabolic strategy and emergence of a novel approach to energy 

generation by the community. Instead of oxidizing glycerol, the community shifted to 

conversion of fumarate to malate and utilized ensuing malate as a carbon source. 

Targeted deletions were constructed to test various carbon utilization pathways in the 

obligate co-culture. 

Chapter 3 focuses on use of the S. oneidensis and G. sulfurreducens co-culture in 

three-electrode bioreactors to test various mechanisms of interspecies electron transfer. In 

this co-culture, S. oneidensis oxidizes glycerol and produces acetate for G. sulfurreducens 

only if G. sulfurreducens accepts electrons generated by S. oneidensis. S. oneidensis must 

transfer electrons to G. sulfurreducens because gold electrodes were used as terminal 

electron acceptors in bioreactors, a surface S. oneidensis is unable to respire. A new 

mechanism, interspecies electron transfer via flavins electron shuttles, was found to 

mediate electron transfer in this community.  

Chapter 4 focuses on a central mechanism important for energy conservation 

during anaerobic respiration by S. oneidensis. Formate is produced during anaerobic 

respiration of carbon sources entering at or above the level of pyruvate in S. oneidensis, 

and the genome of S. oneidensis encodes three complete formate dehydrogenase (FDH) 

complexes indicating importance of formate metabolism. Growth of S. oneidensis in 
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comparison to several mutant strains revealed that formate oxidation coupled to proton 

translocation via a redox-loop mechanism, as well as pumping of protons by the ATPase, 

are the main contributors to pmf under anaerobic conditions in S. oneidensis. Deletion of 

all three FDH gene regions also enabled growth of Shewanella on pyruvate in the absence 

of a terminal electron acceptor, a mode of growth not seen previously for the non-

fermentative S. oneidensis.  

Chapter 5 focuses on the effect of hydrogen metabolism on total current density 

and overall coulombic efficiency (charge recovered as electrical current) in S. oneidensis 

single-chamber, three-electrode bioreactors. In reactors, S. oneidensis is able to oxidize 

supplied carbon sources and use an electrode as terminal electron acceptor, but low 

efficiency calculations for S. oneidensis reactors previously indicate that it is able to 

divert electrons to other acceptors. Reduction of protons to molecular hydrogen 

represents an alternative electron transfer mechanism diverting electron transfer to 

electrodes in reactor systems. S. oneidensis is able to both consume and produce 

hydrogen via two periplasmically-oriented, membrane associated hydrogenases. 

Hydrogen is also produced abiotically at the cathode in single chamber electrodes further 

hampering efficiency calculations as oxidation of hydrogen by S. oneidensis can lead to 

current not attributable to carbon source oxidation and artificially high current density. In 

Chapter 5, we report high coulombic efficiencies achieved in S. oneidensis reactors 

through deletion of both hydrogenases and isolation and removal of hydrogen produced 

at the cathode.  
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Chapter 6 focuses on a project conducted by the 2014 University of Minnesota 

international Genetically Engineered Machine (iGEM) competition team. The team was 

awarded a gold medal and won the “Best Environment Project” division, which was 

described as one of top accomplishments for the College of Biological Sciences for 2014 

by Dean Tom Hayes. In Chapter 6, we describe the engineering of E. coli to remediate 

both ionic and organic forms of mercury including the potent neurotoxin methylmercury 

using the mercury remediation (mer) operon. We also describe methods to encapsulate 

engineered strains in a silica-based material resulting in a biological-based filtration 

material. Encapsulated E. coli harboring the mer operon maintained ability to degrade 

methylmercury and represent a step toward using this technology for mercury 

remediation.  
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Chapter 2 : Shifting Metabolic Strategy From Commensalism to Obligate 

Mutualism in an Engineered Co-culture  
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Summary 

Over the past century, microbiologists have mainly studied organisms in pure 

culture, yet in natural environments, the majority of microorganisms live in complex and 

highly dynamic multispecies communities. Natural communities are shaped by 

interactions among members as well as with the environment itself. To study 

multispecies interaction in the laboratory, specifically the emergence of cooperation, we 

constructed both a commensal community and an obligate mutualism using the 

previously non-interacting bacteria Shewanella oneidensis and Geobacter sulfurreducens. 

Incorporation of a glycerol utilization plasmid (pGUT2) enabled S. oneidensis to 

metabolize glycerol and produce acetate as a carbon source for G. sulfurreducens 

establishing a cross-feeding, commensal co-culture. In the commensal co-culture, both 

species coupled oxidative metabolism to the respiration of fumarate as the terminal 

electron acceptor. Deletion of the gene encoding fumarate reductase in the S. oneidensis 

pGUT2 strain shifted the co-culture with G. sulfurreducens to an obligate mutualism 

where neither species could grow in absence of the other. A shift in metabolic strategy 

from glycerol catabolism to malate metabolism was associated with obligate co-culture 

growth. Further targeted deletions in malate uptake and acetate generation pathways in S. 

oneidensis significantly inhibited co-culture growth with G. sulfurreducens. The 

engineered co-culture between S. oneidensis and G. sulfurreducens provides a model 

laboratory system to study the emergence of cooperation in bacterial communities, and 



 

 26 

the shift in metabolic strategy observed in the obligate co-culture highlights the potential 

importance of genetic change in shaping microbial interactions in the environment. 

Introduction 

Microorganisms are the major drivers of biochemical and nutrient cycling in 

environments ranging from ocean sediments to the human microbiome, yet factors that 

influence the behavior and function of multispecies ecosystems remain largely undefined 

(Falkowski et al., 2008; Huttenhower et al., 2012; Raes & Bork, 2008; Venter et al., 

2004). For the past century, microbiology has focused mainly on the isolation and study 

of individual species leading to in-depth studies on genetic and physiological 

characterization, but behavior of organisms as members of communities is often very 

different from behavior in pure laboratory cultures (Kaeberlein et al., 2002; Rappe & 

Giovannoni, 2003). Sequencing and community-based –omics studies have enabled the 

analysis of multispecies microbial communities answering questions such as ‘who is 

there’ and ‘what functions are present,’ yet they are limited in their ability to attribute key 

functions to individual species, identify active members, or provide an overall picture of 

how interaction shapes communities (Franzosa et al., 2015; Raes & Bork, 2008).  

In natural settings, microorganisms rarely act as individuals, but instead as 

inherently complex and dynamic communities that interact and communicate with one 

another. Interaction can lead to obligate interdependence or syntrophy in communities 

where two or more members combine metabolic strategies to gain energy and catabolize 

compounds that neither species alone could digest (Morris et al., 2013; Schink, 1997; 
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Schink & Stams, 2006; Sieber et al., 2012). In syntrophic systems, the metabolism of one 

species is directly influenced by actions of the other and vice versa (Dolfing, 2014; 

Morris et al., 2013; Schink, 1997; Schink & Stams, 2006; Sieber et al., 2012). 

Interdependence between community members confounds their study because natural 

syntrophic communities oftentimes cannot be separated in the laboratory (Orcutt & 

Meile, 2008; Orphan, 2009). Inability to grow members separately also impedes studies 

on how syntrophy and obligate interactions emerge in multispecies ecosystems.  

Synthetic ecology, the engineering of rationally designed communities in well-

defined environments, provides an innovative and robust approach to reduce the 

complexity inherent in natural systems and mimic microbial interaction in a controlled 

framework (Brenner et al., 2008; De Roy, Marzorati et al., 2014; Grobkopf & Soyer, 

2014). By distilling the salient features of communities into modular genetic and 

biochemical units, artificial consortia can be engineered from the bottom-up to serve as 

model systems enabling investigation of conditions that prime the emergence of 

microbial interactions and higher-order community function  (De Roy et al., 2014; 

Grobkopf & Soyer, 2014). The construction of simplified, artificial ecosystems using 

organisms with well-defined genetic backgrounds provides a context in which to identify 

interaction within community metabolic networks. Developed synthetic communities can 

also be used as a chassis for the continued engineering of more complex ecosystems (De 

Roy et al., 2014; Song et al., 2014). 
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Here, we report the construction and characterization of model synthetic 

communities ranging from commensalism (one species benefits) to obligate mutualism 

(interdependence required for both species to benefit) using Shewanella oneidensis and 

Geobacter sulfurreducens, two bacteria chosen because i) they have no naturally-evolved 

metabolic interactions enabling us to monitor the emergence of cooperation in a 

population ii) a breadth of genetic tools available for both including: sequenced and 

annotated genomes (Heidelberg et al., 2002; Methe et al., 2003), full genetic systems  

(Chan et al., 2015; Coppi et al., 2001; Saltikov & Newman, 2003), and well-described 

metabolic networks (Flynn et al., 2012; Mahadevan et al., 2011; Pinchuk et al., 2009) and 

iii) the potential importance of this co-culture in biotechnology applications (Hau & 

Gralnick, 2007; Lovley et al., 2011). S. oneidensis and G. sulfurreducens serve as the 

model organisms for extracellular respiration, an ability to transfer electrons produced 

during oxidative metabolism across cellular membranes to insoluble terminal electron 

acceptors (Gralnick & Newman, 2007). Through extracellular respiration, Shewanella 

and Geobacter species respire a diverse array of substrates, including metals and 

electrodes, making these bacteria applicable – individually and potentially more in 

cooperative concert – to the remediation of environmental pollutants and to electricity 

production in microbial fuel cells (Hau & Gralnick, 2007; Lovley et al., 2011). A 

commensal co-culture was first engineered through incorporation of a cross-feeding 

mechanism between S. oneidensis and G. sulfurreducens. A targeted deletion in the 

respiratory pathway of S. oneidensis shifted the commensal co-culture to an obligate 
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mutualism where neither species could grow alone in the presence of the supplied carbon 

source. Importantly, the obligate co-culture also revealed a complete shift in metabolic 

strategy highlighting that mutations in metabolic pathways may play a substantial role in 

shaping microbial interactions in the environment. 

Materials and Methods 

Reagents 

Enzymes were purchased from New England Biolabs (Ipswich, MA). Kits for 

PCR cleanup, gel purification, and plasmid preparations were purchased from Invitrogen 

(Carlsbad, CA). Chemicals were obtained from Sigma-Aldrich (St. Louis, MO) with the 

exception of glycerol, which was purchased from Fisher Chemical (Pittsburgh, PA). 

Medium components were purchased from Becton, Dickinson and Company (Sparks, 

MD). 

Bacterial Strains and Culture Conditions 

Strains and plasmids used in this study are listed in Table 2.2. Plasmid pGUT2 

has been described previously (Flynn et al., 2010). S. oneidensis and E. coli strains were 

maintained at 30°C and 37°C, respectively, on Luria-Bertani (LB) medium solidified 

with 1.5% agar and supplemented with 50 µg/ml kanamycin when required. G. 

sulfurreducens was maintained at 30°C under strict anaerobic conditions using an 

anaerobic chamber with a 5% H2/75%N2/20%CO2 atmosphere (Coy Lab Products; Grass 

Lake, MI) on basal medium (NB) plates containing the following per liter: 0.38 g KCl, 

0.2 g NH4Cl, 0.069 g NaH2PO4·H2O, 0.04 g CaCl2·2H2O, 0.2 g MgSO4·7H2O, 2.0 g 
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NaHCO3 (pH 6.8), 10 mL/L of a mineral mix (Hau et al., 2008) and supplemented with 

0.1% trypticase (wt/vol), 1 mM cysteine, 20 mM acetate, 40 mM fumarate (NBFA+TC) 

and solidified with 1.5% agar. 

Generation of Deletion Mutants 

Oligonucleotide primers used to amplify portions of the S. oneidensis 

chromosome for deletion constructs are listed in Table 2.3. PCR products were cloned 

using standard laboratory molecular biology protocols. Regions flanking deletion targets 

were amplified using PCR and cloned into the pSMV3 suicide vector. In-frame gene 

deletions were generated using homologous recombination as previously described 

(Coursolle et al., 2010). Deletion constructs were moved into S. oneidensis by conjugal 

transfer from E. coli donor strain WM3064. All plasmid constructs and gene deletions 

were verified by sequencing (University of Minnesota Genomics Center).  

Co-culture Growth Assays 

 All experiments were initiated with single colonies picked from freshly streaked   

-80°C 15% glycerol or 10% DMSO stocks on LB containing 50 µg/ml kanamycin or 

NBFA+TC plates for S. oneidensis and G. sulfurreducens, respectively. In preparation for 

growth assays, single colonies of S. oneidensis were grown shaken at 30°C in LB broth 

containing 50 µg/ml kanamycin for 16 hours and were then sub-cultured into Shewanella 

Basal Medium (SBM) containing 7 mM glycerol for 6 hours (pH 7.2; containing per 1 

liter of medium: 0.225g K2HPO4, 0.225g KH2PO4, 0.46g NaCl, 0.225g (NH4)2SO4, 

0.117g MgSO4·7H2O, 10 mM HEPES buffer, supplemented with 5 mL/L vitamin mix 
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and 5 mL/L mineral mix (Hau et al., 2008)). Single colonies of G. sulfurreducens were 

grown in an anaerobic chamber (5%:75%:20% H2:N2:CO2) in 1 mL of basal medium 

(NB) supplemented with 20 mM acetate and 40 mM fumarate (NBFA) for 48 hours at 

30°C. Following this initial growth, 1 mL of G. sulfurreducens was sub-cultured into 10 

mL of NBFA medium in anaerobic culture tubes under a 80%:20% N2:CO2 headspace 24 

hours prior to co-culture experiments. 

 For co-culture growth assays, S. oneidensis and G. sulfurreducens cultures were 

washed in their respective basal media, normalized to an optical density measured at 600 

nm (OD600) of 1, and sub-cultured in 15 mL of co-culture medium (CM) which contained 

per liter: 0.38 g KCl, 0.2 g NH4Cl, 0.069 g NaH2PO4·H2O, 0.04 g CaCl2·2H2O, 0.2 g 

MgSO4·7H2O, 2.0 g NaHCO3 as buffer (pH 7.0), supplemented with 10 mL/L of mineral 

mix, 10 mL/L vitamin mix (Hau et al., 2008), 0.05% (w/v) casamino acids, 7 mM 

glycerol (+G) and 55 mM fumarate (+F) where indicated (CMFG, CMG, CMF). Cultures 

were grown stationary under a 20% CO2/80% N2 headspace using butyl rubber-stoppered 

glass tubes (Bellco; Vineland, NJ). Culture OD600 was monitored using a 

spectrophotometer (Spectronic 20D+; Thermo Fisher Corporation, Waltham, MA).  

Monitoring Co-culture Growth Via Colony Forming Units 

Culture samples were removed using degassed syringes, and serial dilutions were 

performed in LB or CMF medium to prevent cell lysis for S. oneidensis and G. 

sulfurreducens, respectively. To ensure optimal plating efficiency, S. oneidensis and G. 
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sulfurreducens dilutions were plated on aerobic LB and anaerobic NBFA+TC plates 

(75% N2/20% CO2/5% H2) at 30°C, respectively (Coppi et al., 2001).  

High Performance Liquid Chromatography 

Metabolites were quantified by HPLC using Shimadzu Scientific equipment 

including an SCL-10A system controller, LC-10AT pump, SIL-10AF auto-injector, 

CTO-10A column oven, RID-10A refractive index detector (cell maintained at 40°C), 

and an SPD-10A UV-Vis detector (210nm). Mobile phase consisted of 0.015 N H2SO4 

set at a flow rate 0f 0.400 mL min-1. Injection volumes of 50 µL were separated on an 

Aminex HPX-87H column maintained at 46°C. Metabolite concentrations were 

determined by comparison with standard curves for each compound (R2 > 0.99). 

Metabolite standards were run before and after unknown samples to ensure accuracy.  

Results 

To establish a co-culture system, a cross-feeding mechanism was engineered 

between S. oneidensis and G. sulfurreducens (Fig. 2.1). Incorporation of a glycerol 

utilization plasmid (pGUT2) enabled S. oneidensis to metabolize glycerol and secrete 

acetate (Flynn et al., 2010). G. sulfurreducens, unable to utilize glycerol as a carbon 

source, was then dependent on acetate secreted by S. oneidensis pGUT2 as a carbon 

source for growth (Lovley et al., 2011). As engineered, the complete oxidation of 

glycerol to carbon dioxide required the metabolic activity of both S. oneidensis pGUT2 

and G. sulfurreducens and was coupled to fumarate respiration by both organisms (Fig. 

2.1). The co-culture outlined in Figure 2.1 is described as commensal because co-culture 
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conditions are neither beneficial nor detrimental to S. oneidensis pGUT2 whereas G. 

sulfurreducens gains a direct benefit from co-culture growth with S. oneidensis pGUT2. 

 

 

Figure 2.1: Metabolic interactions enabling co-culture growth of S. oneidensis pGUT2 and G. 
sulfurreducens. S. oneidensis oxidizes glycerol via an engineered glycerol utilization pathway encoded by 
the pGUT2 plasmid (GlpF, glycerol facilitator; GlpK, glycerol kinase; GlpD, glycerol-3-P dehydrogenase; 
TpiA, triose phosphate isomerase) and secretes acetate that is used as a carbon source by G. sulfurreducens. 
Cross-feeding of acetate from S. oneidensis pGUT2 to G. sulfurreducens is represented by the black arrow. 
In the commensal co-culture, both organisms couple metabolic oxidation reactions to the respiration of 
fumarate (FccA and Frd represent fumarate reductase in S. oneidensis and G. sulfurreducens, respectively). 
An obligate co-culture was engineered by eliminating fumarate respiration by S. oneidensis pGUT2 
through deletion of fccA. 
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We began by characterizing growth of S. oneidensis pGUT2 and G. 

sulfurreducens in basal co-culture medium containing glycerol as carbon source and 

fumarate as terminal electron acceptor (CMGF). As predicted, when cultured separately, 

CMGF medium supported growth of S. oneidensis pGUT2 but not G. sulfurreducens due 

to its reliance on S. oneidensis pGUT2 for acetate (Fig. 2.2 A and B). Simultaneous 

growth of both species was only observed when S. oneidensis pGUT2 and G. 

sulfurreducens were cultured together in medium containing both glycerol and fumarate, 

and the co-culture reached a higher maximum OD600 then S. oneidensis pGUT2 cultured 

alone (Fig. 2.2A). To determine growth rates for each species in the co-culture, samples 

were removed periodically and serial dilutions were plated on medium selective for either 

species. Resulting colony forming units (CFU) were then determined and revealed an 

initial lag phase for G. sulfurreducens when co-cultured with S. oneidensis pGUT2 likely 

due to inhibition of G. sulfurreducens growth until secreted acetate concentrations were 

high enough to support growth (Fig. 2.2B). Growth of S. oneidensis pGUT2 was similar 

when cultured alone or in co-culture with G. sulfurreducens in CMGF medium (Fig. 

2.2B). 
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Figure 2.2: Growth of S. oneidensis pGUT2 and G. sulfurreducens alone and in co-culture in basal co-
culture medium (CM) containing 7 mM glycerol (G) and/or 60 mM fumarate (F) as indicated. A) 
Growth measured as OD600 of the S. oneidensis pGUT2 + G. sulfurreducens co-culture in CMGF (blue 
circles), CMG (black squares), or CMF (grey triangles) medium as compared to S. oneidensis pGUT2 
(green triangles) or G. sulfurreducens (red diamonds) grown singly in CMGF. Growth was not observed for 
S. oneidensis pGUT2 or G. sulfurreducens cultured alone in CMG or CMF, and data was removed for 
graph clarity. B) Growth monitored as colony forming units in CMGF medium for S. oneidensis pGUT2 
(green circles) and G. sulfurreducens (red squares) grown alone (open symbols) or in co-culture (closed 
symbols). Reported values are averages for triplicate experiments with error represented as standard error 
of the mean (SEM). 
 

To confirm that acetate was secreted by S. oneidensis pGUT2 and served as the 

carbon source for G. sulfurreducens in co-culture experiments, supernatant samples were 

analyzed by HPLC. Grown alone in CMGF medium, S. oneidensis pGUT2 consumed 

glycerol and secreted acetate at nearly stoichiometric ratios and coupled this oxidation to 

the reduction of fumarate as terminal electron acceptor subsequently producing succinate 

(Fig 2.3B, Table 2.1). Fumarate uptake by S. oneidensis pGUT2 grown alone was slightly 



 

 36 

higher than the concentration of succinate produced, which indicated some utilization of 

fumarate by S. oneidensis cultures not associated with respiration (Table 2.1). Glycerol 

and fumarate concentrations remained largely unchanged for G. sulfurreducens grown 

alone in CMGF over the time course analyzed (Fig. 2.3C). Analysis of co-culture 

metabolites over time by HPLC revealed that glycerol was completely oxidized and 

coupled to fumarate reduction as predicted (Fig. 2.3A, Table 2.1). Acetate concentration 

increased initially in co-culture supernatants, but after reaching ~2 mM, was completely 

consumed, and no acetate was detected at the final time point in agreement with the 

prediction of acetate consumption by G. sulfurreducens (Fig. 2.3A, Table 2.1). In co-

cultures, the concentration of fumarate utilized was slightly higher than predicted for the 

stoichiometric conversion of fumarate to succinate indicating that some fumarate was 

taken up by the co-culture in a process not linked to respiration (Table 2.1). 
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Figure 2.3: Metabolite profiles in A) S. oneidensis pGUT2 + G. sulfurreducens co-cultures B) S. 
oneidensis pGUT2 only and C) G. sulfurreducens only cultures in CMGF medium containing 7 mM 
glycerol and 60 mM fumarate. Metabolites include glycerol (green triangles), acetate (red squares), 
fumarate (blue circles), and succinate (purple inverted triangles). Reported values are for three independent 
experiments with error represented as SEM. Error bars associated with the above data were small, and 
hence are masked due to the symbol size used.  

	   	  
S.	  oneidensis	  pGUT2	  Grown	  

Alone	  
	  

Metabolite	  Conc.	  (mM)	  

	  
S.	  oneidensis	  pGUT2	  and	  

G.	  sulfurreducens	  Co-‐culture	  	  
	  

Metabolite	  Conc.	  (mM)	  

	  

Glycerol	  

	  

-‐	  6.5	  ±	  0.0	  

	  

-‐	  6.5	  ±	  0.0	  

Acetate	   5.9	  ±	  0.1	   ND	  

Fumarate	   -‐	  25.0	  ±	  0.4	   -‐	  55.4	  ±	  0.9	  

Succinate	   21.6	  ±	  0.1	   45.5	  ±	  0.2	  

Table 2.1: Concentration changes in metabolite profiles from initial to end time points for S. 
oneidensis pGUT2 grown singly or in co-culture with G. sulfurreducens. Metabolite concentrations 
changed by < 1% for G. sulfurreducens cultured alone, and hence were not included in the table. Initial 
concentrations measured in NBGF medium by HPLC were 6.5 ± 0.0 mM glycerol and 58.5 ± 0.1 mM 
fumarate. Reported concentrations are averages ±	  SEM from three independent experiments. ND; not 
detected. 
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 An obligate interaction between S. oneidensis pGUT2 and G. sulfurreducens was 

created by deleting the gene encoding fumarate reductase (fccA) in the chromosome of S. 

oneidensis (strain referred to as S. oneidensis ∆fccA pGUT2) eliminating the ability of S. 

oneidensis to couple glycerol oxidation to the respiration of fumarate (Fig. 2.1). Growth 

in CMGF medium required the presence of both S. oneidensis ∆fccA pGUT2 and G. 

sulfurreducens and occurred over a much longer timescale (~80 days) as compared to the 

commensal S. oneidensis pGUT2 and G. sulfurreducens co-culture (~80 hours) (Fig. 

2.4A versus Fig. 2.2A). Interestingly, growth was also observed for S. oneidensis ∆fccA 

pGUT2 and G. sulfurreducens co-cultured in basal medium lacking glycerol (CMF). 

Selective plating was again utilized to determine growth of each species in co-culture 

revealing that both S. oneidensis ∆fccA pGUT2 and G. sulfurreducens grew similarly 

when co-cultured in CMGF or CMF medium (Fig 2.4B). S. oneidensis ∆fccA pGUT2 

populations experienced an initial drop in cell numbers followed by a moderate rise after 

approximately 40 days of co-culture incubation with G. sulfurreducens both in CMGF 

and CMF media (Fig 2.4B). In contrast, G. sulfurreducens CFUs increased steadily 

amounting to ~3.5 doublings both in CMGF and CMF media (Fig. 2.4B). 
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Figure 2.4: Obligate growth of S. oneidensis ∆fccA pGUT2 and G. sulfurreducens in basal co-culture 
medium (CM) containing 7 mM glycerol and 60 mM fumarate (CMGF, closed symbols) or co-culture 
medium supplemented only with 60 mM fumarate (CMF, open symbols). A) Growth measured as 
OD600 for S. oneidensis ∆fccA pGUT2 and G. sulfurreducens in co-culture (blue), and for S. oneidensis 
∆fccA pGUT2 (green) and G. sulfurreducens (red) cultured alone. B) Growth measured as colony forming 
units for S. oneidensis ∆fccA pGUT2 (green) and G. sulfurreducens (red) in co-culture in CMGF (closed 
symbols) and CMF (open symbols) media. Reported values are averages for triplicate experiments with 
error bars representing SEM. 
 

 Growth of S. oneidensis ∆fccA pGUT2 and G. sulfurreducens co-cultures in 

medium lacking glycerol (CMF) indicated a shift in metabolic strategy and usage of a 

carbon source other than glycerol. To determine carbon source utilization by the obligate 

S. oneidensis ∆fccA pGUT2/G. sulfurreducens co-culture, supernatant samples were 

analyzed by HPLC. Indeed, glycerol concentration decreased <0.5 mM in co-cultures of 

S. oneidensis ∆fccA pGUT2 and G. sulfurreducens in CMGF medium over 100 days (Fig. 

2.5A). Instead of using glycerol as carbon source, the S. oneidensis ∆fccA pGUT2/G. 
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sulfurreducens co-culture converted fumarate to malate, and malate was then consumed 

after concentrations reached ~40 mM (Fig. 2.5A). Malate was also produced and 

subsequently consumed by the S. oneidensis ∆fccA pGUT2/G. sulfurreducens co-culture 

in CMF medium highlighting the metabolic shift to malate catabolism (Fig. 2.5B). 

Succinate concentration rose in co-cultures both in CMGF and CMF media as malate was 

consumed (Fig. 2.5A andB). Growth related to malate metabolism required S. oneidensis 

∆fccA pGUT2 and G. sulfurreducens to be cultured together as neither species was able 

to grow alone in CMGF or CMF medium (Fig. 2.4A). Supernatant from S. oneidensis 

∆fccA pGUT2 and G. sulfurreducens cultured alone showed that both organisms were 

able to convert fumarate to malate, likely catalyzed by fumarase, yet at rates slower than 

occurred in the co-culture (Fig 2.5 C-F). S. oneidensis ∆fccA pGUT2 cultured alone was 

not able to consume malate, and only produced trace amounts of succinate in CMGF 

medium (Fig. 2.5 C and D). Low concentrations of succinate were also produced by G. 

sulfurreducens cultured alone in CMGF and CMF medium, but were produced at a 

significantly slower rate than by the co-culture (Fig. 2.5 E and F). Fumarate has been 

shown previously to serve as an additional carbon source in the presence of acetate by G. 

sulfurreducens (Yang et al., 2010).    
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Figure 2.5: Metabolite profiles in S. oneidensis ∆fccA pGUT2/G. sulfurreducens co-cultures in A) 
CMGF medium or B) CMF medium; S. oneidensis ∆fccA pGUT2 cultured alone in C) CMGF 
medium or D) CMF medium; and G. sulfurreducens cultured alone in E) CMGF medium or F) CMF 
medium. Media contained 7 mM glycerol and/or 60 mM fumarate as indicated. Metabolites include 
glycerol (green triangles), acetate (red squares), fumarate (blue circles), and succinate (purple inverted 
triangles). Reported values represent mean ± SEM metabolite concentrations (mM) measured for three 
independent experiments. 
 

To determine if the obligate S. oneidensis ∆fccA pGUT2/G. sulfurreducens co-

culture was dependent on acetate transfer from Shewanella to Geobacter, as was 

determined for the commensal co-culture, targeted deletions were made in the metabolic 
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pathway linked to acetate production by Shewanella. S. oneidensis generates acetate from 

a variety of carbon sources via the acetate kinase/phosphotransacetylase (Ack/Pta) 

pathway (Hunt et al., 2010; Flynn et al., 2012), so to significantly diminish acetate 

secretion by S. oneidensis ∆fccA pGUT2, we deleted pta from the chromosome (strain 

referred to as S. oneidensis ∆fccA∆pta pGUT2). Growth yield, in CMGF and more so in 

CMF media, was severely diminished for co-cultures initiated with S. oneidensis 

∆fccA∆pta pGUT2 and G. sulfurreducens as compared to co-cultures containing S. 

oneidensis ∆fccA pGUT2 and G. sulfurreducens after 100 days of incubation (Fig. 2.6 

versus Fig. 2.4). Interestingly, increase in OD600 of the S. oneidensis ∆fccA∆pta 

pGUT2/G. sulfurreducens co-culture occurred following a sharp increase in S. oneidensis 

∆fccA∆pta pGUT2 in the co-culture (after an initial population decline) (Fig. 2.6A and 

B). CFU counts for G. sulfurreducens increased slightly following the CFU increase for 

S. oneidensis ∆fccA∆pta pGUT2 (Fig. 2.6B).  
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Figure 2.6: Obligate growth of S. oneidensis ∆fccA∆pta pGUT2 and G. sulfurreducens in basal co-
culture medium (CM) containing 7 mM glycerol and 60 mM fumarate (CMGF, closed symbols) or 
co-culture medium supplemented only with 60 mM fumarate (CMF, open symbols). A) Growth 
measured as OD600 for the S. oneidensis ∆fccA∆pta pGUT2/G. sulfurreducens co-culture (blue), and for S. 
oneidensis ∆fccA∆pta pGUT2 (green) and G. sulfurreducens (red) cultured singly. B) Growth measured as 
colony forming units for S. oneidensis ∆fccA∆pta pGUT2 (green) and G. sulfurreducens (red) in co-culture. 
Reported values are averages for triplicate experiments with error bars representing SEM. 
 

Conversion of fumarate to malate was significantly slowed for the S. oneidensis 

∆fccA∆pta pGUT2/G. sulfurreducens co-culture as compared to the original obligate S. 

oneidensis ∆fccA pGUT2/G. sulfurreducens co-cultures, and malate concentration did not 

decline until ~60 days mirroring growth measured by OD600. Subsequent succinate 

production was also greatly diminished in the S. oneidensis ∆fccA∆pta pGUT2/G. 

sulfurreducens co-culture as compared to S. oneidensis ∆fccA pGUT2/G. sulfurreducens 

co-cultures over the time period monitored both in CMGF and CMF media (Fig. 2.7A 

and B). Taken together, results from the S. oneidensis ∆fccA∆pta pGUT2/G. 
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sulfurreducens co-culture (Fig. 2.6A) compared to the S. oneidensis ∆fccA pGUT2/G. 

sulfurreducens co-culture (Fig. 2.4A) indicated that deletion of pta inhibited co-culture 

growth. HPLC analysis of supernatant from cultures with S. oneidensis ∆fccA∆pta 

pGUT2 cultured alone indicated that fumarate conversion to malate occurred at a slower 

rate in CMF medium as compared to CMGF medium though glycerol levels remained 

largely unchanged in CMGF medium (Fig. 2.7C and D). It is possible that the presence of 

7 mM glycerol acts as a cell protectant in CMGF, and may explain why growth of the S. 

oneidensis ∆fccA∆pta pGUT2 and G. sulfurreducens was also inhibited more in CMF 

than CMGF media (Fig. 2.6A).  
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Figure 2.7: Metabolite profiles in S. oneidensis ∆fccA∆pta pGUT2/G. sulfurreducens co-cultures in A) 
CMGF medium or B) CMF medium; S. oneidensis ∆fccA∆pta pGUT2 cultured alone in C) CMGF 
medium or D) CMF medium. Media contained 7 mM glycerol and/or 60 mM fumarate as indicated. 
Metabolites include glycerol (green triangles), acetate (red squares), fumarate (blue circles), and succinate 
(purple inverted triangles).  Reported values represent mean ± SEM metabolite concentrations (mM) 
measured for three independent experiments. 
 

Due to inhibited co-culture growth by deletion of pta in Shewanella, we 

hypothesized that growth in the original S. oneidensis ∆fccA pGUT2/G. sulfurreducens 
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obligate co-culture was due to uptake of malate and production of acetate by Shewanella. 

Shewanella encodes pathways to convert malate to pyruvate via malic enzymes MaeB 

and SfcA, or phosphoenolpyruvate (PEP) through concerted malate dehydrogenase and 

PEP carboxykinase activity. PEP and pyruvate could then be catabolized via central 

metabolic pathways producing acetate. Growth was inhibited in co-cultures containing S. 

oneidensis ∆fccA∆maeB∆sfcA∆pckA pGUT2 and G. sulfurreducens similar to co-cultures 

containing the S. oneidensis ∆fccA∆pta pGUT2 strain (Fig. 2.8A and Fig. 2.6A). The S. 

oneidensis ∆fccA∆maeB∆sfcA∆pckA pGUT2 population initially decreased in co-culture 

with G. sulfurreducens followed by an increase in CFUs around ~40 hours (Fig 2.8B) 

similar to the growth pattern observed for S. oneidensis ∆fccA∆pta pGUT2 (Fig. 2.6B). 

CFU counts for G. sulfurreducens increased slightly following CFU increase by S. 

oneidensis ∆fccA∆maeB∆sfcA∆pckA pGUT2 (Fig. 2.8B). Malate consumption and 

succinate production were also significantly slower for the S. oneidensis 

∆fccA∆maeB∆sfcA∆pckA pGUT2/G. sulfurreducens co-cultures as compared to the 

original S. oneidensis ∆fccA pGUT2/G. sulfurreducens co-culture in CMGF and CMF 

media (Fig. 2.9A and B). Co-cultures were also initiated between G. sulfurreducens and 

S. oneidensis containing deletions both in pathways for malate consumption and acetate 

production (S. oneidensis ∆fccA∆pta∆maeB∆sfcA∆pckA pGUT2), and growth and 

metabolite profiles were not significantly different from co-cultures containing either S. 

oneidensis ∆fccA∆pta pGUT2 or S. oneidensis ∆fccA∆maeB∆sfcA∆pckA pGUT2 (data 

not shown). 
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Figure 2.8: Obligate growth of S. oneidensis ∆fccA∆maeB∆sfcA∆pckA pGUT2 and G. sulfurreducens 
in basal co-culture medium (CM) containing 7 mM glycerol and 60 mM fumarate (CMGF, closed 
symbols) or co-culture medium supplemented only with 60 mM fumarate (CMF, open symbols). A) 
Growth measured as OD600 for the S. oneidensis ∆fccA∆maeB∆sfcA∆pckA pGUT2/G. sulfurreducens co-
culture (blue), and for S. oneidensis ∆fccA∆maeB∆sfcA∆pckA pGUT2 (green) and G. sulfurreducens (red) 
cultured singly. B) Growth measured as CFU/mL media for S. oneidensis ∆fccA∆maeB∆sfcA∆pckA pGUT2 
(green) and G. sulfurreducens (red) in co-cultures. Reported values are averages for triplicate experiments 
with error bars representing SEM. 
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Figure 2.9: Metabolite profiles in S. oneidensis ∆fccA∆maeB∆sfcA∆pckA pGUT2/G. sulfurreducens 
co-cultures in A) CMGF medium or B) CMF medium; S. oneidensis ∆fccA∆maeB∆sfcA∆pckA 
pGUT2 cultured alone in C) CMGF medium or D) CMF medium. Media contained 7 mM glycerol 
and/or 60 mM fumarate as indicated. Metabolites include glycerol (green triangles), acetate (red squares), 
fumarate (blue circles), and succinate (purple inverted triangles). Reported values represent mean ± SEM 
metabolite concentrations (mM) measured for three independent experiments. 
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Finally, because growth rates of all co-cultures were slightly faster in CMGF 

medium as compared to CMF medium (Fig. 2.4A, 2.6A, and 2.8A), an obligate co-

culture was initiated between S. oneidensis ∆fccA without the pGUT2 plasmid and G. 

sulfurreducens to determine if faster growth rates in CMGF medium were associated with 

activity encoded by pGUT2. Growth rate and yield were similar between co-cultures 

containing S. oneidensis ∆fccA with or without the pGUT2 plasmid and both had slightly 

higher growth rates in CMGF medium than in CMF (Fig. 2.4A versus Fig. 2.10A). 

Metabolite profiles were also similar for co-cultures of G. sulfurreducens with S. 

oneidensis ∆fccA with or without the pGUT2 plasmid (Fig. 2.5A and B versus Fig. 2.11A 

and B). Results from co-cultures containing S. oneidensis ∆fccA lacking the pGUT2 

plasmid indicated that co-culture growth in CMGF and CMF media was not due to 

activity mediated by pGUT2.  
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Figure 2.10: Obligate growth of S. oneidensis ∆fccA and G. sulfurreducens in basal co-culture 
medium (CM) containing 7 mM glycerol and 60 mM fumarate (CMGF, closed symbols) or co-culture 
medium supplemented only with 60 mM fumarate (CMF, open symbols). A) Growth measured as 
OD600 for the S. oneidensis ∆fccA/G. sulfurreducens co-culture (blue), and for S. oneidensis ∆fccA (green) 
and G. sulfurreducens (red) cultured singly. B) Growth measured as colony forming units for S. oneidensis 
∆fccA (green) and G. sulfurreducens (red) co-cultures. Reported values are averages for triplicate 
experiments with error bars representing SEM. 
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Figure 2.11: Metabolite profiles in S. oneidensis ∆fccA/G. sulfurreducens co-cultures in A) CMGF 
medium or B) CMF medium; S. oneidensis ∆fccA cultured alone in C) CMGF medium or D) CMF 
medium. Media contained 7 mM glycerol and/or 60 mM fumarate as indicated. Metabolites include 
glycerol (green triangles), acetate (red squares), fumarate (blue circles), and succinate (purple inverted 
triangles). Reported values represent mean ± SEM metabolite concentrations (mM) measured for three 
independent experiments. 
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Strain	   Description	   Reference	  

Escherichia	  coli	  strain	  
UQ950	  

DH5α	  host	  for	  cloning:	  F-‐
(argF-‐lac)169	  
80dlacZ58(M15)	  glnV44(AS)	  
rfbD1	  gyrA96(NalR)	  recA1	  
endA1	  spoT1	  thi-‐1	  hsdR17	  
deoR	  pir+	  

	  (Saltikov	  &	  Newman,	  
2003)	  

Escherichia	  coli	  strain	  
WM3064	  

DAP	  auxotroph	  used	  for	  
conjugation:	  thrB1004	  pro	  
thi	  rpsL	  hsdS	  lacZM15	  RP4-‐
1360	  (araBAD)567	  
dapA1341::[erm	  pir(wt)]	  

	  (Saltikov	  &	  Newman,	  
2003)	  

Shewanella	  oneidensis	  
strain	  MR-‐1	  

Wild	  type	   (Venkateswaran	  et	  al.,	  
1999)	  

Shewanella	  oneidensis	  
pGUT2	  

Wild	  type	  Shewanella	  
containing	  the	  glycerol	  
utilization	  plasmid	  

(Flynn	  et	  al.,	  2010)	  

Shewanella	  oneidensis	  
∆fccA	  

Shewanella	  containing	  an	  in-‐
frame	  deletion	  of	  the	  
fumarate	  reductase	  fccA	  

This	  study	  

Shewanella	  oneidensis	  
∆fccA	  pGUT2	  

Shewanella	  containing	  the	  
glycerol	  utilization	  plasmid;	  
in-‐frame	  deletion	  of	  the	  
fumarate	  reductase	  fccA	  

This	  study	  

Shewanella	  oneidensis	  
∆fccA∆pta	  pGUT2	  

Shewanella	  containing	  the	  
glycerol	  utilization	  plasmid;	  
in-‐frame	  deletions	  of	  the	  
fumarate	  reductase	  fccA	  and	  
phosphotransacetylase	  pta	  

This	  study	  

Shewanella	  oneidensis	  
∆fccA∆maeB∆sfcA∆pckA	  
pGUT2	  

Shewanella	  containing	  the	  
glycerol	  utilization	  plasmid;	  
in-‐frame	  deletions	  of	  genes	  
encoding	  the	  fumarate	  
reductase	  fccA,	  malic	  
enzymes	  maeB	  and	  sfcA,	  and	  
phosphoenolpyruvate	  
carboxykinase	  pckA	  

This	  study	  

Geobacter	  
sulfurreducens	  strain	  
PCA	  

Wild	  type	   (Caccavo	  et	  al.,	  1994)	  

Table 2.2: Strains used in this study. 
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Primer	  Name	   DNA	  Sequence	  (5’	  to	  3’)	  or	  Reference	  

Primers	  used	  to	  delete	  fccA	   	  

FccA_1	   NNactagtTGCAGCGGTGCTATTAAG 

FccA_2	   NNgaattcCATTGCGCCAGAGATCAG 

FccA_3	   NNgaattcATCGCGGGTGCATCTGCC 

FccA_4	   NNgagctcATGGCAGGCTGATAGGC 

Primers	  used	  to	  delete	  pta	   (Hunt	  et	  al.,	  2010)	  

Primers	  used	  to	  delete	  maeB	   	  

maeB_Up_F	   CGATggatccGTGGTGCATGTCACCCATTCTACAC	  

maeB_Up_R	   CGATactagtGTGGCTCGTTTCAGCGGGTTTAG 

maeB_Dn_F	   CGATactagtGAAGCGGTACCTGCAAGTGTCC 

maeB_Dn_R	   CGATgagctcGTCATACTGAGGCCCGACTGAG 

Primers	  used	  to	  delete	  sfcA	   	  

sfcA_Up_F	   CGATggatccGGCGGTAATCAATGGCAA	  

sfcA_Up_R	   CGATactagtGGGCAAATTCGACCAGTT	  

sfcA_Dn_F	   CGATactagtAAAACTGGCCGCAGCTTT	  

afcA_Dn_R	   CGATgagctcTGTGCCATCGAGTCTT	  

Primers	  used	  to	  delete	  pckA	   	  

pckA_Up_F	   CGATggatccGGCGGTAATCAATGGCAA	  

pckA_Up_R	   CGATactagtGGGCAAATTCGACCAGTT	  

pckA_Dn_F	   CGATactagtAAAACTGGCCGCAGCTTT	  

pckA_Dn_R	   CGATgagctcAAGACTCGATGGCACA	  

Table 2.3: Primers utilized in this study. 
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Discussion 

Natural microbial populations are continuously influenced by changing 

biological, chemical, and physical factors (Little et al., 2008). The dynamics of natural 

communities combined with their enormous diversity and the fact that many 

microorganisms cannot be grown in the laboratory has confounded the study of 

multispecies ecosystems (Little et al., 2008; Whitman et al., 1998). Obligate interactions 

among community members have been posed as one reason for recalcitrance to 

laboratory culture by many microorganisms (D'Onofrio et al., 2010; Kaeberlein et al., 

2002). Interaction in multispecies communities often involves exchange of metabolites 

and small molecules, and synthetic model laboratory communities have provided a 

powerful tool to begin to study how interaction and overall cooperation can emerge in 

multispecies ecosystems (Bull & Harcombe, 2009; Harcombe, 2010; Hillesland & Stahl, 

2010; Hillesland et al., 2014; Pande et al., 2014; Summers et al., 2010; Wintermute & 

Silver, 2010). Here, we describe construction of synthetic model communities ranging 

from commensalism to obligate mutualism using the bacteria S. oneidensis and G. 

sulfurreducens. Because S. oneidensis and G. sulfurreducens were originally isolated 

from different environments, their co-culture enabled us to monitor the emergence of 

cooperation from the initial point of contact (Caccavo et al., 1994; Venkateswaran et al., 

1999). We show here also that a targeted deletion in the respiratory pathway of S. 

oneidensis altered interaction requiring obligate cooperation with G. sulfurreducens and 

completely shifted the metabolic strategy of the community. It is known that gene loss 
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can lead to obligate interaction (Pande et al., 2014), and that population bottlenecks can 

lead to mutation or loss of essential genes (Nilsson et al., 2005). The obligate co-culture 

between S. oneideneis ∆fccA pGUT2 and G. sulfurreducens provides a model laboratory 

system to monitor how metabolic strategy may shift in environments due to gene loss and 

provide a possible explanation for the emergence of obligate interaction in multispecies 

communities. While little is known about how cooperation emerges in natural 

environments, adaptive genetic loss or mutation may lead to metabolic synergy and 

context-dependent obligate interaction (Harcombe, 2010; Morris et al., 2012; Pande et al., 

2014; Shou et al., 2007).  

To engineer cooperation between Shewanella and Geobacter, we began by 

constructing a commensal, one-way cross-feeding mechanism into the community. 

Incorporation of the pGUT2 plasmid enabled S. oneidensis to metabolize glycerol and 

secrete acetate as a carbon source for G. sulfurreducens (Fig. 2.1). Because G. 

sulfurreducens could not utilize glycerol, it was reliant on S. oneidensis to produce its 

carbon source. Both species coupled oxidative metabolic reactions to the respiration of 

fumarate (Fig. 2.1, Fig. 2.3). Complete oxidation of glycerol required the presence of 

both species, and highest growth yield per mole glycerol used was achieved when both S. 

oneidensis pGUT2 and G. sulfurreducens were cultured together (Fig. 2.2A). Selective 

plating enabled monitoring of individual species within co-cultures and revealed, as 

predicted, that growth of G. sulfurreducens in basal co-culture medium containing 

glycerol and fumarate required the presence and metabolic activity of S. oneidensis, as G. 
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sulfurreducens was unable to growth in this medium alone (Fig. 2.2B). S. oneidensis 

pGUT2 growth was similar when cultured alone or in co-culture with G. sulfurreducens 

indicating that S. oneidensis did not receive an appreciable benefit from consumption of 

its waste product acetate by G. sulfurreducens (Fig 2.2B).  

A deletion of the fumarate reductase (fccA) in S. oneidensis pGUT2, leaving it 

unable to respire fumarate, shifted the engineered co-culture from a commensal to an 

obligate interaction as neither S. oneidensis ∆fccA pGUT2 nor G. sulfurreducens were 

able to grow in basal co-culture medium containing glycerol and fumarate alone (Fig. 

2.4A). Surprisingly, growth was also seen for the obligate co-culture in medium 

containing only fumarate (Fig. 2.4A). Analysis of S. oneidensis ∆fccA pGUT2/G. 

sulfurreducens co-culture supernatants revealed that glycerol was not utilized (Fig 2.5A) 

and activity mediated by the pGUT2 plasmid was not required for obligate co-culture 

growth (Fig 2.10A). Instead, fumarate was converted to malate, and malate was 

subsequently consumed by the S. oneidensis ∆fccA pGUT2/G. sulfurreducens co-culture 

highlighting a complete shift in metabolic strategy between the commensal and obligate 

co-cultures (Fig. 2.5A and B). Mutations inhibiting acetate production (∆pta) or malate 

uptake into central metabolic intermediates (∆maeB∆sfcA∆pckA) in the S. oneidensis 

∆fccA pGUT2 background significantly inhibited growth with G. sulfurreducens (Fig 

2.6A and 2.8A). Inhibition of growth by co-cultures containing S. oneidensis ∆fccA 

pGUT2 with additional deletion of pta, or combined maeB/sfcA/pckA deletions indicate 

that obligate co-culture growth likely involved malate uptake by Shewanella leading to 
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production of either pyruvate or PEP subsequently metabolized to acetate, which then 

served as carbon source for G. sulfurreducens. Interestingly, malate uptake and 

catabolism by Shewanella is not redox-balanced as outlined above, and the presence of 

G. sulfurreducens to accept reducing equivalents from Shewanella strains may explain 

co-culture growth. Transfer of reducing equivalents between species enabling the 

catabolic breakdown of compounds that neither species alone can digest is a hallmark of 

many syntrophic communities (Schink, 1997; Schink & Stams, 2006; Sieber et al., 2012; 

Stams & Plugge, 2009). Further elucidation of transfer of reducing equivalents from 

Shewanella to Geobacter will be highlighted through experiments in the following 

chapter of this thesis. 
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Chapter 3 : Interspecies Electron Transfer Mediated by Flavins in a 

Synthetic Co-culture of Shewanella oneidensis and Geobacter 

sulfurreducens 
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Summary 

Interspecies electron transfer is required by many syntrophic communities in 

order to catabolize compounds that single species alone cannot digest. While syntrophic 

relationships are critical to many biogeochemical cycles, the obligate nature of interaction 

poses limitations to their study. To study syntrophy in the laboratory, we constructed a 

synthetic ecosystem in electrochemical reactors using Shewanella oneidensis and 

Geobacter sulfurreducens—two bacteria chosen because of their unusual extracellular 

electron transfer pathways. In the absence of oxygen, both species can transfer electrons 

to their outer cell surface enabling use of insoluble metals and electrodes as terminal 

electron acceptors. S. oneidensis also secretes redox-active flavins which act as soluble 

electron shuttles. The ability of S. oneidensis and G. sulfurreducens to transfer electrons 

extracellularly allowed us to engineer an obligate co-culture metabolically linked to an 

electrode and monitor metabolic rates in real-time using three-electrode bioreactors. Co-

culture reactors contained glycerol, a carbon source only used by S. oneidensis containing 

a glycerol utilization plasmid (pGUT2), and a gold electrode serving as the terminal 

electron acceptor that could only be used by G. sulfurreducens. As engineered, S. 

oneidensis pGUT2 supplied a carbon source for G. sulfurreducens only if G. 

sulfurreducens accepted metabolic electrons from S. oneidensis pGUT2 and transferred 

them to the electrode. Interspecies electron transfer by this community could have 

occurred through one or more mechanisms: transfer of hydrogen, formate, flavin electron 

shuttles, and direct cell-to-cell contact. To determine the mechanism(s) used, gene 
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deletion and insertion mutants were made to disrupt each pathway. Real-time current 

production was greatly diminished for communities where flavin transfer was eliminated 

indicating flavin electron shuttles were the primary route for interspecies electron transfer 

between S. oneidensis pGUT2 and G. sulfurreducens. 

Introduction 

Microorganisms catalyze a diverse array of chemical reactions during the 

breakdown of organic matter and often do so through cooperation with other organisms. 

Cooperation is most apparent during anaerobic degradation of organic matter where 

organisms may be dependent on other community members to fulfill certain metabolic 

roles (Schick & Stams, 2006). Syntrophy represents a community structure in which two 

or more members interact to gain energy through combined metabolic strategies to 

catalyze the breakdown of compounds that neither species alone can digest (Schink & 

Stams, 2006; Sieber et al., 2012; Stams & Plugge, 2009). Syntrophic communities are 

fundamental to the global carbon cycle, yet detailed mechanistic understanding of 

cooperation and exchange within many of these communities remains enigmatic (Alperin 

& Hoehler, 2010; McGlynn et al., 2015; Orcutt & Meile, 2008; Sieber et al., 2012; Stams 

& Plugge, 2009; Wegener et al., 2015). 

Electron transfer reactions are the energy currency of life, and exchange of 

reducing equivalents, a process termed interspecies electron transfer, is fundamental to 

the function and activity of many syntrophic communities (Stams & Plugge, 2009). 

Canonical mechanisms of interspecies electron transfer include hydrogen and formate 
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transfer. Here, the oxidation of organic carbon by one organism is coupled to the 

reduction of protons or carbon dioxide forming hydrogen or formate provided a 

consuming partner keeps their concentrations low (Rotaru et al., 2012; Sieber et al., 2012; 

Stams & Plugge, 2009). Besides hydrogen and formate transfer, laboratory cultures are 

being used to describe a plethora of additional compounds and mechanisms mediating 

interspecies electron transfer including: sulfur compounds (Biebl & Pfennig, 1978; 

Kaden et al., 2002; Milucka et al., 2012), humic analogs (Liu et al., 2012; Smith et al., 

2015), conductive materials (Chen et al., 2014; Kato et al., 2012; Liu et al., 2012), and 

direct cell-to-cell contact thought to be mediated by mutiheme cytochromes and/or pili 

(McGlynn et al., 2015; Summers et al., 2010; Wegener et al., 2015).  

Despite their importance in oxidation-reduction (redox) reactions, the role of 

flavins as electron shuttles in interspecies electron transfer has yet to be studied. Flavins 

can participate in both one- and two-electron transfer reactions making them extremely 

versatile and ubiquitous in redox processes, and flavin-binding proteins represent 1-3% of 

genes in bacterial and eukaryotic genomes (Abbas & Sibirny, 2011). A multitude of roles 

for extracellular flavins have come to light recently. Extra-cytoplasmic flavins can 

mediate acquisition and assimilatory uptake of Fe(II) by various bacteria, fungi, and 

plants (Abbas & Sibirny, 2011; Balasubramanian et al., 2010; Crossley et al., 2007; 

Dmytruk et al., 2006; Fassbinder et al., 2000; Rodriguez-Celma et al., 2011; Stenchuk et 

al., 2001; Worst et al., 1998). Riboflavin has also been shown to stimulate respiration and 

shoot formation in symbiotic Sinorhizobium-alfalfa populations (Phillips et al, 1999; 



 

 62 

Yang et al., 2002). Secreted flavins can also act as soluble redox-active shuttles 

stimulating reduction of insoluble terminal electron acceptors by S. oneidensis and 

Geothrix fermentans (Brutinel & Gralnick, 2012; von Canstein et al., 2008; Marsili et al., 

2008; Mehta-Kolte & Bond, 2012).  

Here, we report an additional role for extracellular flavins as mediators of 

interspecies electron transfer in a model laboratory culture of Shewanella oneidensis and 

Geobacter sulfurreducens. S. oneidensis and G. sulfurreducens serve as the model 

organisms for extracellular respiration—the ability to transfer metabolic electrons to the 

outer cell surface for respiration of insoluble terminal electron acceptors such as iron 

oxides and electrodes—and hence, are prime organisms for the study of interspecies 

electron transfer (Gralnick & Newman, 2007; Hau & Gralnick, 2007; Lovley et al., 

2011). Co-cultures were initiated by incorporating a glycerol utilization plasmid 

(pGUT2) in S. oneidensis enabling it to oxidize glycerol and secrete acetate as a carbon 

source for G. sulfurreducens. Co-cultures were grown in three-electrode reactors with a 

gold electrode serving as the terminal electron acceptor. S. oneidensis is unable to respire 

gold electrodes (Kane et al., 2013), and in order to continue oxidizing glycerol and 

provide acetate for G. sulfurreducens, must transfer metabolic electrons to G. 

sulfurreducens who then transfers electrons to the gold electrode. The genomes of S. 

oneidensis and G. sulfurreducens encode multiple pathways that could be utilized for 

interspecies electron transfer and targeted gene deletions were used to probe various 

pathways. Electron transfer to gold electrodes was significantly inhibited in co-cultures 
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when flavin secretion by Shewanella was eliminated, and was restored to near wild-type 

levels in the presence of exogenously supplied flavins indicating interspecies electron 

transfer mediated by flavin electron shuttles. Interestingly, interspecies electron transfer 

was not completely inhibited through deletion of hydrogen, formate, and flavin-mediated 

pathways indicating a possibility for direct electron transfer by the S. oneidensis 

pGUT2/G. sulfurreducens co-culture. 

Methods 

Bacterial Strains and Culture Conditions 

 Medium components for bacterial cultures were purchased from Becton, 

Dickinson and Company (Sparks, MD). Chemicals serving as carbon sources or electron 

acceptors were purchased from Sigma-Aldrich (St. Louis, MO) with the exception of 

glycerol, which was purchased from Fisher Chemical (Pittsburgh, PA). 

S. oneidensis and E. coli strains were maintained at 30°C and 37°C, respectively, 

on lysogeny broth (LB) medium solidified with 1.5% agar and supplemented with 50 

µg/ml kanamycin when required. G. sulfurreducens was maintained at 30°C under strict 

anaerobic conditions using an anaerobic chamber with a 5%:75%:20% H2:N2:CO2 

atmosphere (Coy Lab Products; Grass Lake, MI) on basal medium (NB) plates containing 

the following per liter: 0.38 g KCl, 0.2 g NH4Cl, 0.069 g NaH2PO4·H2O, 0.04 g 

CaCl2·2H2O, 0.2 g MgSO4·7H2O, 2.0 g NaHCO3 (pH 6.8), 10 mL/L of a mineral mix 

(Hau et al., 2008) and supplemented with 0.1% trypticase (wt/vol), 1 mM cysteine, 20 
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mM acetate, 40 mM fumarate (NBFA+TC) and solidified with 1.5% agar. Strains and 

plasmids used in this study are listed in Table 3.1. 

All experiments were initiated with single colonies picked from freshly streaked   

-80°C 15% glycerol or 10% DMSO stocks on LB containing 50 µg/ml kanamycin or 

NBFA+TC plates for S. oneidensis and G. sulfurreducens, respectively. In preparation for 

bioreactor assays, single colonies of S. oneidensis were grown shaken at 30°C in LB 

broth containing 50 µg/ml kanamycin for 16 hours and were then sub-cultured into 

Shewanella Basal Medium (SBM) containing 7 mM glycerol for 6 hours (pH 7.2) 

containing per 1 liter of medium: 0.225g K2HPO4, 0.225g KH2PO4, 0.46g NaCl, 0.225g 

(NH4)2SO4, 0.117g MgSO4·7H2O, 10 mM HEPES buffer, supplemented with 5 mL/L 

vitamin mix and 5 mL/L mineral mix (Hau et al., 2008). From aerobic SBM cultures, a 

1:100 dilution was performed in anaerobic SBM medium containing 7 mM glycerol and 

60 mM fumarate, and anaerobic S. oneidensis strains containing pGUT2 were grown 

shaken at 250 rpm at 30°C to mid exponential phase in preparation for bioreactor 

experiments. Single colonies of G. sulfurreducens were grown in an anaerobic chamber 

(5%:75%:20% H2:N2:CO2) in 1 mL of NB medium supplemented with 20 mM acetate 

and 40 mM fumarate (NBFA) for 48 hours at 30°C. Following this initial growth, 1 mL 

of G. sulfurreducens was sub-cultured into 10 mL NBFA in anaerobic culture tubes under 

an 80%:20% N2:CO2 headspace 24 hours prior to co-culture experiments. S. oneidensis 

and G. sulfurreducens cultures were then washed twice, and re-suspended in CMG 
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medium supplemented with 60 mM NaCl to an optical density of 0.4. From these cell 

suspensions, 7 mL S. oneidensis and 3 mL G. sulfurreducens were added to reactors.  

Generation of Knock-Out/Knock-In Strains 

Enzymes were purchased from New England Biolabs (Ipswich, MA). Kits for 

PCR cleanup, gel purification, and plasmid preparations were purchased from Invitrogen 

(Carlsbad, CA). Oligonucleotide primers used to amplify portions of the S. oneidensis 

and G. sulfurreducens chromosomes for deletion or addition plasmids are listed in Table 

3.2. PCR products were cloned using standard laboratory molecular biology protocols.  

For deletions in S. oneidensis, regions flanking deletion targets were amplified 

using PCR and cloned into the pSMV3 suicide vector. In-frame gene deletions were 

generated using homologous recombination as previously described (Coursolle et al., 

2010). To add gfpmut3* to the chromosome of S. oneidensis, a gene-insertion plasmid 

(pAK1) was first constructed by cloning into pSMV3 homologous regions targeting a 

chromosomal insertion site located 7 bp downstream of the gene encoding glmS, a region 

previously targeted for gene addition in Shewanella (Teal et al., 2006). PA1/O3/O4-

gfpmut3* amplified from plasmid pURR25 was addeded between the glmS target flanks 

generating plasmid pAK2 and was incorporated into the chromosome of S. oneidensis by 

homologous recombination as previously described (Coursolle et al., 2010; Teal et al., 

2006). Gene knock-out and knock-in constructs were moved into S. oneidensis by 

conjugal transfer from E. coli donor strain WM3064. All plasmid constructs and gene 

deletions were verified by sequencing (University of Minnesota Genomics Center).  
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For gene replacement of fdnG in G. sulfurreducens, a fragment was generated by 

overlap PCR using primers in Table 3.2 to create a kanamycin resistance cassette flanked 

by ~500 bp regions homologous to regions upstream and downstream of fdnG. The 

∆fdnG::Km fragment was then electroporated into G. sulfurreducens and mutants were 

selected on NBFA plates containing 200 µg/mL kanamycin as described previously 

(Levar et al., 2014; Lloyd et al., 2003). Disruption of fdnG by the kanamycin cassette was 

confirmed by PCR.  

Fe(III) Oxide Reduction Assays 

For Fe(III) oxide reduction, late-log-growth-phase G. sulfurreducens cells were 

inoculated to an OD600 of 0.005 into medium containing 50 mM ferrihydrite as the 

electron acceptor and 20 mM acetate as the electron donor as previously described (Levar 

et al., 2014). Samples were removed from tubes using a degassed syringe and were 

dissolved in 0.5 N HCl overnight. Fe(II) concentrations were measured via a modified 

FerroZine assay (Levar et al., 2014).  

Electrochemical Analysis 

Bio-electrochemical reactors and gold electrodes were constructed as described 

previously (Kane et al., 2013). Reactors consisted of a 25 mL glass cone and Teflon top 

modified to hold electrodes and a gas line port (Bioanalytical Systems; West Lafayette, 

IN). Anaerobic conditions were maintained by flushing reactors with humidified 80% 

N2/20% CO2 gas mix purified of impurities using a heated copper column. The working 

electrode consisted of a silicon wafer electroplated with 1000 Å of gold(111) machined to 
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2.54 cm x 0.635 cm. Gold electrodes were cleaned for 20 minutes before use in piranha 

solution (3:1 conc. sulfuric acid: 30% hydrogen peroxide). A platinum wire served as the 

counter electrode and was cleaned for 24 hours in 1 N HCl prior to use. The reference 

consisted of an Ag/AgCl electrode in 3M KCl connected to the system via a glass 

capillary tube filled with 1% agarose in a 0.1 M KCl solution and capped with a vycor 

frit. After addition of bacterial cultures, gold electrodes were poised at 0.24 V vs. 

standard hydrogen (SHE) and electrochemical data was monitored using a 16-channel 

VMP® potentiostat (Bio-Logic, Claix, France). Reactors were stirred and maintained at 

30°C using a circulating water bath.  

Results and Discussion 

 Syntrophic co-cultures were initiated between S. oneidensis and G. sulfurreducens 

through an engineered cross-feeding mechanism and reliance on interspecies electron 

transfer to balance oxidation of the supplied carbon source glycerol. Incorporation of a 

glycerol utilization plasmid (pGUT2) enabled S. oneidensis to utilize glycerol as a carbon 

source and subsequently produce acetate (Fig. 3.1). G. sulfurreducens, unable to 

metabolize glycerol (Lovley et al., 2011), relied on acetate secreted by S. oneidensis 

pGUT2 as a carbon source (Fig. 3.1). In turn, S. oneidensis pGUT2 relied on interspecies 

electron transfer to G. sulfurreducens because co-cultures were inoculated in three-

electrode bioreactors containing gold electrodes as the sole terminal electron acceptor, a 

surface S. oneidensis cannot respire but G. sulfurreducens can (Liu et al., 2010; Kane et 

al., 2013). Hence, S. oneidensis pGUT2 and G. sulfurreducens were mutually dependent 



 

 68 

on one another and oxidation of glycerol coupled to respiration of gold electrodes 

required combined metabolic activity of both organisms (Fig. 3.1).   

Current is only produced in gold-electrode bioreactors containing glycerol when S. 

oneidensis pGUT2 and G. sulfurreducens are cultured together 

 Electron transfer to gold electrodes was measured in real-time as current 

production in three-electrode bioreactors. In these systems, S. oneidensis pGUT2 and G. 

sulfurreducens form biofilms on the gold electrode surface (anode) transferring to it 

electrons produced by the oxidation of glycerol, which are monitored as current produced 

over time using a potentiostat (see Material and Methods). As predicted, no current was 

produced by S. oneidensis pGUT2 or G. sulfurreducens when either was cultured alone in 

three-electrode bioreactors containing gold anodes and glycerol as carbon source over the 

time course monitored (Fig. 3.2). Current was produced in three-electrode bioreactors 

containing co-cultured S. oneidensis pGUT2 and G. sulfurreducens after approximately 

~15 hours and increased exponentially over time reaching a maximum current density of 

~120 µA/cm2 after 2 days (Fig. 3.2). A current density of 120 µA/cm2 is ~10-fold higher 

than is typically achieved from S. oneidensis reactors (with graphitic carbon as anode) 

and ~4-fold lower than is generally observed from G. sulfurreducens reactors (Kotloski et 

al., 2013; Levar et al., 2014). As current production only occurred when S. oneidensis 

pGUT2 and G. sulfurreducens were co-cultured, we next sought to determine roles of 

various mechanisms hypothesized to mediate interspecies electron transfer. 
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Figure 3.1: Diagram of the syntrophic co-culture of S. oneidensis pGUT2 and G. sulfurreducens in 
three-electrode bioreactors with gold anodes serving as terminal electron acceptor and glycerol as 
carbon source. Incorporation of a glycerol utilization plasmid containing glpF, glpK, glpD, and tpiA, 
which encode a glycerol facilitator, glycerol kinase, glycerol-3-phosphate dehydrogenase, and 
triosephosphate isomerase, respectively, enables S. oneidensis pGUT2 to catabolize glycerol and secrete 
acetate as a carbon source for G. sulfurreducens (large blue arrow). Electrons produced by S. oneidensis 
pGUT2 during glycerol oxidation must be transferred to G. sulfurreducens as S. oneidensis cannot respire 
gold electrodes. G. sulfurreducens then transfers electrons to the gold electrode. Interspecies electron 
transfer mechanisms tested in this system include transfer via hydrogen, formate, flavin shuttles, or direct 
cell-to-cell contact. 
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Figure 3.2: Co-cultures containing both S. oneidensis pGUT2 and G. sulfurreducens are required for 
current production in three-electrode bioreactors containing gold electrodes as terminal electron 
acceptor and 7 mM glycerol as carbon source. Current density (µA/cm2) measured for co-cultures of S. 
oneidensis pGUT2 and G. sulfurreducens (blue), and S. oneidensis pGUT2 (green) or G. sulfurreducens 
(red) cultured alone. Gold electrodes were poised at 0.24 mV vs. SHE and representative data are shown 
from experiments performed in triplicate.  
 

The majority of electron transfer to gold electrodes by S. oneidensis pGUT2/G. 

sulfurreducens co-cultures is mediated by flavin electron shuttles 

 Targeted gene deletion and gene insertion mutants were used to determine 

mechanisms of interspecies electron transfer utilized by the S. oneidensis pGUT2/G. 

sulfurreducens co-culture. Four potential mechanisms existed for interspecies electron 

transfer between S. oneidensis pGUT2 and G. sulfurreducens and included transfer via 

hydrogen, formate, flavin electron shuttles, or direct cell-to-cell contact. To eliminate 

interspecies electron transfer via hydrogen, hydA and hyaB, the two hydrogenases 
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encoded in the genome of S. oneidensis pGUT2 were deleted (Meshulam-Simon et al., 

2007) (strain referred to as SO∆hyd pGUT2). Hydrogenases are enzymes that catalyze 

the reversible reduction of protons to hydrogen, and deletion of hydA and hyaB have been 

shown to eliminate both hydrogen production and utilization by S. oneidensis 

(Meshulam-Simon et al., 2007). Co-cultured with G. sulfurreducens, the SO∆hyd pGUT2 

strain initiated current production earlier and reached a slightly higher maximum current 

density of ~135 µA/cm2 as compared to S. oneidensis pGUT2 (Fig. 3.3), indicating that 

larger electron flux was directed towards the electrode by the co-culture when 

hydrogenases were deleted in S. oneidensis.  

We next examined current production in co-cultures incapable of transferring 

electrons via formate. Formate is produced under anaerobic conditions by S. oneidensis 

when grown on carbon sources that enter central metabolism at or above the level of 

pyruvate through the action of pyruvate formate lyase (Flynn et al., 2012; Hunt et al., 

2010; Pinchuk et al., 2011). Because formate production by S. oneidensis cannot be 

eliminated under our experimental conditions, formate utilization by G. sulfurreducens 

was eliminated by replacing the gene encoding the catalytic subunit of the formate 

dehydrogenase (fdnG) in G. sulfurreducens with a kanamycin resistance cassette (strain 

referred to as GS∆fdn). Co-cultures containing GS∆fdn and S. oneidensis pGUT2 

produced current at a slower rate and to significantly lower maximum densities as 

compared to the original S. oneidensis pGUT2/G. sulfurreducens co-culture (Fig. 3.3). 

Results obtained with the GS∆fdn strain are not conclusive of interspecies electron 
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transfer because this strain was also severely deficient in current production as compared 

to wild-type G. sulfurreducens in reactors containing acetate (data not shown), indicating 

that diminished current was due to strain defects and not necessarily due to hampered 

interspecies electron transfer. A new fdnG::Km gene insertion mutant has been 

constructed in G. sulfurreducens to conduct further co-culture experiments.  

To determine the role of flavins as mediators during interspecies electron transfer, 

flavin secretion was eliminated in S. oneidensis by deleting the flavin exporter bfe (strain 

referred to as SO∆bfe). Bfe transports flavin adenine dinucleotide (FAD) across the 

cytoplasmic membrane where it is then cleaved to flavin mononucleotide (FMN) and 

adenosine monophosphate (AMP) through the activity of UshA (Covington et al, 2010; 

Kotloski & Gralnick, 2013). FMN excreted from the cell can then act as an electron 

shuttle and has been shown to increase reduction of insoluble terminal electron acceptors 

by S. oneidensis (Kotloski & Gralnick, 2013). Current production was significantly 

diminished in co-cultures containing SO∆bfe and G. sulfurreducens reaching a maximum 

density of only ~25 µA/cm2, and the population crashed after 24 hours (Fig. 3.3). Co-

culture results with the SO∆bfe strain indicated that approximately 80% of current 

produced by the original S. oneidensis pGUT2/G. sulfurreducens was due to flavin-

mediated electron transfer, which is a similar percentage attributed to flavin-mediated 

respiration of other insoluble electron acceptors by single S. oneidensis cultures  

(Kotloski & Gralnick, 2013; Marsili et al., 2008). To determine if current density could 

be restored, 1 µM of exogenous FMN was added to co-culture reactors containing 
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SO∆bfe and G. sulfurreducens. Addition of 1 µM FMN resulted in a maximum current 

density of ~100 µA/cm2 and current production was initiated much sooner than in the 

original S. oneidensis pGUT2/G.sulfurreducens co-culture (Fig. 3.3). Addition of 1 µM 

exogenous FMN did not fully restore current density in the SO∆bfe/G. sulfurreducens co-

culture to levels achieved by the original S. oneidensis pGUT2/G.sulfurreducens co-

culture (~100 µA/cm2
 vs ~120 µA/cm2). It is possible that higher concentrations of FMN 

are needed to fully restore maximum current density in SO∆bfe/G. sulfurreducens co-

cultures.  

To further test the hypothesis that flavins could mediate interspecies electron 

transfer between Shewanella and Geobacter, we conducted experiments to test the ability 

of G. sulfurreducens to utilize FMN during extracellular respiration. To monitor rates of 

respiration by G. sulfurreducens in the presence and absence of flavins, G. 

sulfurreducens was cultured alone in NB medium containing 50 mM Fe(III) as 

ferrihydrite and 20 mM acetate with and without the addition of 10 µM FMN. Fe(III) 

respiration was then measured as the production of the reduced species Fe(II) in medium 

samples. The presence of FMN in G. sulfurreducens cultures significantly increased the 

respiration rate enabling G. sulfurreducens to fully reduce supplied ferrihydrite after 

~175 hours. In contrast, after ~175 hours, wild-type G. sulfurreducens without FMN was 

only able to reduce ~13 mM ferrihydrite (Fig. 3.4). Increased respiratory rates of G. 

sulfurreducens in the presence of FMN, the flavin moiety secreted by Shewanella, further 
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supports evidence that flavins can mediate interspecies electron transfer in S. oneidensis 

pGUT2/G. sulfurreducens co-cultures. 

Strong evidence has also emerged recently that interspecies electron transfer can 

occur through direct cell-to-cell contact likely mediated through mutiheme cytochromes 

and/or pili (McGlynn et al., 2015; Summers et al., 2010; Wegener et al., 2015). Direct 

electron transfer mechanisms pose a challenge to laboratory models, as many of the 

components mediating direct electron transfer also affect mechanisms for associating 

with other community members (i.e. pili mediating attachment to other cells). Our system 

faces similar challenges. Extracellular electron transfer by S. oneidensis to insoluble 

acceptors such as electrodes occurs via a multiheme cytochrome/porin complex 

collectively referred to as the Mtr pathway (Beliaev & Saffarini, 1998; Beliaev et al., 

2001; Bretschger et al., 2007; Coursolle et al., 2010; Hartshorne et al., 2009; Marritt et 

al., 2012). If S. oneidensis is capable of direct interspecies electron transfer, it would be 

predicted to also occur via the Mtr pathway, but this cannot be tested separately from 

flavin-mediated interspecies electron transfer as the Mtr pathway is also required to 

reduce flavins (Coursolle et al., 2010). To circuitously test the possibility of a direct 

mechanism of interspecies electron transfer between S. oneidensis pGUT2 and G. 

sulfurreducens, the mechanisms for hydrogen, formate, and flavin mediated electron 

transfer were eliminated. Both hydrogenases and the flavin exporter were deleted from S. 

oneidensis (strain referred to as SO∆hyd∆bfe pGUT2) and co-cultured with the strain of 

G. sulfurreducens unable to utilize formate, GS∆fdn. Maximum current density was 
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significantly diminished in the SO∆hyd∆bfe pGUT2/ GS∆fdn co-culture reaching only ~8 

µA/cm2
 after 2 days (Fig. 3.3). While ~8 µA/cm2 is significantly less than produced by 

the original S. oneidensis pGUT2/G. sulfurreducens co-culture, production of any current 

by the SO∆hyd∆bfe pGUT2/ GS∆fdn co-culture may indicate a small portion of 

interspecies electron transfer mediated by a direct cell-to-cell mechanism. Further 

information on direct cell-to-cell transport mechanisms in other syntrophic co-cultures 

may highlight other systems to target in order to test this hypothesis.  

 

Figure 3.3: Interspecies electron transfer is dominated by flavin electron shuttles in obligate co-
cultures of S. oneidensis pGUT2 and G. sulfurreducens in three-electrode bioreactors with gold 
anodes and 7 mM glycerol. Current density (µA/cm2) measured for co-cultures of S. oneidensis pGUT2 
and G. sulfurreducens (blue), SO∆hyd pGUT2 and G. sulfurreducens (orange), S. oneidensis pGUT2 and 
GS∆fdn (purple), SO∆bfe pGUT2 and G. sulfurreducens (solid green), SO∆hyd∆bfe pGUT2 and GS∆fdn 
(grey). The dashed green line represents current density measured for the SO∆bfe pGUT2 and G. 
sulfurreducens co-culture in the presence of 1 µM exogenous FMN. Gold electrodes were poised at 0.24 
mV vs. SHE and representative data are shown from duplicate experiments.  
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Figure 3.4: G. sulfurreducens utilizes FMN as an electron shuttle. Fe(III) respiration by G. 
sulfurreducens cultures in the presence (squares) or absence (circles) of 10 µM FMN measured as the 
production of Fe(II) over time in NB medium containing 20 mM acetate and 50 mM ferrihydrite. Abiotic 
medium controls are also included in the presence (inverted triangles) or absence (triangles) of FMN. Data 
represent the mean of experiments performed in triplicate with error bars representing standard error.  

Conclusions and Future Directions 

We have provided strong evidence that flavins mediate interspecies electron 

transfer in co-cultures of S. oneidensis pGUT2 and G. sulfurreducens in three-electrode 

bioreactors containing a gold electrode as terminal electron acceptor and glycerol as 

carbon source. Current is only produced in gold-electrode reactors containing glycerol 

when S. oneidensis pGUT2 and G. sulfurreducens are cultured together and is severely 

diminished when flavin transfer is eliminated (Fig 3.2 and Fig. 3.3). Exogenously 

supplied FMN restores current density in SO∆bfe pGUT2/G. sulfurreducens to levels 

near that of the original S. oneidensis pGUT2/G. sulfurreducens co-culture (Fig. 3.3). We 

have also shown that G. sulfurreducens can utilize FMN as a redox shuttle, as FMN 

addition increased respiration of ferrihydrite by G. sulfurreducens (Fig. 3.4). Further 
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experiments are warranted to substantiate conclusions regarding interspecies electron 

transfer mechanisms between S. oneidensis pGUT2 and G. sulfurreducens as many of the 

reactor experiments have only been performed in duplicate. Also, experiments utilizing 

the GS∆fdn strain must be conducted again as the strain itself was defective as compared 

to wild-type G. sulfurreducens for either biofilm formation or extracellular respiration of 

electrodes. A new GS∆fdn strain has been constructed.  

The interdependence and hypothesized direction of electron flow from S. 

oneidensis pGUT2 to G. sulfurreducens and finally to the gold electrode leads us also to 

hypothesize that spatial structure may play a role mediating cooperation in co-culture 

reactors. To study spatial arrangement of S. oneidensis and G. sulfurreducens we will 

image future electrode-attached biofilms using confocal microscopy. The S. oneidensis 

pGUT2 strain contains a chromosomal insertion of gfpmut3* enabling imaging. Biofilm 

communities will be fixed in glutaraldehyde and counterstained using DAPI. Blue and 

green image channels from confocal microscopy will be merged to determine localization 

of S. oneidensis pGUT2 and G. sulfurreducens on gold electrodes. 

The engineered syntrophic community using S. oneidensis pGUT2 and G. 

sulfurreducens has a multitude of applications beyond the study of interspecies electron 

transfer. In its current form, the S. oneidensis pGUT2/G. sulfurreducens co-culture 

enables the conversion of glycerol, a waste product of biodiesel production, to the 

generation of current using microbial fuel cell systems. Further, because we engineered 

the community using Shewanella and Geobacter, we have a co-culture composed of 
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organisms with defined genetic backgrounds and full genetic systems. As such, the S. 

oneidensis pGUT2/G. sulfurreducens co-culture can serve as a chassis community that 

can be further engineered to incorporate additional strains or genetic modules for 

biotechnology applications requiring bacteria interfaced with electrodes. For example, 

both S. oneidensis and G. sulfurreducens have garnered interest for use in 

electrosynthesis applications, a process where electrodes in bioreactors serve as electron 

donors instead of as terminal electron acceptors. Electrodes serving as electron donors 

drive current into biofilms that can be used as the reductive power to generate C-C bonds 

making this process applicable to biofuel and bio-product synthesis. S. oneidensis is an 

attractive model organism for electrosynthesis due to its amenable genetic system, clearly 

defined electron transport pathways, and its trophic level placement over complete 

oxidizers like Geobacter (i.e. secretion of acetate (2C) instead of CO2). G. sulfurreducens 

is of interest to electrosynthesis applications as it produces robust, thick biofilms and 

nearly 40-fold higher current density than S. oneidensis, yet the exact pathway(s) for 

electron transfer in G. sulfurreducens have not been fully elucidated (Levar et al., 2014). 

An engineered co-culture designed to interface with electrodes enables exploitation of the 

benefits provided by each strain overcoming many of their inherent limitations.  
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Strain/Plasmid Description Reference 

Escherichia coli strain UQ950 DH5α host for cloning: F-(argF-
lac)169 80dlacZ58(M15) 
glnV44(AS) rfbD1 gyrA96(NalR) 
recA1 endA1 spoT1 thi-1 hsdR17 
deoR pir+ 

 (Saltikov & Newman, 
2003)  

Escherichia coli strain WM3064 DAP auxotroph used for 
conjugation: thrB1004 pro thi 
rpsL hsdS lacZM15 RP4-1360 
(araBAD)567 dapA1341::[erm 
pir(wt)] 

 (Saltikov & Newman, 
2003)  

Shewanella oneidensis strain 
MR-1 

Wild type  (Venkateswaran et al., 
1999)  

Shewanella oneidensis pGUT2 Shewanella with a chromosomal 
insertion of gfpmut3* containing 
the glycerol utilization plasmid 

This Study 

SO∆hyd pGUT2 Shewanella with a chromosomal 
insertion of gfpmut3* containing 
the glycerol utilization plasmid; 
∆hydA∆hyaB 

This Study 

SO∆bfe pGUT2 Shewanella with a chromosomal 
insertion of gfpmut3* containing 
the glycerol utilization plasmid; 
∆bfe 

This Study 

SO∆hyd∆bfe pGUT2 Shewanella with a chromosomal 
insertion of gfpmut3* containing 
the glycerol utilization plasmid; 
∆hydA∆hyaB∆bfe 

This Study 

Geobacter sulfurreducens strain 
PCA 

Wild type  (Caccavo et al., 1994)  

GS∆fdn G. sulfurreducens ∆fdnG::KmR This Study 
pSMV3 9.1-kb suicide vector; oriR6K 

mobRP4, sacB, Kmr, Apr 
 (Coursolle & Gralnick, 
2010)  

pBBR1mcs-2 5.0-kb broad-host-range vector 
for cloning; Kmr 
 

 (Kovach et al., 1995)  

pGUT2 pBBR1MCS-2 containing glpD, 
glpF, glpK, and tpiA 
 

 (Flynn et al., 2010)  

pAK1 Gene knock-in construct targeting 
7-bp downstream of the glmS 
gene  

This Study 

pAK2 pAK1 containing PlacA1/O4/O3 
gfpmut3*  

This Study 

Table 3.1: Strains and plasmids utilized in this study. 
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Primer	  Name	   DNA	  Sequence	  (5’	  to	  3’)	  or	  Reference	  

Primers	  used	  to	  delete	  
hydA	  

	  

Hyd_Up_F	   GCATgggcccGCATTATCAATTCACCATAAACCC 

Hyd_Up_R	   GCATactagtATTAATCTTGATCAGCCC	  

Hyd_Dn_F	   GCATactagtGTGAAATCAGCCTCTGTC	  

Hyd_Dn_R	   GCATgagctcTTTTGCTAGGCTGTCGTCCTTG	  

Primers	  used	  to	  delete	  
hyaB	  

	  

Hya_Up_F	   GCATgggcccGTGGCCGTTTTGATGCAG	  

Hya_Up_R	   GCATactagtTTTCAGTATGACTTCAATACC 

Hya_Dn_F	   GCATactagtGATGCTGTCAATGCCCTG 

Hya_Dn_R	   GCATgagctcATGCGGGTTTCAGAATGG 

Primers	  used	  to	  delete	  bfe	    (Kotloski & Gralnick, 2013)  
Primers	  used	  to	  generate	  
the	  fdnG::Kmr	  fragment	  

 

Kan_F	   AAGCGAACCGGAATTGCCAGCT 

Kan_R	   TCAGAAGAACTCGTCAAGAAGG 

GSU0777KP1	   GACCCGCTTGAGCACTTCG 

GSU0777KP2	   AGCTGGCAATTCCGGTTCGCTTTACATCCCCCTTAGGTGT
CAG 

GSU0777KP3	   GCCTTCTTGACGAGTTCTTCTGAGACAGCGGCAACGTCCT
G 

GSU0777KP4	   GCGGGATCGAGGCCGTTC 

Table 3.2: Primers used in this study. 
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Chapter 4 : Formate Metabolism in Shewanella oneidensis Generates 

Proton Motive Force and Prevents Growth Without an Electron Acceptor 
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Summary 

Shewanella oneidensis strain MR-1 is a facultative anaerobe that thrives in redox-

stratified environments due to its ability utilize to a wide array of terminal electron 

acceptors. Conversely, electron donors utilized by S. oneidensis are more limited and 

include products of primary fermentation such as lactate, pyruvate, formate, and 

hydrogen. Lactate, pyruvate, and hydrogen metabolism in S. oneidensis have been 

described previously, but little is known about the role of formate oxidation in the 

ecophysiology of these bacteria. Formate is produced by S. oneidensis by pyruvate 

formate lyase during anaerobic growth on carbon sources that enter metabolism at or 

above the level of pyruvate, and the genome contains three gene clusters predicted to 

encode three complete formate dehydrogenase complexes. To determine the contribution 

of each complex to formate metabolism, strains lacking one, two, or all three annotated 

formate dehydrogenase gene clusters were generated and examined for growth rate and 

yield on a variety of carbon sources. Here, we report that formate oxidation contributes 

both to growth rate and yield of S. oneidensis through the generation of proton motive 

force. Exogenous formate also greatly accelerated growth on N-acetylglucosamine, a 

carbon source normally utilized very slowly by S. oneidensis under anaerobic conditions. 

Surprisingly, deletion of all three formate dehydrogenase gene clusters enabled growth of 

S. oneidensis using pyruvate in the absence of a terminal electron acceptor – a mode of 

growth never before observed in these bacteria. Our results demonstrate that formate 
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oxidation is a fundamental strategy under anaerobic conditions for energy conservation in 

S. oneidensis. 

Importance 

Shewanella have garnered interest in biotechnology due to an ability to respire 

extracellular terminal electron acceptors such as insoluble metals and electrodes. Much 

effort has gone into studying proteins required for extracellular respiration, but how 

electrons enter this pathway from oxidative metabolism remains understudied. Here, we 

quantify the role of formate oxidation in Shewanella oneidensis anaerobic physiology. 

Formate oxidation contributes to growth rate and yield of S. oneidensis on a variety of 

carbon sources by generating proton motive force. We also demonstrate growth of 

Shewanella on pyruvate without a terminal electron acceptor when all formate 

dehydrogenase gene clusters are deleted. Advances in understanding S. oneidensis 

anaerobic metabolism are important for its use and engineering applications in bioenergy, 

biocatalysis and bioremediation.   

Introduction 

Shewanella oneidensis (hereafter referred to as MR-1) is a model environmental 

bacterium that thrives in redox-stratified environments due to its ability to couple the 

oxidation of organic carbon or hydrogen to a diverse array of terminal electron acceptors 

(Fredrickson et al., 2008; Hau & Gralnick, 2007; Nealson & Scott, 2006). Electron 

acceptors utilized by MR-1 range from soluble organics such as fumarate to insoluble 
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extracellular metal oxides and electrodes (Nealson & Scott, 2006). The respiratory 

diversity of MR-1 has led to its use in a number of promising applications in 

biotechnology, and because of this, extracellular electron transfer by MR-1 has been well 

studied (Fredrickson et al., 2008; Hau & Gralnick, 2007). Electrons produced by MR-1 

during anaerobic metabolism drive reduction of the quinone pool and are subsequently 

transferred to the inner membrane-anchored c-type cytochrome CymA (Marritt et al., 

2012). CymA serves as a central hub in the inner membrane from which electrons can be 

transferred to multiple terminal electron acceptors such as FccA during fumarate 

respiration (Fig. 4.1A) or a multi-subunit porin-cytochrome complex collectively termed 

the Mtr pathway during extracellular respiration (Beliaev & Saffarini, 1998; Beliaev et 

al., 2001; Hartshorne et al., 2009; Marritt et al., 2012; Myers & Myers, 2000). This 

elegant system of electron transport in MR-1 is dependent on the generation of electrons 

from the oxidation of organic carbon sources, yet how electrons flow from organic 

carbon to these respiratory pathways has been understudied. Moreover, quinone cycling 

by the CymA redox loop facilitates not only electron transfer but should, under some 

conditions, contribute to the generation of proton motive force (PMF) through the 

translocation of protons across the inner membrane (Marritt et al., 2012; Simon et al., 

2008). A better understanding of how Shewanella gains energy from the oxidation of 

organic carbon is imperative to facilitate rational engineering for applications in 

biotechnology, bioremediation, and synthetic biology.  
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 In anoxic environments, MR-1 oxidizes lactate, pyruvate, formate, hydrogen, and 

some amino acids for anaerobic respiration, likely forming syntrophic partnerships with 

fermentative microorganisms (Nealson & Scott, 2006). The underlying physiology of 

lactate, pyruvate and hydrogen utilization has been described (Brutinel & Gralnick, 2012; 

Meshulam-Simon et al., 2007; Pinchuk et al., 2009), but little is known about the role of 

formate in MR-1. Formate oxidation has been linked to the reduction of a variety of 

metals and azo dyes using in vitro assays (Carpentier et al., 2003; De Windt et al., 2006; 

Hong & Gu, 2010; Myers et al., 2000; Ruebush et al., 2006), and formate is the only 

carbon compound shown to elicit a chemotactic response by MR-1 (Nealson et al., 1995). 

Formate oxidation likely plays a significant role in energy conservation in MR-1 by 

providing the thermodynamic driving force required for reduction of CymA by the 

menaquinol pool and subsequent translocation of protons across the cytoplasmic 

membrane (Marritt et al., 2012; Simon et al., 2008).  

Formate is critical for metabolism of many facultative anaerobic microorganisms. 

A prominent fermentation product of many obligate and facultative anaerobes, secretion 

of formate facilitates internal redox balancing during mixed acid fermentation. Formate 

secretion is pronounced in the Enterobacteriaceae, accounting for up to a third of the 

carbon secreted from fermented sugar substrates (Leonhartsberger et al., 2002). Due to 

the relatively low redox potential (-420 mV at pH 7.0), formate also serves as an 

important energy source for many microorganisms during aerobic or anaerobic 

respiration. The oxidation of formate (CHOO- at pH 7.0) results in the generation of two 
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reducing equivalents, a proton, and a molecule of carbon dioxide, and is typically carried 

out by a formate dehydrogenase (FDH) complex in the cytoplasmic membrane (Jormakka 

et al., 2002). Oxidation occurs in the periplasm to avoid acidification of the cytoplasm, 

and electrons are transferred through the FDH complex to menaquinone along with 

protons from the cytoplasmic side of the inner membrane (Jormakka et al., 2002).   

The genome of MR-1 contains gene clusters predicted to encode three complete FDH 

complexes and a single gene cluster predicted to encode a formate hydrogenlyase 

complex (FHL) (Fig. 4.1B), raising a number of questions regarding the role formate in 

the ecophysiology of the genus Shewanella. Here we demonstrate that formate, of 

endogenous and/or exogenous origin, contributes to the growth rate and yield of MR-1 

through the generation of PMF. Notably, formate greatly accelerates anaerobic growth of 

MR-1 on N-acetylglucosamine (NAG) – a carbon source typically utilized slowly under 

anaerobic conditions. Deletion of all three FDH operons also enables anaerobic growth of 

S. oneidensis on pyruvate without the addition of a terminal electron acceptor, suggesting 

the existence of a feedback mechanism, or an inability to turn over reducing equivalents, 

which prevents MR-1 from growing when the menaquinone pool is fully reduced. 

Materials and Methods 

Bacterial Strains and Culture Conditions 

Strains and plasmids used in this study are listed in Table 4.3. Escherichia coli 

strains used for cloning and conjugal transfer were maintained on lysogeny broth (LB) 

agar plates supplemented with 50 µg/mL kanamycin and/or 250 µM 2,6-diaminopimelic 
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acid as necessary. During routine propagation, S. oneidensis was maintained on LB agar 

containing 50 µg/mL kanamycin as necessary. For growth assays, strains were grown in 

Shewanella basal medium containing 5 mL/L vitamin mix, 5 mL/L mineral mix (Hau & 

Gralnick, 2007), and 0.05% casamino acids (hereafter referred to as SBM) supplemented 

with lactate, pyruvate, NAG, formate, and/or fumarate when indicated. Growth assays 

were performed as follows. Strains stored in 15% glycerol at -80°C were freshly streaked 

onto LB agar plates and incubated for ~16h at 30°C. Single colonies were used to 

inoculate LB medium shaken at 250 rpm at 30°C for 6-8 hours and were then sub-

cultured in aerobic SBM shaken for ~16 hours at 30°C. Cells were then washed twice and 

added to Balch tubes stoppered with butyl rubber containing an argon headspace to a 

final optical density of ~0.02 (OD600) (Balch & Wolfe, 1976).  

Reagents and Materials 

Enzymes were purchased from New England Biolabs (Ipswich, MA). Kits for gel 

purification and plasmid mini preps were purchased from Invitrogen (Carlsbad, CA). All 

related reactions were carried out according to manufacturer instructions. Media 

components were purchased from Becton, Dickinson and Company (Sparks, MD), and 

chemicals were purchased Sigma-Aldrich (St. Louis, MO). 

Generation of Deletion Mutants 

 Oligonucleotide primers used to amplify portions of the MR-1 chromosome for 

deletion constructs are listed in Table 4.4. PCR products were cloned using standard 

laboratory molecular biology protocols. Regions flanking deletion targets were amplified 
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using PCR and cloned into the pSMV3 suicide vector. In-frame gene deletions were 

generated using homologous recombination as previously described (Coursolle et al., 

2010). Deletion constructs were moved into S. oneidensis by conjugal transfer from E. 

coli donor strain WM3064. All plasmid constructs and gene deletions were verified by 

sequencing (University of Minnesota Genomics Center).  

High Performance Liquid Chromatography 

Metabolites were quantified by HPLC using Shimadzu Scientific equipment 

including an SCL-10A system controller, LC-10AT pump, SIL-10AF auto-injector, 

CTO-10A column oven, RID-10A refractive index detector, and an SPD-10A UV-Vis 

detector. Mobile phase consisted of 15 mN H2SO4 set at a flow rate of 0.400 mL min-1. 

Injection volumes of 50 µL were separated on an Aminex HPX-87H column maintained 

at 30°C.  

Sequence Analysis 

 Homologs of the FDH alpha subunits SO4509 and SO4513 were identified for 

other members of the Shewanellaceae via BLAST (http://blast.ncbi.nlm.nih.gov) and a 

gene bidirectional best-hit search using the JGI database (www.img.jgi.doe.gov). 

Resulting coding regions were aligned via Muscle (Edgar, 2004) and evolutionary 

analyses were conducted in MEGA6 (Tamura et al., 2013). From this alignment, a 

bootstrapped maximum likelihood (300 replicates) tree based on the General Time 

Reversible model was constructed using MEGA6 (Felsenstein, 1985; Nei & Kumar, 

2000). Initial trees for the heuristic search were obtained automatically by applying 
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Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the 

Maximum Composite Likelihood (MCL) approach, and then selecting the topology with 

superior log likelihood value. A discrete Gamma distribution was used to model 

evolutionary rate differences among sites (5 categories (+G, parameter = 0.8571)). The 

rate variation model allowed for some sites to be evolutionarily invariable ([+I], 

34.8331% sites). The analysis involved 87 nucleotide sequences. Codon positions 

included were 1st+2nd+3rd+Noncoding. All positions with less than 95% site coverage 

were eliminated. That is, fewer than 5% alignment gaps, missing data, and ambiguous 

bases were allowed at any position. There were 2842 positions in the final dataset.  

Results 

The chromosome of MR-1 contains multiple gene regions predicted to encode 

proteins involved in formate metabolism including three putative FDH complexes. 

Region SO0101-0103 is annotated as fdnGHI, a predicted nitrate inducible FDH similar 

to the canonical Fdh-N in E. coli (Fig. 4.1B). Gene regions SO4508-4511 and SO4512-

4515 are annotated as fdhXABC, and are predicted to encode two individual, but related 

FDH complexes similar to Fdh-O of E. coli (Fig. 4.1B). FdhX is a member of an 

uncharacterized protein family and may be a small subunit or accessory protein of FDH, 

while the fdhABC genes encode the α, β, and γ subunits of FDH, respectively. A putative 

FHL complex is also predicted as part of the hyd locus (SO3920-3926) though SO3922 is 

annotated as a γ subunit and does not contain the catalytic component required to oxidize 

formate (Fig. 4.1B). The catalytic domain required for FHL may be encoded by an 
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orphan α subunit encoded by SO0988 (Fig. 4.1B). Interestingly, SO0988 does not encode 

a twin-arginine translocation pathway signal sequence and is therefore predicted to be 

cytoplasmic. Domain analysis indicates that the N-terminal portion of the protein 

encoded by SO0988 is predicted to contain multiple Fe-S cluster domains while the latter 

half is 58% similar at the amino acid level to Fdh-H, the catalytic subunit of the E. coli 

FHL complex. The MR-1 genome also contains a predicted bidirectional formate 

transporter FocA encoded by SO2911 directly upstream of the regions encoding pyruvate 

formate lyase (PflB) and its activating enzyme PflA (Fig. 4.1B). The preponderance of 

FDH gene clusters encoded in the MR-1 genome is unusual and warranted additional 

investigation regarding their phylogeny and dispersal across other sequenced Shewanella.  
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Figure 4.1:Formate metabolism pathway and genetic loci in Shewanella oneidensis. (A) Anaerobic 
formate metabolism in S. oneidensis MR-1. Model depicts oxidation of lactate (or pyruvate) as the sole 
carbon and energy source coupled to reduction of fumarate via the periplasmic fumarate reductase FccA. 
(B) Genomic organization of genes directly involved in formate metabolism in MR-1. Genes encoding the 
α-, β-, and γ-subunit of an FDH complex are colored yellow, green, and blue, respectively. Genes fdhX, 
which encode small proteins of unknown function are colored pink. Accessory genes involved in FDH 
complex maturation are colored orange and genes involved in cofactor maturation (selAB), formate 
transport (focA), and the putative formate hydrogenlyase (hydAB) are colored purple. 
 
Phylogenetic Analysis of FdhA Across the Shewanellaceae 

The tandem fdhXABC gene clusters (SO4508-4511 and SO4512-4513) in MR-1 

have arisen from a gene duplication event, sharing 68% identity at the nucleotide level 

over the entire length. At the amino acid level, the FdhX pairs are 46% identical (57% 

similar), FdhA pairs are 74% identical (85% similar), FdhB pairs are 88% identical (94% 
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similar), and the FdhC pairs are 54% identical (70% similar). To look further into the 

history of the duplicated FDH region, a phylogenetic tree was created using fdhA 

nucleotide sequences (aligned by codons) for all sequenced Shewanella available in the 

JGI database (img.jgi.doe.gov). fdhA was chosen for phylogenetic analysis because it 

encodes the catalytic subunit of the FDH complex, and it is also the largest gene in the 

operon (~ 3kb) providing the most information on sequence divergence. The resulting 

tree outlining the phylogenetic lineage of the fdhA sequences results in three main clades 

(highlighted in blue, green, and red text in Fig. 4.2). Clades highlighted in blue and green 

represent the initial duplication of the FDH region, which appears to have arisen in a 

common ancestor predating the current speciation of the Shewanella genus (Fig. 4.2). In 

all species containing the duplication, fdhA sequences associated with the upstream FDH 

operon comprise a single clade (blue) while fdhA sequences associated with the 

downstream FDH operon comprise another (green), but the branching pattern cannot 

resolve which gene cluster came first. Unlike the majority of Shewanella species, S. 

frigidimarina contains a single FDH operon. The placement of S. frigidimarina within a 

clade subsequent to the original duplication suggests its FDH region was once duplicated 

and has since been lost (Fig. 4.2). Phylogenetic analysis also highlighted a small subset of 

species, which includes S. halifaxensis, S. pealeana, S. waxsmanii, and S. fidelis (red 

text), indicating a second duplication event resulting in three copies of the FDH gene 

cluster in these species (Fig. 4.2). Overall, phylogenetic analysis highlights selection for 

maintenance of multiple regions involved in formate oxidation in the Shewanella genus. 
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Figure 4.2: Phylogenetic analysis of FdhA across the Shewanellaceae. Duplication of FDH regions are 
separated by clades in either blue or green text. Species containing a triplication of the FDH region are 
highlighted in red. S. frigidimarina, which appears to have lost the duplicated region, is in black text. 
Evolutionary history was inferred using Maximum Likelihood (300 bootstrap replications) based on the 
General Time Reversible model. The tree is drawn to scale with the scale bar representing substitutions per 
site. The analysis involved 87 nucleotide sequences. There were a total of 2842 positions in the final 
dataset. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013). 
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Oxidation of endogenously generated formate increases the growth rate and yield of 

MR-1 during anaerobic respiration 

 MR-1 produces formate when growing anaerobically on substrates that enter 

central metabolism at or above the level of pyruvate through the action of pyruvate 

formate-lyase (PFL), an enzyme required for growth under anaerobic conditions with 

lactate and fumarate (Fig. 4.1A) (Flynn et al., 2012; Hunt et al., 2010; Pinchuk et al., 

2011). Despite obligatory generation, formate does not accumulate in MR-1 culture 

supernatants, suggesting oxidation by one or more FDH complexes(Hunt et al., 2010; 

Pinchuk et al., 2011). To determine the contribution of each FDH complex to formate 

oxidation we generated stains lacking one, two, or all three regions encoding the α, β, and 

γ subunits of each of the three annotated FDH clusters (ΔSO0101-0103, ΔSO4509-4511, 

or ΔSO4513-4515; see Fig. 4.1B).  

 To determine the physiological significance of formate oxidation, we examined 

the growth rate and yield of MR-1 and a strain with all three FDH gene clusters deleted 

(Δfdh) in liquid culture. Strains were grown in SBM (see Materials and Methods) 

containing either 20 mM lactate or 20 mM pyruvate under an argon atmosphere 

supplemented with 40 mM fumarate. Growth in the presence of oxygen, where formate is 

not generated, was indistinguishable for both strains (data not shown). In contrast, when 

grown anaerobically with fumarate, the Δfdh mutant grew slightly slower and generated 

less biomass than MR-1 both on lactate and pyruvate (Fig. 4.3). Under anaerobic 

conditions using fumarate as the electron acceptor, the generation time and final culture 
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density of MR-1 was comparable when grown on pyruvate (1.41 ± 0.04 hours and 0.37 ± 

0.00 OD600) as compared to lactate (1.34 ± 0.07 hours and 0.40 ± 0.01 OD600) indicating 

that the oxidation of lactate to pyruvate during carbon metabolism in MR-1 does not 

appreciably contribute to growth rate or yield (Fig. 4.3). The oxidation of lactate to 

pyruvate by MR-1 occurs by way of two lactate dehydrogenases specific for either the D 

or L isomer (Brutinel & Gralnick, 2012; Chai et al., 2009; Pinchuk et al., 2009). While a 

reduced menaquinol is likely generated, the difference in redox potential between the 

lactate/pyruvate redox couple and the fumarate/succinate redox couple is small (-190 mV 

and 30 mV, respectively) and likely does not support energy conservation.  

 

Figure 4.3: Formate oxidation contributes to growth rate and yield of MR-1. Growth curves of MR-1 
(circles) and the Δfdh triple mutant (squares) were performed in anoxic SBM with 20 mM lactate (closed 
symbols) or 20 mM pyruvate (open symbols), and 40 mM fumarate. Reported values are the average of 
three independent experiments and error bars represent standard error of the mean (SEM). 
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During anaerobic growth on lactate and fumarate (Fig. 4.1A), MR-1 catalyzed 

nearly stoichiometric conversion of lactate to acetate and coupled oxidation of each 

lactate molecule to the reduction of two molecules of fumarate (Table 4.1). MR-1 utilizes 

the majority of carbon for energy generation with very little being diverted to produce 

biomass. As had been observed previously (Pinchuk et al., 2011), formate did not 

accumulate in MR-1 cultures (Table 4.1). Conversely, the ∆fdh strain was predicted to 

couple lactate oxidation to fumarate reduction in a 1:1 ratio as two reducing equivalents 

remain with non-oxidized formate (Fig. 4.1A). The ∆fdh strain converted approximately 

90% of the lactate linked to acetate formation to the generation of pyruvate and formate; 

however, the ratio of fumarate reduced was slightly higher than the stoichiometric ratio 

expected (Table 4.1). To determine if oxidation of pyruvate by the enzyme pyruvate 

dehydrogenase (PDH) and subsequent electron flow to fumarate from NADH oxidation 

was occurring, the E1 decarboxylase component of the PDH complex, aceE, was deleted 

in the ∆fdh strain background (referred to as ∆fdh∆pdh). The ΔfdhΔpdh strain coupled 

lactate utilization to fumarate reduction at ratios nearer to the 1:1 ratio expected (Table 

4.1). No difference was observed in anaerobic growth rate or yield of the ΔfdhΔpdh strain 

as compared the Δfdh mutant (data not shown).  
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20 mM Lactate/40 mM Fumarate 20 mM Pyruvate/40 mM Fumarate 

 MR-1 ∆fdh ∆fdh∆pdh MR-1 ∆fdh ∆fdh∆pdh 

Lactate -20.2 ± 0.0 -14.7 ± 0.2 -12.2 ± 0.2 ND ND ND 

Pyruvate 0.8 ± 0.0 4.0 ± 0.1 4.0 ± 0.1 -22.2 ± 0.0 -13.0 ± 0.7 -11.4 ± 0.2 

Acetate 18.0 ± 0.3 12.0 ± 0.3 9.1 ± 0.1 19.7 ± 0.2 11.8 ± 0.3 8.1 ± 0.1 

Formate ND 7.1 ± 0.2 6.4 ± 0.1 ND 5.7 ± 0.6 5.8 ± 0.0 

Fumarate -39.2 ± 0.0 -18.3 ± 0.2 -14.2 ± 0.2 -20.4 ± 0.8 -6.4 ± 2.2 -2.0 ± 0.0 

Succinate 38.2 ± 0.5 18.8 ± 0.6 13.6 ± 0.2 21.3 ± 0.4 4.9 ± 0.6 2.5 ± 0.1 

Table 4.1: Carbon source utilization/production (mM) following anaerobic growth in SBM 
containing 20 mM Lactate or Pyruvate and 40 mM fumarate. Reported concentrations are averages ±	  
SEM from three independent experiments. ND; not detected. 
 

Because the majority of anaerobic pyruvate disproportionation by MR-1 occurs 

via a lyase reaction catalyzed by PFL, the only unbalanced redox reaction associated with 

pyruvate metabolism is the oxidation of formate (Fig. 4.1A). Therefore during anaerobic 

growth with pyruvate and fumarate, MR-1 couples each molecule of pyruvate converted 

to acetate to one molecule of fumarate reduced to succinate (Table 4.1). Since ∆fdh 

cannot oxidize formate, it was predicted to convert pyruvate to formate and acetate with 

no subsequent reduction of fumarate (Fig. 4.1A). Contrary to predictions, formate 

measured in Δfdh culture supernatants was only half of that of acetate produced and a 

significant amount of fumarate was still reduced to succinate (Table 4.1). In the 

ΔfdhΔpdh strain, ratios of formate and acetate produced were closer to the 1:1 ratio 

expected, and reduction of fumarate to succinate was also minimized (Table 4.1). To 

determine if the reduced growth rate and yield of the Δfdh mutant was due to 
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accumulation of formate in the culture medium, we repeated the experiment with the 

addition of 20 mM formate. The ∆fdh strain showed an initial lag and grew at a slightly 

slower rate but to similar final yield in the presence of exogenous formate (Fig. 4.4). MR-

1 was unaffected and grew similarly in both the presence and absence of added formate 

(Fig. 4.4).  

 

Figure 4.4: Growth of MR-1 and the Δfdh triple mutant with the addition of exogenous formate. MR-
1 (circles) or the Δfdh triple mutant (squares) were grown in SBM with 20 mM lactate and 50 mM 
fumarate. Cultures were amended with 20 mM formate (closed symbols) or nothing (open symbols). 
Reported values are the average of at least three independent experiments and error bars represent standard 
error of the mean.  
 

Oxidation of exogenous formate accelerates growth on sub-optimal carbon sources 

 Because the oxidation of formate clearly contributes to growth on lactate and 

pyruvate, we hypothesized that formate would also enhance growth on sub-optimal 

carbon sources. Shewanella spp. readily utilize NAG as the sole carbon and energy 
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source in the presence of oxygen (Yang et al., 2006); however, under anaerobic 

conditions, NAG is utilized very slowly with a generation time of 24.50 ± 0.11 hours and 

37.47 ± 1.31 hours for MR-1 and the Δfdh mutant, respectively (Fig. 4.5A) (Hunt et al., 

2010). Augmentation of NAG grown anaerobic cultures with 20 mM formate resulted in 

a dramatically faster growth rate, with a generation time of 1.23 ± 0.08 hours, comparable 

to lactate grown cultures (Fig. 4.5A). Exogenous formate did not enhance the growth rate 

of Δfdh on NAG, but rather arrested growth prematurely (Fig. 4.5A).  

 

Figure 4.5: Oxidation of formate increases the growth rate of MR-1 on NAG. Growth curves were 
performed in the absence (open symbols) or presence (closed symbols) of 20mM formate. (A) Growth 
curves of MR-1 (circles) and the Δfdh triple mutant (squares) were performed in anoxic SBM with 10 mM 
NAG and 60 mM fumarate. Note the prolonged timescale compared to growth on lactate or pyruvate in 
Figure 4.2. (B) Growth curves of ΔSO_4509 ΔSO_0101 (downward facing triangles), ΔSO_4513 
ΔSO_0101 (upward facing triangles), and ΔSO_4509 ΔSO_4513 (diamonds) were performed as for part A. 
Reported values are the average of at least three independent experiments and error bars represent SEM. 
 



 

 100 

 The enhanced growth rate of MR-1 using NAG and fumarate supplemented with 

formate provides a convenient assay for physiologically relevant formate oxidation by 

each FDH complex. The generation time of the ΔSO0101-0103/ΔSO4509-4511 and 

ΔSO0101-0103/ΔSO4513-4515 mutants on NAG decreased dramatically upon addition 

of 20 mM formate to 1.28 ± 0.11 hours and 1.23 ± 0.01 hours, respectively, mirroring the 

enhanced growth rate observed in MR-1 (Fig. 4.5B). The ΔSO4509-4511/ΔSO4513-4515 

strain also responded to formate, but growth rate was only partially enhanced with a 

generation time of 3.87 ± 0.84 hours (Fig. 4.5B). Our results suggest the complex 

encoded by SO0101-0103 does not contribute appreciably to the oxidation of formate 

during anaerobic growth on fumarate. SO0101, which is predicted to encode the catalytic 

subunit of the FDH complex, shares a considerable similarity at the amino acid level with 

FdnG (76%), the α subunit of the nitrate inducible FDH of E. coli (Fdh-N). Proteins 

encoded by SO0101-0103 may play a larger role in formate oxidation in the presence of 

nitrate as transcription of SO0101-0103 was found to be significantly upregulated under 

nitrate-reducing conditions (Beliaev et al., 2005).   

Elimination of formate oxidation enables growth on pyruvate without a terminal 

electron acceptor 

 Bacteria from the genus Shewanella are generally thought to be respiratory 

organisms, requiring an electron acceptor for growth (Hau & Gralnick, 2007; Hunt et al., 

2010; Nealson & Scott, 2006). It has also been reported previously that MR-1 is not 

capable of fermentative growth on pyruvate (Meshulam-Simon et al., 2007). Because 
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formate oxidation is the only unbalanced redox step associated with pyruvate 

metabolism, we hypothesized that deletion of the FDHs would enable anaerobic growth 

by Shewanella solely on pyruvate (Fig. 4.1A). To test this, we cultured both MR-1 and 

∆fdh in anaerobic SBM supplemented with 20 mM pyruvate but lacking a terminal 

electron acceptor. We do not refer to this mode of growth as fermentation because 

pyruvate disproportionation occurs via a lyase reaction; hence, if the resulting formate is 

not oxidized, there is no need to cycle reducing equivalents. The Δfdh strain was able to 

grow under anaerobic conditions solely on pyruvate while the MR-1 culture completed 

less than one doubling over 24 hours (Fig. 4.6). Analysis of culture supernatants by 

HPLC indicate that the Δfdh strain catalyzed a nearly stoichiometric conversion of 

pyruvate to acetate and formate while only a small amount of pyruvate was converted to 

acetate by MR-1 with no terminal electron acceptor present (Table 4.2). The Δfdh strain 

consumed less than half of the available pyruvate before growth ceased, which was not 

due to low levels of pyruvate oxidation by PDH, as the ΔfdhΔpdh strain grew similar to 

Δfdh (Fig. 4.6) and consumed similar amounts of pyruvate (Table 4.2). Inability to 

consume all of the available pyruvate may indicate inhibition of growth by accumulated 

formate or inability to cycle reducing equivalents in other metabolic pathways required 

for growth. 
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Figure 4.6: Growth of the Δfdh triple mutant on pyruvate without a terminal electron acceptor. 
Growth curves of MR-1 (circles), the Δfdh triple mutant (squares), and the ΔfdhΔpdh triple mutant 
(triangles) were performed in anoxic SBM supplemented with 20 mM pyruvate. Reported values are the 
average of at least three independent experiments and error bars represent SEM. 
 

 20 mM Pyruvate 

 MR-1 ∆fdh ∆fdh∆pdh 

Pyruvate -1.8 ± 0.4 -6.6 ± 0.3 -6.7 ± 0.6 

Lactate ND 0.1 ± 0.0 0.1 ± 0.0 

Formate ND 5.0 ± 0.0 5.2 ± 0.1 

Acetate 1.4 ± 0.1 4.1 ± 1.3 5.4 ± 0.2 

 
Table 4.2: Carbon source utilization/production (mM) following anaerobic growth in SBM 
containing 20 Pyruvate with no terminal electron acceptor. Reported concentrations are averages ±	  SEM 
from three independent experiments. ND; not detected. 
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Formate oxidation by MR-1 generates PMF under anaerobic conditions 

  Under anaerobic conditions, MR-1 generates ATP primarily through substrate 

level phosphorylation, and some of the ATP pool is utilized to generate PMF through 

proton pumping by the F-type ATPase (Hunt et al., 2010). Formate oxidation linked to 

reduction of a terminal electron acceptor should also contribute to PMF as the FDHs are 

predicted to reduce menaquinone in a redox loop mechanism that transports protons 

across the cytoplasmic membrane (Fig. 4.1A) (Simon et al., 2008). To test this, we 

compared growth of MR-1, the ∆fdh strain, ∆atp  (a strain with a deletion of the entire 

ATP synthase operon SO4746-4754 (Hunt et al., 2010)), and ∆fdh∆atp in SBM 

supplemented with 20 mM lactate and 40 mM fumarate. The ∆atp strain exhibited an 

initial lag phase but otherwise grew similarly to MR-1 while the ∆fdh strain grew at a 

slower rate and to a lower OD as compared to MR-1 (Fig. 4.7). Elimination of all three 

FDHs as well as the F-type ATPase severely inhibited growth, with strains completing 

less than one doubling over 13 hours (Fig. 4.7). Lower yield of the ∆fdh strain and 

severely inhibited growth of ∆fdh∆atp with lactate and fumarate indicates that formate 

oxidation and proton pumping through the reversal of the F-type ATPase are the main 

contributors to the generation of PMF under anaerobic conditions by MR-1.  
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Figure 4.7: PMF is generated by the anaerobic oxidation of formate in MR-1. Growth curves of MR-1 
(circles), the Δfdh triple mutant (squares), the Δatp mutant (triangles), and the Δfdh Δatp mutant 
(diamonds) were performed in anoxic SBM with 20 mM lactate and 40 mM fumarate. Reported values are 
the average of at least three independent experiments and error bars represent SEM. 

Discussion 

Development and rational engineering of MR-1 for applications in biotechnology 

requires a clear understanding of its carbon source utilization and energy metabolism. 

Although formate is obligately produced by MR-1 under anaerobic conditions during the 

disproportionation of pyruvate by PFL, little is known about the role formate plays in the 

ecophysiology of MR-1 or other members of the shewanellae. Beyond formate 

production, the presence of multiple genetic loci linked to its metabolism serves to 

emphasize the importance of formate in the core carbon metabolism of MR-1 and the 

shewanellae. To further address the role of formate oxidation, we generated mutants 
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lacking one, two, or all three regions encoding the α, β, and γ subunits of each of the 

three annotated FDH clusters (ΔSO0101-0103, ΔSO4509-4511, or ΔSO4513-4515; Fig 

4.1B). We then monitored growth phenotypes of these strains during the oxidation of 

various carbon sources.  

 We have shown that oxidation of formate contributes both to growth rate and 

yield of MR-1 on a variety of carbon sources under anaerobic conditions with fumarate as 

terminal electron acceptor. During anaerobic growth with fumarate and either lactate or 

pyruvate, strains unable to oxidize formate (∆fdh) grew at a slightly slower rate and to an 

overall lower yield as compared to MR-1 (Fig. 4.3). HPLC analysis indicated that, unlike 

MR-1, strains lacking FDH complexes accumulated formate in the supernatant, and the 

ratio of formate secreted was closer to the predicted 1:1 ratio with acetate when the E1 

decarboxylase component of the Pdh complex, aceE, was also deleted (strain ∆fdh∆pdh; 

Table 4.1). Previous work reported no measureable activity by PDH in MR-1 extracts 

under anaerobic conditions (Pinchuk et al., 2011); however, our HPLC analyses indicate 

that while the majority of pyruvate is routed through PFL, PDH remains active, albeit at 

low levels or perhaps slightly induced in the absence of PFL, under anaerobic conditions 

(Table 4.1). Low levels of PDH activity may be in response to the ∆fdh strain’s inability 

to oxidize formate. It is also interesting to note that the amount of formate “missing” (~ 2 

mM) for the ∆fdh∆pdh strain grown anaerobically on pyruvate or lactate (based on the 

predicted 1:1 ratio of formate and acetate secreted) is equivalent to the concentration of 

“extra” fumarate reduced to succinate (~ 2 mM) (Table 4.1). Taken together, these results 
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indicate either i) formate is oxidized by an unidentified FDH or ii) formate is converted 

to another product capable of being oxidized by the cell. In E. coli, when medium pH 

drops below 6.8, the transporter FocA switches from passive formate export to active 

formate import (Sawers, 2005). Imported formate is then converted to dihydrogen via 

FHL to both control cellular pH and excess reducing power (Sawers, 2005). Recently, 

hydrogen production from formate was noted for MR-1, and this conversion was 

attributed to a predicted FHL encoded by the hyd operon (SO3920-3926) (Meshulam-

Simon et al., 2007). It is therefore plausible that if secreted formate reaches a critical 

level, the ∆fdh and ∆fdh∆pdh strains re-import formate and convert it to dihydrogen. 

Dihydrogen could then be oxidized via a hydrogenase ultimately leading to reduction of 

the terminal electron acceptor fumarate accounting for the similar concentrations of 

formate secreted by the ∆fdh and ∆fdh∆pdh strains, and the sustained reduction of 

fumarate in the absence of formate oxidation (Table 4.1). It is also possible that once 

secreted formate reaches a maximal concentration, it is no longer effectively trafficked 

out of the cytoplasm. 

Formate transport and oxidation appear to be central metabolic processes in MR-

1, and the inability of the ∆fdh strain to oxidize formate helped to answer another main 

question related to the metabolism of MR-1. Pyruvate has been shown to enhance 

survival of MR-1 in stationary phase, and MR-1 contains lactate dehydrogenases capable 

of pyruvate reduction (Pinchuk et al., 2011; Pinchuk et al., 2009). Previous work has also 

shown that the majority of ATP is produced through substrate level phosphorylation by 
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MR-1 under anaerobic conditions (Hunt et al., 2010). Therefore, it has remained unclear 

why pyruvate cannot support fermentative growth of MR-1. Our data show that pyruvate 

sustains growth of the ∆fdh strain in anaerobic medium without a terminal electron 

acceptor (Fig. 4.6). Growth solely on pyruvate by ∆fdh suggests that, in the absence of 

exogenous electron acceptors, formate oxidation by MR-1 leads to an irreversible 

reduction of the menaquinone pool and subsequent cessation of growth. It is curious that 

MR-1 cultures do not simply secrete formate in the absence of terminal electron acceptor 

similar to the ∆fdh strain (Table 4.2). The inability of MR-1 to secrete formate, which 

would enable growth, highlights the importance of formate oxidation in the energy 

metabolism of MR-1 and may indicate a close proximity or even association of FDH 

complexes with the FocA transporter.  

 Exogenous formate also greatly accelerated the growth rate, likely due to enhanced PMF, 

of MR-1 on the sub-optimal carbon source NAG under anaerobic conditions with 

fumarate (Fig. 4.5A). Experiments utilizing double mutants indicate that this increase in 

growth rate was mainly due to activity by the FDHs encoded by SO4509-4511 and 

SO4513-4515 (Fig. 4.5B). While final OD was similar for mutants with SO4509-4511 or 

SO4513-4515 present, strains containing SO4509-4511 reached the maximum OD within 

the first 6 hours of growth, which may indicate a difference in efficiency or affinity for 

formate by each complex (Fig. 4.5B). It is interesting that the two FDH complexes that 

appear to have the largest effect on growth are the complexes that arose from a gene 

duplication event preceding current speciation of the Shewanella genus (Fig. 4.2). 
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Previous analysis of 106 bacterial genomes found that gene duplications tend to be 

retained when they are important for adapting to constantly changing environments 

(Gevers et al., 2004). Indeed, a hallmark of the Shewanella genus is the ability to thrive in 

redox-stratified environments where conditions are in a constant state of flux and may 

explain the occurrence of multiple paralogs enabling modularity in respiratory pathways 

(Coursolle & Gralnick, 2010) and now formate metabolism. Presumably, preservation of 

multiple FDH operons confers an evolutionary advantage to members of the Shewanella 

genus perhaps through affinity for formate across a range of available concentrations or 

through efficiency of formate oxidation with different terminal electron acceptors. 

Maintenance of the duplication or triplication of this FDH region in the vast majority of 

Shewanella serves to highlight the centrality of formate in energy conservation by this 

genus.  
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Strain	   Description	   Reference	  
E.	  coli	  strain	  UQ950	   DH5α	  host	  for	  cloning:	  F-‐(argF-‐

lac)169	  80dlacZ58(M15)	  glnV44(AS)	  
rfbD1	  gyrA96(NalR)	  recA1	  endA1	  
spoT1	  thi-‐1	  hsdR17	  deoR	  pir+	  

(Saltikov	  &	  Newman,	  
2003)	  

E.	  coli	  strain	  WM3064	   DAP	  auxotroph	  used	  for	  
conjugation:	  thrB1004	  pro	  thi	  rpsL	  
hsdS	  lacZM15	  RP4-‐1360	  
(araBAD)567	  dapA1341::[erm	  
pir(wt)]	  

(Saltikov	  &	  Newman,	  
2003)	  

S.	  oneidensis	  strain	  MR-‐1	   Wild	  type	   (Venkateswaran	  et	  
al.,	  1999)	  

SO∆0101-‐0103	   S.	  oneidensis	  with	  an	  in-‐frame	  
deletion	  of	  fdnGHI	  (SO0101-‐0103)	  

This	  study	  

SO∆4509-‐4511	   S.	  oneidensis	  with	  an	  in-‐frame	  
deletion	  of	  fdhABC	  (SO4509-‐4511)	  

This	  study	  

SO∆4513-‐4515	   S.	  oneidensis	  with	  an	  in-‐frame	  
deletion	  of	  fdhABC	  (SO4511-‐4513)	  

This	  study	  

SO∆0101-‐0103∆4509-‐4511	   S.	  oneidensis	  with	  an	  in-‐frame	  
deletion	  of	  fdnGHI	  (SO0101-‐0103)	  
and	  fdhABC	  (SO4509-‐4511)	  

This	  study	  

SO∆0101-‐0103∆4513-‐4515	   S.	  oneidensis	  with	  an	  in-‐frame	  
deletion	  of	  fdnGHI	  (SO0101-‐0103)	  
and	  fdhABC	  (SO4513-‐4515)	  

This	  study	  

SO∆4509-‐4511∆4513-‐4515	   S.	  oneidensis	  with	  an	  in-‐frame	  
deletion	  of	  fdhABC	  (SO4509-‐4511)	  
and	  fdhABC	  (SO4513-‐4515)	  

This	  study	  

∆fdh	   S.	  oneidensis	  with	  an	  in-‐frame	  
deletion	  of	  fdnGHI	  (SO0101-‐0103),	  
fdhABC	  (SO4509-‐4511)	  and	  fdhABC	  
(SO4513-‐4515)	  

This	  study	  

∆fdh∆pdh	   S.	  oneidensis	  with	  an	  in-‐frame	  
deletion	  of	  fdnGHI	  (SO0101-‐0103),	  
fdhABC	  (SO4509-‐4511),	  fdhABC	  
(SO4513-‐4515),	  and	  aceE	  (SO0424)	  

This	  study	  

∆fdh∆atp	   S.	  oneidensis	  with	  an	  in-‐frame	  
deletion	  of	  fdnGHI	  (SO0101-‐0103),	  
fdhABC	  (SO4509-‐4511),	  fdhABC	  
(SO4513-‐4515),	  and	  the	  ATP	  
synthase	  operon	  (SO4746-‐4754)	  

This	  study	  

Table 4.3: Bacterial strains used in this study. 
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Primer	  Name	   Sequence	  (5’	  to	  3’)	  or	  Reference	  

Primers	  for	  ∆0101-‐0103	   	  

0101_Up_F	   CATGactagtAGCGTCGTATCGCGCTGCTC	  

0101_Up_R	   CATGgaattcGTTCATAGCGTTCTCTCACACTTTTG	  

0103_Dn_F	   CATGgaattcCATTAATGAGTCATACAGCCGAGATA

C	  

0103_Dn_R	   CATGgagctcCGGCGAGCAGACTGTCCATC	  

Primers	  for	  ∆4509-‐4511	   	  

4509_Up_F	   CATGactagtTTGCGTCGCCATCCTAGCCTTG	  

4509_Up_R	   CATGgaattcCATCACACACACTCCTCTGGTTAG	  

4511_Dn_F	   CATGgaattcGACTAACTAAAGCGATATGCTAAACC

C	  

4511_Dn_R	   CATGgagctcATGTTGAGCATTTGGTCGCCCAC	  

Primers	  for	  ∆4513-‐4515	   	  

4513_Up_F	   CATGactagtCGTGTCGTGGATTGTCTGCGTG	  

4513_Up_F2	  (for	  deletion	  construct	  to	  

delete	  SO4513-‐4515	  in	  the	  ∆4509-‐4511	  

background)	  

CATGactagtAAAGGCAACTTGCGATGAG	  

4513_Up_R	   CATGctcgagCATCGCTGACTTCTCCTAGATTAG	  

4515_Dn_F	   CATGctcgagGAGTAACATACTCTGATAAAACAAA

ACCTC	  

4515_Dn_R	   CATGgagctcGTGATGATAGTACTAAGTCCGCCTC	  

aceE	  (SO0424)	   (Flynn	  et	  al.,	  2012)	  

ATP	  synthase	  operon	  (SO4746-‐4754)	   (Hunt	  et	  al.,	  2010)	  

Table 4.4: Primers used in this study. 
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Chapter 5 : Hydrogenase Mutants Increase Coulombic Efficiency in 

Shewanella oneidensis Bioreactors 
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Introduction 

Shewanella oneidensis strain MR-1 (hereafter referred to as MR-1) is a facultative 

anaerobe that thrives in redox-stratified environments due to its impressive respiratory 

metabolic diversity (Hau & Gralnick, 2007; Nealson & Scott, 2006). MR-1 is able to 

couple the oxidation of electron donors such as lactate, formate, and hydrogen, to the 

respiration of over 20 organic and inorganic compounds including insoluble metals (Hau 

& Gralnick, 2007; Nealson & Scott, 2006). The process of transferring electrons 

produced during anaerobic metabolism to insoluble terminal electron acceptors is termed 

extracellular respiration and has been well studied in MR-1 (Gralnick & Newman, 2007). 

Electrons generated during anaerobic metabolism by MR-1 are transferred from the 

quinone pool to the inner membrane tetraheme cytochrome CymA, which serves as the 

branch point to various acceptors (Marritt et al., 2012a; Marritt et al., 2012b; Myers & 

Myers, 2000) . During respiration of insoluble terminal electron acceptors, electrons are 

transferred from CymA to the surface of the bacterial cell via a complex of proteins 

collectively termed the metal reduction or Mtr pathway (Beliaev & Saffarini, 1998; 

Coursolle et al., 2010; Hartshorne et al., 2009). At the cell surface, electrons are either 

transferred directly to extracellular compounds by the Mtr complex or to redox-active 

flavins that facilitate electron transfer between the cell and extracellular substrates 

(Brutinel & Gralnick, 2012; Coursolle et al., 2010; Kotloski & Gralnick, 2013; Marsili et 

al., 2008; Okamoto et al., 2013; von Canstein et al., 2008).  
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The ability of MR-1 to couple oxidation of organic carbon and hydrogen to the 

reduction of insoluble metals is not only important in biogeochemical cycling but has 

also led to many promising applications in biotechnology (Fredrickson et al., 2008; Hau 

& Gralnick, 2007). Electrodes within bioelectrochemical reactors can serve as a proxy for 

metals used by MR-1 as terminal electron acceptors (Bretschger et al., 2007; Coursolle et 

al., 2010; Rabaey & Verstraete, 2005). Here, electrons are transferred through the Mtr 

respiratory/flavin pathway to an electrode (the anode) and can be harvested as current or 

used to produce hydrogen at the cathode using microbial fuel or electrolysis cells, 

respectively (Bretschger et al., 2007; Coursolle et al., 2010). Recent work has also shown 

that the Mtr conduit is reversible and hence can enable the uptake of electrons from an 

electrode (Ross et al., 2011). Reversal of electron flow from electrodes into microbial 

cells is currently being studied as a mechanism to drive reductive metabolism and the 

production of high value fuels and chemicals in a process termed electrosynthesis 

(Tremblay & Zhang, 2015).  

Use of MR-1 and other organisms capable of extracellular respiration for the 

aforementioned biotechnology applications requires a clear understanding of the 

efficiency of metabolic turnover and related electron transfer reactions to and from 

electrodes. Coulombic efficiency (CE) relates to anodic electron transfer and is calculated 

as electron equivalents converted to current normalized to electron equivalents released 

during oxidation of the organic donor. CE decreases when electron equivalents are 

transferred to acceptors other than the electrode. For example, current density in MR-1 
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reactors is enhanced by aeration, but CE is greatly diminished due to loss of reducing 

equivalents to oxygen (Rosenbaum et al., 2010). Conversely, in many mixed species 

reactors, CE can approach or even exceed 100% due to cycling of products between the 

cathode and anode (Lee et al., 2009; Lee & Rittmann, 2010). For example, hydrogen 

cycling occurs when hydrogen produced at the cathode is oxidized by bacteria at the 

anode leading to increases in current density not attributable to oxidation of organic 

carbon sources and hence an increase in CE. Hydrogen production and utilization by 

microorganisms, reversible redox processes catalyzed by hydrogenases, can hamper CE 

calculations. Diversion of electron flux away from the anode and towards the reduction of 

protons forming hydrogen decreases CE. Conversely, oxidation of cathode-produced 

hydrogen by anode-respiring bacteria recycles current and artificially increases CE (Lee 

et al., 2009; Lee & Rittmann, 2010). 

The genome of MR-1 contains two hydrogenase gene clusters: hyaABCDEhypF 

hypBCDEA (SO2089-2099) encodes a Group 1 [NiFe] hydrogenase and the hydrogenase 

pleitropy maturation proteins; hydABfdhChydGXEF (SO3920-3926) encodes an [FeFe] 

hydrogenase, maturation proteins, and a formate dehydrogenase gamma subunit 

(Meshulam-Simon et al., 2007). Both hydrogenase large subunits (HyaB and HydA) are 

periplasmically oriented, but are predicted to be bound to the inner membrane through 

association with other proteins encoded in each operon (Vignais & Billoud, 2007). The 

hydrogenase HydA functions primarily in hydrogen formation while HyaB is capable 

both of hydrogen production and uptake and is the dominant hydrogenase in MR-1 
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(Meshulam-Simon et al., 2007). Both hydrogenases are expressed during exponential and 

stationary phase, and hydrogen production has been observed in donor excess cultures 

following depletion of the electron acceptor fumarate (Kreuzer et al., 2014; Meshulam-

Simon et al., 2007). 

Here, we investigate the role of HyaB and HydA in hydrogen metabolism in 

bioelectrochemical reactors as well as current attributable to hydrogen cycling. 

Understanding the impacts of hydrogen metabolism on reactor efficiency and overall 

productivity is imperative for utilizing and engineering MR-1 for applications in 

biotechnology ranging from microbial fuel/electrolysis cells to electrosynthesis. Here, we 

show that deletion of hyaB and hydA in Shewanella results in higher current density and 

CE in single-chamber three-electrode bioreactors by diverting electron flux to the anode 

instead of to hydrogen production.  

Materials and Methods 

Bacterial Strains and Culture Conditions 

Strains and plasmids used in this study are listed in Table 5.1. Shewanella 

oneidensis MR-1 has been described previously (Venkateswaran et al., 1999). 

Escherichia coli strains used for cloning (UQ950) and conjugal transfer (WM3064) were 

maintained on lysogeny broth (LB) agar plates containing 50 µg/mL kanamycin and/or 

250 µM 2,6-diaminopimelic acid as necessary at 37°C and have been described 

previously (Saltikov & Newman, 2003). S. oneidensis strains were maintained on LB 

agar plates at 30°C. Shewanella basal media (SBM) pH 7.2 was used where indicated and 
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contained the following (per liter): 0.225 g K2HPO4, 0.225 g KH2PO4, 0.46 g NaCl, 0.225 

g (NH4)2SO4, 0.117 g MgSO4.7H2O, 5 mL vitamin mix, 5 ml of trace mineral mix, and 

0.05% casamino acids (Hau et al., 2008). For growth assays, S. oneidensis strains were 

grown as follows. S. oneidensis strains were freshly streaked from -80°C glycerol stocks 

on LB plates and incubated for ~ 16 hours at 30°C. Single colonies from these plates 

were used to inoculate 5 mL of liquid LB medium shaken at 250 rpm at 30°C for 8 hours 

and were then sub-cultured into 5 mL of SBM supplemented with 20 mM lactate for ~16 

hours shaken at 250 rpm at 30°C. For growth assays, cultures were washed twice and 

added to SBM containing 20 mM lactate and 40 mM fumarate in tubes sealed with butyl 

rubber stoppers containing an argon headspace.  

Reagents and Materials 

Enzymes were purchased from New England Biolabs (Ipswich, MA). Kits for gel 

purification and plasmid mini preps were purchased from Invitrogen (Carlsbad, CA). All 

related reactions were carried out according to manufacturer instructions. Media 

components were purchased from Becton, Dickinson and Company (Sparks, MD), and 

chemicals including 60% (w/w) sodium DL-lactate syrup and disodium fumarate were 

purchased from Sigma-Aldrich (St. Louis, MO). 

Generation of Deletion Mutants 

Oligonucleotide primers used to amplify regions of the MR-1 chromosome for 

deletion constructs are listed in Table 5.2. Regions of approximately 500 base pairs both 

up and downstream of the target deletion region were amplified using primers hyaB-
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UF/hyaB-UR, hyaB-DF/hyaB-DR, hydA-UF/hydA-UR, and hydA-DF/hydA-DR with 

high fidelity polymerase Pfu Ultra (Agilent Technologies, Santa Clara, CA). Following 

restriction digest, up and downstream fragments were gel purified and cloned into the 

suicide vector pSMV3. Deletion constructs were introduced into MR-1 via conjugal 

transfer using E. coli donor strain WM3064 (Saltikov & Newman, 2003). In-frame gene 

deletions for hydA and hyaB were generated by homologous recombination as described 

previously (Saltikov & Newman, 2003). Plasmid constructs and deletion strains were 

sequence verified using primers hyaB-SP1/hyaB-SP-2 and hydA-SP1/hydA-SP2 at the 

University of Minnesota Genomics Center.  

Fe(III) Citrate Reduction Assay 

Real-time Fe(III) citrate reduction experiments were carried out in 96-well plates 

as previously described with the following modifications (Chan et al., 2015). Briefly, 

strains cultured for 12 hours in anaerobic SBM containing 20 mM lactate and 50 mM 

fumarate were washed and re-suspended in SBM to a final optical density measured at 

600 nm (OD600) of ~0.1. Cells were added to 96-well plates followed by a 10:1 volume of 

buffered solution containing sodium DL-lactate (10 mM), Fe(III) citrate (5 mM), NaCl 

(50 mM),  K2HPO4 (1.3 mM), KH2PO4 (1.7 mM), (NH4)SO4 (1.7 mM), MgSO4 (0.5 

mM), HEPES (100 mM), and FerroZine reagent (2g/L). All preparations and incubations 

were carried out in an OMNI-LAB glove box (Vacuum Atmospheres Company) under a 

nitrogen atmosphere. Fe(II) concentration was assayed at 1 minute intervals at 625 nm 

using a SpectraMax M2 multimode microplate reader (Molecular Devices) over four 
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hours. Fe(II) concentration was calculated using a standard curve generated with ferrous 

sulfate dissolved in 0.5 N hydrochloric acid. 

Bioreactor Construction 

Bio-electrochemical reactors utilized in this study consisted of a 25 mL glass cone 

(Bioanalytical Systems, West Lafayette, IN) sealed by a silicone rubber O-ring-fitted 

PEEK top modified to hold electrodes and a gas line. Anaerobic conditions were 

maintained by flushing reactors with humidified argon purified of impurities using a 

heated copper column (oxygen in headspace kept below 5 ppm). The working electrode 

consisted of a glassy carbon electrode measuring 0.5 cm x 3 cm x 1 mm connected to a 

platinum wire with a Teflon bolt (McMaster Carr). The working electrode was polished 

with 400 grit sandpaper, rinsed in 1 N HCl and cleaned by sonication in deionized water 

twice for 10 min prior to use. The reference consisted of a glass body Ag/AgCl electrode 

in 3M KCl connected to the system via a glass capillary tube filled with 1% agarose in a 

0.1 M KCl solution and capped with a vycor frit. The counter electrode consisted of a 

platinum wire and was shielded using glass tubing where indicated. Bioreactors were 

maintained at 30°C using a water bath and were stirred continuously. Electrochemical 

data was monitored using a 16-channel VMP® potentiostat (Bio-Logic, Claix, France). 

Bioreactor Culture Preparation and Electrochemical Analysis 

For bioreactor assays, single S. oneidensis colonies were used to inoculate LB 

medium incubated at 30°C, 250 rpm for ~16 hours. Strains were then sub-cultured in LB 

supplemented with 20 mM lactate and 40 mM fumarate under an argon headspace. When 
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anaerobic LB cultures reached an OD600 of 0.5-0.6, 1 mL of culture was added to 

bioreactors containing 14 mL of SBM medium containing 50 mM NaCl, 100 mM HEPES 

buffer, 60 mM lactate, and 40 mM fumarate. Following inoculation, the working 

electrode was poised at 0.240V vs SHE (Standard Hydrogen Electrode), and current was 

monitored for ~ 120 hours until current plateaued. Reactors, where indicated, were then 

washed three times with SBM containing 50 mM NaCl but lacking electron donor or 

acceptor and current was monitored until they reached basal levels indicating depletion of 

lactate. SBM containing 50 mM NaCl, 30 mM lactate, 1 µM riboflavin, and a 10 mM 

arabinose (internal HPLC standard) was then added to reactors and current analysis was 

continued for 96 hours. Supernatant was removed every 24 hours for HPLC analysis. 

High Performance Liquid Chromatography 

Metabolites were quantified by HPLC using Shimadzu Scientific equipment 

including an SCL-10A system controller, LC-10AT pump, SIL-10AF auto-injector, 

CTO-10A column oven, RID-10A refractive index detector, and an SPD-10A UV-Vis 

detector (210 nm). Mobile phase consisted of 15 mN H2SO4 set at a flow rate of 0.400 

mL min-1. Injection volumes of 50 µL were separated on an Aminex HPX-87H guard 

column maintained at 46°C. Reactor samples were compared to standard curves 

generated from known concentrations of each metabolite (R2 > 0.99). 

Results 

Three-electrode, single-chamber bioreactors connected to a potentiostat enable 

real-time monitoring of current produced by MR-1 (Baron et al., 2009). In these reactors, 
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MR-1 cultures attach to a graphitic carbon anode, oxidize the provided electron donor, 

and utilize the anode as terminal electron acceptor. Electrons circuited from MR-1 to the 

graphitic carbon electrode are counted by a potentiostat and re-enter bioreactor medium 

through a platinum cathode where they reduce protons forming hydrogen. Efficiency 

calculations in these systems can be hampered by the fact that organisms encoding 

hydrogenases can i) transfer electrons to protons creating hydrogen diverting flux away 

from the anode and ii) can oxidize hydrogen produced at the cathode leading to a 

recycling of current not attributable to carbon source oxidation. To determine the effect 

of hydrogen metabolism on efficiency calculations in single chamber bioreactors, we 

monitored changes in current density for reactors with shielded cathodes and also utilized 

hydrogenase mutants that cannot produce or oxidize hydrogen. 

Shielding the cathode leads to decreased current production in MR-1 single-

chamber three-electrode bioreactors 

 Hydrogen cycling can occur when hydrogen produced by the cathode is oxidized 

by organisms at the anode leading to cycling of electron equivalents not attributable to 

carbon source oxidation (Fig 5.1). Shielding of the cathode, enabling hydrogen to escape 

to the headspace, can eliminate hydrogen cycling (Fig. 5.1). To determine the effect of 

cathode-produced hydrogen in MR-1 reactors, current density was monitored in three-

electrode, single-chamber bioreactors with or without shielded cathodes. Cathodes were 

shielded by covering the platinum wire with glass tubing enabling hydrogen produced at 

the cathode to escape to the headspace due to its low solubility (Fig 5.1) (Lee et al., 
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2009). Maximum current density decreased by ~30% in MR-1 single-chamber 

bioreactors when shielded cathodes were used providing evidence that hydrogen cycling 

may occur in MR-1 reactors (Fig. 5.2).  

 

 

Figure 5.1: Hydrogen cycling occurs when anode-respiring bacteria oxidize hydrogen produced at 
the cathode. Shielding the cathode eliminates hydrogen from entering the medium and prevents 
hydrogen cycling.   
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Figure 5.2: Lower current density is produced in MR-1 in bioreactors when cathodes are shielded. 
Current density over time for MR-1 cultures in single-chamber three-electrode bioreactors containing non-
shielded (green) and shielded (blue) cathodes with reference electrodes poised at 0.24 vs. SHE. 
Representative data from three independent experiments are shown. 
 

Hydrogenase mutants produce higher current density in single-chamber three-

electrode bioreactors  

MR-1 cells at the anode can also produce hydrogen. Electrons produced during 

anaerobic metabolism can either be transported through the Mtr pathway to the anode or 

can be transferred to hydrogenases to reduce protons forming hydrogen. Formation of 

hydrogen by MR-1 at the anode would decrease flux towards the electrode effectively 

decreasing current production per cell. To determine the role of hydrogen metabolism in 

current density and efficiency in single-chamber bioreactors, markerless in-frame 
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deletions were constructed in the regions encoding the large subunits of the two 

hydrogenases in the genome of MR-1 (strain referred to as ∆hydA∆hyaB). Deletion of 

both hydrogenases did not adversely affect growth as ∆hydA∆hyaB grew at the same rate 

and to the same yield as wild-type MR-1 under anaerobic conditions utilizing lactate and 

fumarate (Fig 5.3). MR-1 and ∆hydA∆hyaB also reduced ferric citrate at the same rate 

(13.27 ± 5.63 mM Fe(II) hr-1 OD-1, 13.81 ± 3.27 mM Fe(II) hr-1 OD-1, respectively), 

indicating that deletion of hyaB and hydA did not adversely affect extracellular 

respiration. The aforementioned results suggest no phenotypic difference between MR-1 

and ∆hydA∆hyaB under fumarate and ferric citrate reducing conditions.  

 

Figure 5.3: Growth of MR-1 (blue) and ΔhydAΔhyaB (red) in anoxic SMB supplemented with 20 mM 
lactate and 40 mM fumarate. Data presented are averages from three independent experiments with error 
represented as standard error of the mean (SEM). 
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In contrast to ferric citrate reducing conditions, when MR-1 and ∆hydA∆hyaB 

were grown with lactate in single-chamber, three-electrode bioreactors with shielded 

cathodes, maximum current densities were significantly higher for ∆hydA∆hyaB (~18 

µA/cm2) as compared to MR-1 (~11 µA/cm2) (Fig. 5.4). Following a plateau in current, 

reactor medium was washed three times and was replaced with SBM containing 60 mM 

lactate and 1 μM riboflavin (indicated by black arrow in Fig. 5.4). Following medium 

replacement, ∆hydA∆hyaB reactors continued to sustain higher current densities than 

MR-1 (Fig 5.4). Higher maximum current densities in ∆hydA∆hyaB reactors, as 

compared to MR-1, suggest that hydrogenase mutants divert more electron flux toward 

respiring the anode (Fig 5.4). In contrast, MR-1 cultures divert some electron flux to 

production of hydrogen. Similar results were observed for charge recorded by the 

potentiostat over time for MR-1 and for ∆hydA∆hyaB reactors. Bioreactors containing the 

∆hydA∆hyaB strain recorded more charge over time when lactate was utilized as the 

electron donor as compared to MR-1 reactors (Fig 5.5).  
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Figure 5.4: The ΔhydAΔhyaB mutant produces higher current density than MR-1 in single-chamber 
three-electrode bioreactors with protected cathodes. Current density produced by ΔhydAΔhyaB (red) or 
MR-1 (blue) with lactate as carbon source on graphitic carbon electrodes poised at 0.24 V vs SHE. Reactor 
experiments were performed three times and representative data is shown. 

 

Figure 5.5: More charge is measured for reactors containing ∆hydA∆hyaB (red shades) as compared 
to MR-1 (blue shades). Each line represents measured charge for one of three replicate reactors. Time in 
the x-axis coincides with Figure 5.4, and charge measurements were initiated after the media wash at 120 
hours.  
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We next sought to determine if recorded charge difference were due to faster 

metabolic turnover by the ∆hydA∆hyaB strain. Bioreactor medium samples were 

removed at 24-hour time intervals following inoculation and analyzed by HPLC. 

Consumed lactate is utilized both for biosynthesis and for energy conservation, so to link 

metabolic rate directly to respiration, we monitored the product of lactate oxidation, 

acetate. Acetate production rates were similar in MR-1 (0.038 ± 0.003 mM hr-1) and 

∆hydA∆hyaB (0.043 ± 0.003 mM hr-1) bioreactors indicating that differences in current 

production and charge generation were not due to variances in lactate turnover (Fig 5.6).  

 

Figure 5.6: Rate of acetate production is not significantly different between MR-1 (blue) and 
∆hydA∆hyaB (red) single-chamber three-electrode bioreactors. Data represents acetate concentration 
measured by HPLC in reactor experiments performed in triplicate. Error is represented as SEM. Time in 
the x-axis coincides with Figure 5.4, and acetate concentration was measured every 24 hours after the 
media wash at 120 hours.  
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Hydrogenase mutants increase coulombic efficiency in single-chamber, three-

electrode bioreactors 

Using acetate production rates and current produced over time, we next calculated 

CE for bioreactors containing either MR-1 or ∆hydA∆hyaB cultures. CE was calculated 

as mole equivalents of electrons transferred to the electrode normalized to mole 

equivalents of electrons released during oxidation of lactate to acetate. CE calculated for 

∆hydA∆hyaB reactors containing protected cathodes was significantly higher than MR-1 

reactors with protected cathodes (Fig 5.7). Higher CE in reactors containing the 

∆hydA∆hyaB strain indicates that electron flux was diverted away from hydrogen 

production and towards the anode in hydrogenase mutants. CE measured for MR-1 in 

bioreactors with shielded cathodes was significantly lower than for MR-1 in bioreactors 

with un-shielded cathodes indicating hydrogen cycling by MR-1 (Fig 5.7).  

 



 

 129 

 

Figure 5.7: Hydrogenase mutants increase coulombic efficiency and divert electron flux towards the 
anode in single-chamber three-electrode bioreactors. Coulombic efficiency was measured as mole 
equivalents of electrons transferred to the anode normalized to mole equivalents of electrons produced by 
lactate oxidized to acetate for MR-1 (green) in bioreactors with unshielded cathodes, and MR-1 (blue) and 
∆hydA∆hyaB (red) in reactors with shielded cathodes. Three independent experiments are shown for each 
strain and reactor configuration with error representing SEM.  

 

Discussion 

In order to effectively utilize and engineer S. oneidensis for biotechnology 

applications involving reactors, it is imperative to understand metabolic turnover as well 

as efficiency of electron transfer to and from electrodes. Reported CE calculations for 

MR-1 utilizing a variety of reactor types in the literature range from 1.3-75% (majority 

are between 10-20%) indicating that most of the electrons generated from the oxidation 

of lactate by MR-1 remain unaccounted for (Bretschger et al., 2010; Kirchhofer et al., 

2014; Kouzuma et al., 2012; Newton et al., 2009; Ringeisen et al., 2006; Ringeisen et al., 
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2007; Rosenbaum et al., 2010; Rosenbaum et al., 2011; TerAvest & Angenent, 2014; 

Watson & Logan, 2010; Wu et al., 2013). Low CE in MR-1 reactors is often due to 

transfer of electrons to oxygen, which can leak into reactors or is intentionally sparged 

into the headspace to increase current production (Rosenbaum et al., 2010). Kozuma et 

al. attempted to increase CE by deleting the three terminal oxidases in MR-1, but the 

triple mutant was unable to produce current in reactors possibly due to oxygen toxicity 

(Kozuma et al., 2012). Higher CE (84 ± 7%) has been reported for MR-1 reactors by 

adding the conjugated oligoelectrolyte DSSN+ that is thought to intercalate membranes 

and promote transmembrane ion conductance (Kirchhofer et al., 2014). Here, we report 

CE of 86.2 ± 6.8% for Shewanella single-chamber three-electrode bioreactors by 

eliminating hydrogen cycling and diverting electron flux to the anode through deletion of 

the hydrogenase large subunits, hyaB and hydA, in S. oneidensis (Fig 5.7).  

 Lower current densities produced with shielded versus unshielded cathodes 

provided evidence for hydrogen cycling in MR-1 reactors, but could also have been due 

to inhibition of mass ion transport to shielded cathodes which would lower electron 

transfer rates through reactors (Fig. 5.2). Two additional pieces of data argue against 

mass transport deficiencies i) ∆hydA∆hyaB reactors with shielded cathodes achieve 

higher maximum current densities than MR-1 reactors with unshielded cathodes (Fig. 5.4 

and 5.2) ii) differences in CE measured for MR-1 reactors with and without shielded 

cathodes indicate cycling of electron equivalents (Fig. 5.7).  
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 Deletion of both hydrogenase large subunits in MR-1 increased current density 

and CE simultaneously in single-chamber three-electrode bioreactors (Fig. 5.4 and Fig. 

5.7). The fact that MR-1 produces less current density than ∆hydA∆hyaB (Fig. 5.4) is not 

entirely surprising as MR-1 thrives in a variety of environments precisely because it is a 

respiratory generalist (Hau & Gralnick, 2007; Nealson & Scott, 2006). MR-1 encodes a 

multitude of electron transport pathways to dispose of metabolic electrons enabling it to 

use many terminal electron acceptors, including protons, as they become available. The 

∆hydA∆hyaB mutant effectively shuts down a “leaky” pathway for electron disposal, 

resulting in channeling of electron flux to the anode. Elimination of hydrogenases also 

aids use of ∆hydA∆hyaB for electrosynthesis studies as soluble hydrogenases have been 

shown to sorb to electrodes diverting cathodic electron flux (Deutzmann et al., 2015). 

Overall, the ∆hydA∆hyaB strain provides a powerful chassis strain for further engineering 

of Shewanella for bioreactor applications. 
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Strain or Plasmid                    Characteristics                                    Reference/Source 

S. oneidensis strain MR-1       Wild-type                   Venkateswaran 

                                                                                                         et al (1999) 

∆hydA∆hyaB                           S. oneidensis ΔhydAΔhyaB           This study 

E. coli WM3064                     DAP auxotroph E. coli conjugal            Saltikov and  

                                                donor strain                                            Newman (2003) 

E. coli UQ950   DH5α; cloning strain      Saltikov and 

            Newman (2003) 

pSMV3   9.1 kb suicide vector; oriR6K,               Saltikov and   

                                                mobRP4, sacB, KmR                              Newman (2003) 

 
Table 5.1:Strains used in this study. 
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Primer name            Sequence 

Primers for hydA deletion: 

hydA-UF                                  GCATGGGCCCGCATTATCAATTCACCATAAACCC 

hydA-UR                                   GCATACTAGTATTAATCTTGATCAGCCC 

hydA-DF                                   GCATACTAGTGTGAAATCAGCCTCTGTC 

hydA-DR                                  GCATGAGCTCTTTTGCTAGGCTGTCGTCCTTG 

Primers for hyaB deletion: 

hyaB-UF                                   GCATGGGCCCGTGGCCGTTTTGATGCAG 

hyaB-UR     GCATACTAGTTTTCAGTATGACTTCAATAAC 

hyaB-DF     GCATACTAGTGATGCTGTCAATGCCCTG 

hyaB-DR     GCATGAGCTCATGCGGGTTTCAGAATGG 

Primers for sequence verification: 

hydA-SP1    TTCGACTCTACCTATGAAGCAATTAC 

hydA-SP2    GATGTGCACATCATAGGTTAGCTG 

hyaB-SP1    GTCAGCAAACCCGTGATTAACTTAG 

hyaB-SP2    GATCCAACCTTGTACTAATACATCCGT 
 
 
Table 5.2: Primers used in this study. 
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Chapter 6 : Towards Bioremediation of Methylmercury Using Silica 

Encapsulated Escherichia coli Harboring the mer Operon 
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Summary 

Mercury is a highly toxic heavy metal and the ability of the neurotoxin 

methylmercury to biomagnify in the food chain is a serious concern for both public and 

environmental health globally. Because thousands of tons of mercury are released into 

the environment each year, remediation strategies are urgently needed and prompted this 

study. To facilitate remediation of both organic and inorganic forms of mercury, 

Escherichia coli was engineered to harbor a subset of genes (merRTPAB) from the 

mercury resistance (mer) operon. The strain was then encapsulated in silica beads 

resulting in a biological-based filtration material. Performing encapsulation in aerated 

mineral oil resulted in the production of microbeads that were smooth, spherical, and 

similar in diameter. Following encapsulation, E. coli containing merRTPAB retained the 

ability to degrade methylmercury and performed similarly to non-encapsulated cells. Due 

to the versatility of both the engineered mercury resistant strain and silica bead 

technology, this study provides a strong foundation for use of the resulting biological-

based filtration material for methylmercury remediation. 

Introduction 

Microbial transformation of metals has a large impact on biogeochemical cycles 

and can alter metal distribution and partitioning in the environment. Alterations, such as 

change in redox state and conversion between organic and inorganic states, affect 

solubility and toxicity of metals and hence have great impact on environmental and 

public health (Barkay et al., 2003; Lin et al., 2012). Toxicity of the metal mercury is a 
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particular concern at present because mono-methylmercury (hereafter, methylmercury), 

the most common organic form, is a neurotoxin that biomagnifies in the food chain 

(Tchounwou et al., 2003). Five thousand to 8000 tons of mercury are estimated to be 

emitted into the atmosphere yearly from both human and natural sources, and 

anthropogenic emissions are expected to increase through 2050 (United Nations 

Environment Programme, 2013). Current remediation strategies exist for mercury but are 

prohibitively costly in many environments and other solutions are needed (Wagner-

Dobler, 2013).  

Bioremediation offers a potentially cost-effective and environmentally conscious 

approach to the problem of mercury pollution. An attractive biological-based remediation 

strategy for mercury pollution is utilization of the mercury resistance (mer) operon found 

in bacteria. The mer operon exists in a variety of structures and organizational forms, and 

a few key genes have become the central targets for remediation efforts (Wagner-Dobler, 

2013). Essential to remediation of both organic and inorganic forms of mercury are the 

key enzymes MerB and MerA, respectively. MerB cleaves the C-Hg bond of 

organomercurials through protonolysis resulting in Hg(II) that is then reduced by MerA, 

the mercuric reductase, to volatile Hg(0) (Barkay et al., 2003; Lafrance-Vanasse et al., 

2009). Other genes important to the system include merP and merT that encode for an 

Hg(II) transport system across the periplasm and inner membrane, and merR that encodes 

for the mercury-specific regulator of the operon (Barkay et al., 2003; Brown et al., 2003).  
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Previous bioremediation approaches for mercury have centered on usage of 

bacteria with engineered or naturally occurring mer operons and/or a variety of metal 

binding proteins. Genetic engineering has been used to introduce parts from the mer 

operon into a variety of hosts proposed for use in mercury removal from contaminated 

sites (Brim et al., 2000; Brim et al., 2003; Horn et al., 1994). Other studies have focused 

on engineering bio-sorbent strains utilizing Mer proteins and/or metal binding proteins or 

chelators such as metallothionein and polyphosphate kinase (Bae et al., 2001; Bae et al., 

2003; Chen & Wilson, 1997; Deng & Jia, 2011; Kiyono et al., 2003; Lin et al., 2010; 

Pan-Hou et al., 2002; Ruiz et al., 2011; Sousa et al., 1998). Bio-sorbent strains are limited 

by their metal retention capacity, and because sorption is a passive process, strains must 

be regenerated after reaching saturation. Use of bio-sorbent strains also requires methods 

to separate mercury from biomass for recovery. The only method to date able to recover 

mercury and work at technical scale is the use of natural mer-containing strains of 

Pseudomonas adsorbed to silica pumice granules in packed bed bioreactors (von Canstein 

et al., 1999; Wagner-Dobler et al., 2000). Because adsorbed cells can easily be released 

in effluent water, engineered strains cannot be used with this type of system (Wagner-

Dobler et al., 2000). Also, the formation of biofilm and exopolysaccharide within pumice 

material may limit diffusion in flow-through systems. Here we describe the use of a silica 

gel whole cell encapsulation system to address these challenges.   

Silica encapsulation has previously been used in atrazine bioremediation (Mutlu 

et al., 2013; Reategui et al., 2012), providing protection of the biocatalyst, avoidance of 
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dispersal of organisms, and overall mechanical structure that broadens possible 

engineering applications. Silica gels are formed by condensation or gelation of a 

hydrolyzed silicon alkoxide crosslinker into a solid silica matrix. Following cross-linker 

hydrolysis, cells added during condensation become entrapped within the gel matrix 

(Mutlu et al., 2013). Recent improvements in encapsulation technology have resulted in 

methods retaining cell viability, which is imperative for mercury remediation since 

reduction of Hg(II) by MerA is an NADPH-dependent reaction (Barkay et al., 2003; 

Reategui et al., 2012). Encapsulated cells have been shown to retain high enzymatic 

activity over a period of months (Reategui et al., 2012). Optimization and modeling 

studies are also available to minimize material cost and pressure drop in packed beds 

while maintaining material strength (Mutlu et al., 2015). 

Materials and Methods 

Bacterial Strains and Culture Conditions 

A complete list of strains used in this study can be found Table 6.2. E. coli strain 

MG1655 was kindly provided by Dr. Arkady Khodursky (University of Minnesota). E. 

coli strains UQ950 and WM3064 used for cloning and conjugal transfer have been 

described previously (Saltikov & Newman, 2003). For routine propagation of E. coli, 

single colonies from freshly streaked -80°C stocks were used to inoculate cultures grown 

for 16 hours in Luria Broth (LB) medium supplemented with 50 µg mL-1 kanamycin 

when appropriate. Unless specified otherwise, cultures were grown in LB, shaken 

continuously at 250 rpm, and incubated at 37°C.  
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Reagents and Materials 

Enzymes were purchased from New England Biolabs (Ipswich, MA). Kits for gel 

purification and plasmid mini preps were purchased from Qiagen (Valencia, CA). All 

related reactions were carried out according to manufacturer instructions.  

Media components, including Noble agar, were purchased from Becton, 

Dickinson and Company (Sparks, MD). Chemicals for encapsulation including Ludox 

TM40, TMOS, and Polyethylene Glycol 600 were purchased Sigma-Aldrich (St. Louis, 

MO). Mercuric chloride and methylmercury chloride were purchased from Fisher 

Chemical (Pittsburgh, PA). Due to the toxicity of mercury compounds, all safety 

protocols and operating procedures were reviewed by the Department of Environmental 

Health and Safety at the University of Minnesota.  

Plasmid Construction 

Plasmid pDU1358 was kindly provided by Dr. Anne Summers (University of 

Georgia, Athens) (Griffin et al., 1987). Plasmid pBBRBB has been described previously 

(Vick et al., 2011). Genes merRTPAB were amplified from pDU1358 in two stages to 

enable incorporation in the BioBrick compatible vector pBBRBB. First, a portion of 

merA and merB were amplified using primers merAmut-F (GTCGCGCATGTGAACGG 

CGAGTTCGTGCTGACCACGGGACA) and merB-R (nnACTAGTTCACGGTGTCCT 

AGATGACA) to mutate the internal EcoRI restriction site (bp 1024-1029) within merA. 

The resulting fragment was then gel purified and used to prime the second reaction along 

with primer merR-F (nnTCTAGACTACACCGCGTCGGCACCAC) to amplify 
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merRTPAB. This fragment was digested with XbaI and SpeI, gel purified, and cloned into 

the corresponding sites of pBBRBB generating plasmid pBBRBB::mer. Constructs in the 

pBBRBB backbone were moved into E. coli by conjugal transfer using strain WM3064. 

Zone of Inhibition Plate Assays 

E. coli strains were picked from single colonies into LB medium supplemented 

with 50 µg mL-1 kanamycin. Overnight cultures were diluted 10-fold, and 3 mL was 

added to tryptone medium agar plates (containing per liter: 15 g tryptone, 5 g NaCl, 10 g 

Noble agar, 1 pellet sodium hydroxide). Noble agar was used to limit agar batch 

variability that can confound heavy metal assays. Excess culture was removed after 5 

minutes, a 6 mm paper disc was added to the center of the plate, and 10 µL of a 0.1 M 

HgCl2 stock solution was added to each disc. HgCl2 stock solutions were made fresh for 

each experiment. Plates were incubated at 37°C for 16 hours after which zones of 

inhibition were measured as the diameter of clearing around each disc.  

Encapsulation  

Methods for encapsulation were adapted from previous sol-gel techniques 

(Aukema et al., 2014; Reategui et al., 2012). Hydrolyzed cross-linker was produced by 

mixing TMOS with ultrapure water and 1 M HCl (1:1:0.001 vol/vol/vol) and incubating 

for two hours at room temperature. A solution containing colloidal silica nanoparticles 

(TM40), polyethylene glycol (PEG-600) and phosphate-buffered saline (PBS) was 

prepared prior to encapsulation (2:2:1 vol/vol/vol). Bacteria re-suspended in PBS 

between 0.1-0.2 g mL-1 were then introduced to this solution with a 1:1 volumetric ratio 
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to create a homogenous solution with silica interspersed between cells. Hydrolyzed cross-

linker was then spiked into this solution and immediately transferred into aerated mineral 

oil (800 rpm, 15 min) to provide uniform viscosity throughout emulsification. After 

letting the silica set, beads containing the embedded bacteria were purified by phase-

separation. Beads entered the dH2O phase of the oil-water mixture and were isolated 

using a separatory funnel. Samples were both washed and stored in PBS overnight at 4°C 

prior to methylmercury testing. 

Methylmercury Assays 

Assays were conducted in acid-cleaned Balch tubes (Balch & Wolfe, 1976) 

containing 7 mL LB medium and 1 mg L-1 methylmercury chloride. Using previously 

published viability data for our encapsulation methods, encapsulated cells were 

inoculated at a cell density within an order of magnitude of that of the non-encapsulated 

cells (Reategui et al., 2012). For assays using encapsulated cells, 0.3 g of encapsulation 

material was added to each tube. For assays with non-encapsulated cells, overnight 

cultures were washed in minimal medium and inoculated to an initial optical density 

(OD600) of ~ 0.1. Cultures were incubated at 37°C and shaken at 250 rpm. Samples were 

removed for analysis at times indicated.  

Samples were analyzed for monomethylmercury in the University of Minnesota 

Mercury Analytical Laboratory using EPA method 1630 modified to eliminate sample 

distillation. Samples were placed in acid-cleaned 40 mL I-chem glass vials fitted with 

PTFE/silicone septa and brought to a final volume of 30 mL with distilled deionized 
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water. Samples received 0.225 mL of 2 M pH 4.5 acetate buffer and 0.03 mL of sodium 

tetraethylborate ethylating solution. Monomethylmercury concentrations were 

determined from headspace gas analysis by a Tekran model 2700 Automated 

MethylMercury Analyzer with Hg detection by cold vapor atomic fluorescence 

spectrometry (CVAFS) following capillary gas chromatography and pyrolization of 

ethylated Hg species. 

  Quality Assurance/Quality Control measures included the preparation of a 

calibration curve from 10 ng L-1 and 500 ng L-1 working standards at the start of each run 

of samples and the analysis of control check standards (0.1 and 0.5 ng L-1) every 10 

samples. Recoveries for control check standards averaged 98%, well within acceptable 

values. 

Microscopy 

Samples were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 

7.2) overnight at 4°C, rinsed in 0.1 M sodium cacodylate buffer, then placed in 1% 

osmium tetroxide in 0.1 M sodium cacodylate buffer overnight at 4°C.  Specimens were 

rinsed in ultrapure water (NANOpure Infinity; Barnstead/Thermo Fisher Scientific; 

Waltham, Maryland), dehydrated in an ethanol series, and processed in a critical point 

dryer (Autosamdri-814; Tousimis; Rockville, Maryland).  Material was mounted on 

double-sided adhesive carbon tabs on aluminum stubs, sputter-coated with gold-

palladium, and observed in a scanning electron microscope (S3500N; Hitachi High 

Technologies America, Inc.; Schaumberg, Illinois) at an accelerating voltage of 10 kV. 
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Results 

To develop a bioremediation strategy for both organic and inorganic forms of 

mercury, we began by cloning merRTPAB of the mer operon from pDU1358 (originally 

isolated from Serratia marcescens) into E. coli K12 resulting in strain E. coli 

pBBRBB::mer (Griffin et al., 1987). During amplification, the internal EcoRI restriction 

site in merA was mutated, resulting in a mer cassette compatible with the biobrick vector 

pBBRBB (Vick et al., 2011). Biobrick compatibility creates a plug-and-play vector 

system and facilitates addition of further remediation cassettes. Use of a modular 

approach in plasmid design allows the strain to be tailored to the specific needs of future 

remediation sites. Following construction, zone of inhibition plates were used to assess 

resistance to ionic forms of mercury by engineered strains.  Strains were spread evenly on 

tryptone medium plates containing discs loaded with an HgCl2 solution. Following 

overnight incubation, zones of inhibition were measured as the diameter of clearing 

around discs. E. coli pBBRBB::mer was resistant to ionic mercury as measured zones of 

clearing for E. coli pBBRBB::mer were comparable to the positive control E. coli 

pDU1358 and significantly smaller (p-value = 0.0002) than control strains containing 

empty vector (Table 6.1).  

 

 

 

 



 

 144 

Strain Zone of Inhibition Diameter (mm) 

E. coli pDU1358  16.5 ± 0.3 

E. coli pBBRBB::mer 16.7 ± 0.7 

E. coli pBBRBB 26.5 ± 0.3 

Table 6.1:Filter disc assay for mercury(II) chloride resistance in E. coli. 

 

To use engineered E. coli pBBRBB::mer cells in a filtration system, the cells must 

be fully encapsulated in silica microbeads to prevent release of biological material. Cells 

were mixed with a colloidal silica nanoparticle/PEG solution and then spiked with a 

hydrolyzed silicon alkoxide tetramethyl orthosilicate (TMOS) solution. Transfer of this 

solution to aerated mineral oil enabled encapsulation of cells and resulted in the 

formation of smooth, spherical silica gel microbeads (Fig. 1A). Microbead structures 

were chosen for encapsulation because they increase surface to volume ratio for 

bioremediation efforts and result in a biological-based filtration material that can be used 

in packed bed reactors. Measurement of 20 beads using a Hitachi scanning electron 

microscope indicated an average bead diameter of 210 ± 60 µm. Images also indicated 

that gel porosity was in the nanometer range, which limits mobility of encapsulated cells 

(Fig. 1B). Because of the gel structure and limited space, cellular division is likely also 

inhibited.  

Importantly, no cells were visualized on the surface of beads, and to image 

encapsulated cells, beads had to be crushed. Inside the gels, encapsulated cells appeared 

evenly dispersed within the gel matrix resulting in a highly porous material (Fig. 1B). 
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Encapsulated bacteria were found either as small clusters or as single cells throughout the 

gel. Encapsulated cells also retained normal cellular morphology and dimensions 

characteristic of E. coli (Fig. 1B). Overall, resulting microbeads were within the diameter 

range and bacterial loading capacity shown in previous models to both maximize 

diffusion and maintain mechanical strength in flow-through systems(Mutlu et al., 2015). 

 

 

Figure 6.1:Scanning Electron Microscopy images of encapsulation silica sol gel microbeads 
containing E. coli pBBRBB::mer. A) Representative image depicting the smooth, spherical shape of silica 
microbeads following encapsulation in aerated mineral oil. Scale bar represents 200 μm B) Image of 
engineered E. coli pBBRBB::mer cells within encapsulation beads. Scale bar represents 5 μm. 
 

To assess potential for degradation of methylmercury by E. coli pBBRBB::mer, 

both encapsulated and non-encapsulated cells were incubated in LB medium in the 

presence of 1 mg L-1 methylmercury chloride, which is a concentration 1000-fold greater 

than typically seen in contaminated environments and gold mining tailings ponds and 

thus a stringent test of our approach for methylmercury remediation(Guedron, Cossa, 
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Grimaldi, & Charlet, 2011; Leopold, Foulkes, & Worsfold, 2010). Samples were 

removed at various time points and analyzed for methylmercury concentration using a 

Tekran model 2700 Automated MethylMercury Analyzer with mercury detection by cold 

vapor atomic fluorescence spectrometry (CVAFS). Abiotic encapsulation beads and E. 

coli containing empty vector pBBRBB were included as negative controls.  

 E. coli pBBRBB::mer was efficient at remediation of methylmercury chloride 

prior to encapsulation. Non-encapsulated E. coli pBBRBB::mer was able to remediate 

greater than 99% of methylmercury chloride from solution after only 4 hours of 

incubation (Fig. 2A). The rate constant for degradation of methylmercury chloride by E. 

coli pBBRBB::mer was 0.96 ± 0.07 hr-1 with a measured half-life for methylmercury 

chloride of 0.72 ± 0.07 hours (Fig. 2A). Abiotic samples, as well as tubes containing non-

encapsulated E. coli harboring an empty vector, showed slight decreases in the 

concentration of methylmercury after 24 hours (-0.16 ± 0.05 mg L-1 and -0.20 ± 0.05 mg 

L-1, respectively), and are likely due to photodecomposition of methylmercury (Zhang & 

Hsu-Kim, 2010)(Fig. 2A). Taken together, these results indicate that the dramatically 

enhanced rate of methylmercury chloride degradation by E. coli pBBRBB::mer is due to 

Mer-mediated activity in engineered cells.  

 We next sought to determine if the rate of methylmercury degradation by 

encapsulated E. coli pBBRBB::mer was inhibited since encapsulation is likely to provide 

a diffusion barrier to degradation(Yeom, Mutlu, Aksan, & Wackett, Epub 2015 Jul 17). 

Methylmercury degradation rates were similar between non-encapsulated and 
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encapsulated cells. The rate constant for degradation of methylmercury chloride by 

encapsulated E. coli pBBRBB::mer was 0.87 ± 0.04 hr-1 with a measured half-life for 

methylmercury chloride of 0.80 ± 0.04 hours (Fig. 2B). Over 97% remediation of 

methylmercury chloride was achieved using encapsulated E. coli pBBRBB::mer after 4 

hours of incubation (Fig. 2B). These results suggest that encapsulation did not diminish 

the ability of E. coli pBBRBB::mer to degrade methylmercury.  

 Abiotic encapsulation beads were also incubated in the presence of 

methylmercury chloride to determine if the beads alone absorbed significant amounts of 

this compound. Only small concentrations of methylmercury chloride were absorbed by 

abiotic silica gel beads (-0.27 ± 0.06 mg L-1) as well as beads containing E. coli with the 

empty vector control (-0.20 ± 0.05 mg L-1) after 24 hours (Fig. 2B).  Absorption of 

methylmercury chloride by silica gel beads would aid in remediation efforts but would 

also hamper efforts to capture and potentially recycle elemental mercury using 

incorporated activated charcoal filters in scale-up packed bed reactors.  
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Figure 6.2: Degradation of methylmercury chloride by A) Non-encapsulated (open symbols) and B) 
Encapsulated (closed symbols) E. coli pBBRBB::mer (circles) and E. coli pBBRBB (squares). 
Degradation of methylmercury chloride in abiotic medium (open triangle) and sorption by abiotic beads 
(closed triangle) were included as controls. Data presented is for experiments performed at least in 
triplicate with error bars represented as SEM 
 

Strain Genotype/Characteristics Reference 

E. coli K12 strain MG1655 Wild Type Kindly provided by Dr. 
Arkady Khodursky 
(University of Minnesota) 

E. coli strain UQ950 DH5α host for cloning: F-(argF-
lac)169 80dlacZ58(M15) 
glnV44(AS) rfbD1 gyrA96(NalR) 
recA1 endA1 spoT1 thi-1 hsdR17 
deoR pir+ 

(Saltikov & Newman, 2003) 

E. coli strain WM3064 DAP auxotroph used for 
conjugation: thrB1004 pro thi 
rpsL hsdS lacZM15 RP4- 1360 
(araBAD)567 dapA1341::[erm 
pir(wt)] 

(Saltikov & Newman, 2003) 

Table 6.2: Strains utilized in this study. 

 



 

 149 

Discussion 

Because mercury cannot be transformed into a non-toxic state, remediation efforts 

have focused on conversion of organic and ionic forms to the less toxic elemental form 

Hg(0). Ultimately, the goal of any mercury remediation strategy is to capture the 

elemental form thereby enabling safe disposal and the potential to recycle materials. 

Encapsulation of bacterial cells containing the mer operon provide a possible answer to 

the challenges involved in mercury remediation since encapsulation enables use of 

engineered cells and the filtration material can be incorporated in flow-through systems.  

By incorporating a subset of the mer operon in E. coli and encapsulating cells in 

silica microbeads, a remediation platform targeting both ionic and organic forms of 

mercury was developed. Performing encapsulation in aerated mineral oil resulted in the 

production of smooth, spherical beads that could be incorporated into packed bed reactor 

wastewater treatment facilities (Fig. 1). Encapsulated E. coli pBBRBB::mer performed 

similarly to non-encapsulated cells, and was able to remediate high methylmercury 

concentrations to below detection levels after approximately 4 hours (Fig. 2). 

Encapsulation, by providing protection to the biocatalysts and overall mechanical 

structure, broadens possible engineering applications for the remediation of mercury.  

 Mercury pollution is widespread, and its effects are not limited to areas near the 

source of pollution. Since mercury can travel thousands of miles through the atmosphere 

before being deposited back in the environment, it has become an issue of global concern. 

Remediation methods are needed that can target multiple arenas including industry, 
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mining tailing ponds, and open bodies of water. This study provides a foundation for 

methods to encapsulate mer-containing bacteria in silica sol-gel materials to offer a 

versatile option that can be tailored to various mercury-polluted sites. Further work in this 

area is being targeted at refactoring the mer operon to increase turnover rates, testing 

other genera such as encapsulated Pseudomonas species for the remediation of 

methylmercury, and determination of long-term cell escape rates from beads. 
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Chapter 7 : Conclusions and Future Directions 
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Chapters 2 and 3: 

Experiments conducted in Chapters 2 and 3 highlight the utility of engineered 

laboratory co-cultures as model systems for the study of interspecies interaction and 

cooperation. In Chapter 2, a co-culture was engineered using the bacteria Shewanella 

oneidensis and Geobacter sulfurreducens, both important organisms for a variety of 

applications in biotechnology. In this system, S. oneidensis was engineered to metabolize 

glycerol and secrete acetate via the pGUT2 plasmid enabling commensal cross-feeding as 

acetate provided a carbon source for G. sulfurreducens. In the commensal co-culture, 

complete oxidation of glycerol to carbon dioxide occurred only in the presence of both 

species and was coupled by both to fumarate respiration.  

Deletion of the gene encoding fumarate reductase (fccA) in S. oneidensis pGUT2 

altered the interaction between Shewanella and Geobacter from a commensal relationship 

to an obligate mutualism resulting in a complete shift in metabolic strategy and a novel 

approach to energy generation by the community. Instead of oxidizing glycerol, both 

organisms in the obligate co-culture converted fumarate to malate and subsequently 

utilized malate as a carbon source. Growth linked to malate catabolism in the obligate co-

culture required the presence of both Shewanella and Geobacter. Targeted deletions in 

putative malate-uptake pathways or in acetate production in Shewanella significantly 

inhibited growth rate and yield in obligate co-cultures. Importantly, predicted pathways 

for malate uptake and consumption are not redox-balanced in Shewanella, and the 
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presence of Geobacter to accept reducing equivalents from Shewanella strains may 

explain obligate co-culture growth. 

The transfer of reducing equivalents enabling obligate co-culture growth, a 

process termed interspecies electron transfer, was studied further in Chapter 3. In Chapter 

3, S. oneidensis pGUT2 and G. sulfurreducens were cultured together in single-chamber, 

three-electrode bioreactors containing gold anodes enabling real-time monitoring of co-

culture metabolism. In this system, the supplied carbon source (glycerol) could only be 

metabolized by S. oneidensis pGUT2, while the terminal electron acceptor (gold anode) 

could only be respired by G. sulfurreducens. Current was produced, stemming from 

glycerol oxidation coupled to gold anode respiration, only when S. oneidensis pGUT2 

and G. sulfurreducens were co-cultured because each species required activity mediated 

by the other. S. oneidensis pGUT2 oxidized glycerol and secreted acetate as a carbon 

source for G. sulfurreducens only if G. sulfurreducens accepted reducing equivalents 

from Shewanella and transferred electrons to the gold anode. Targeted gene deletions 

were used to identify pathways enabling interspecies electron transfer between S. 

oneidensis pGUT2 and G. sulfurreducens in bioreactor systems. Deletion of the flavin 

exporter bfe in S. oneidensis pGUT2 significantly decreased current production by S. 

oneidensis ∆bfe pGUT2/G. sulfurreducens co-culture reactors and was restored to levels 

near that of the original obligate co-culture when exogenous flavins were added. The 

model laboratory co-culture of S. oneidensis pGUT2 and G. sulfurreducens enabled 

identification of a new mechanism mediating interspecies electron transfer—transfer via 
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redox-active flavin shuttles. Flavins can be reversibly oxidized and reduced and thus can 

“shuttle” electrons between Shewanella and Geobacter. Flavin-mediated interspecies 

electron transfer may also have important implications in environmental communities as 

many species have been shown recently to secrete flavins. 

The various co-cultures engineered using Shewanella and Geobacter provide 

model laboratory communities consisting of bacteria with well-defined genetic and 

metabolic systems. As such, these co-cultures can serve as chassis communities for 

further engineering. For example, a co-culture of S. oneidensis and G. sulfurreducens 

could be used to expand carbon source utilization in fuel cells or in electrosynthesis 

applications to divide metabolic labor among community members and overcome 

limitations inherent to individual strains.  

Shewanella and Geobacter co-cultures also provide powerful tools to study 

evolution of interaction over time. Further studies are planned or are currently underway 

using Shewanella and Geobacter co-cultures to study how genetic backgrounds and 

metabolism change or affect interaction in communities. Successive transfers of co-

culture communities would enable determination of metabolic change associated with 

each strain due to the presence of the other. Because S. oneidensis and G. sulfurreducens 

were originally isolated from different environments, evolution of interactions can be 

monitored from the initial point of contact. We are also developing genetic tools for co-

cultures. An undergraduate working with me in the laboratory, Rachel Soble, has been 

developing methods combining classical transposon mutagenesis with high-throughput 
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sequencing (Tn-seq) to quantify genetic fitness related to each gene in the chromosomes 

of S. oneidensis and G. sulfurreducens related to co-culture growth. In this method, 

transposon mutant libraries are generated for each species and are pooled to create a 

parent library. Parent libraries are then outgrown both alone and in co-culture, and mutant 

ratios are determined for each condition by sequencing transposon-genomic DNA 

junctions using the Illumina platform. Mutant ratios provide a fitness score relative to 

growth rate under the conditions tested. Tn-seq is a powerful hypothesis-generating tool 

to identify mutations that are beneficial, neutral, or deleterious to growth of a population 

under the conditions tested. Tn-seq will allow us to determine a “fitness score” for each 

gene in S. oneidensis and G. sulfurreducens as they relate to growth in co-culture. Clean 

deletions will then be generated to verify Tn-seq results. Shewanella and Geobacter co-

cultures can also be used to study negative interactions in communities. For example, 

using the commensal co-culture, competitive interactions can be studied by limiting 

concentrations of the shared resource fumarate. One can then study population dynamics 

attributable to limited resources over successive generations. As highlighted here, the 

model laboratory co-cultures of Shewanella and Geobacter have spurred several other 

projects in the laboratory and are allowing us to test multiple hypotheses based on 

interaction in communities. 

Chapter 4: 

Experiments in Chapter 4 demonstrate that anaerobic formate metabolism in S. 

oneidensis generates proton motive force and prevents growth without a terminal electron 
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acceptor. The chromosome of S. oneidensis encodes three complete formate 

dehydrogenase complexes and a putative formate hydrogenlyase, which raised several 

questions as to the role of formate metabolism in Shewanella physiology. One of the 

FDH operons appeared to have arisen due to a gene duplication event, and to look further 

into the history of the region, phylogenetic analysis was conducted. The resulting 

phylogenetic tree indicated that duplication of the FDH region had occurred in a common 

ancestor predating current speciation of the Shewanella genus. Selection for maintenance 

of multiple FDH regions in the majority of Shewanella further indicated importance of 

formate metabolism. Using combinatorial deletions in the FDH regions, we demonstrated 

that formate oxidation contributed to growth rate and yield of S. oneidensis on a variety 

of carbon sources, and that exogenous formate could accelerate S. oneidensis growth on 

sub-optimal carbon sources. The triple FDH mutant alone and in combination an ATPase 

mutant enabled us to demonstrate that formate oxidation and proton pumping by the F-

type ATPase were the main contributors to proton motive force (pmf) in S. oneidensis 

under anaerobic conditions. Formate oxidation leading to translocation of protons 

generating pmf was proposed to occur via a redox loop mechanism with CymA. Future 

work and structural data for FDH and CymA are required to determine coupling sites and 

confirm the redox loop mechanism. Deletion of all three FDH operons also enabled 

growth of S. oneidensis on pyruvate without the addition of a terminal electron acceptor, 

a mode of growth never before observed in S. oneidensis, suggesting that either a 
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feedback mechanism or inability to cycle reducing equivalents prevent fermentative 

growth.   

A brief bioinformatic analysis was also presented in Chapter 4 concerning the 

putative formate hydrogenlyase (FHL) predicted as part of the hyd locus in S. oneidensis. 

FHL complexes catalyze the disproportionation of formate to carbon dioxide and 

hydrogen. Previous research has shown hydrogen production in the presence of formate 

providing evidence for formate hydrogenlyase activity in S. oneidensis (Meshulam-

Simon, Behrens, Choo, & Spormann, 2007). The predicted FHL region encoded by the 

hyd locus is annotated as containing fdhC and hence does not encode the catalytic subunit 

necessary to oxidize formate. Interestingly, locus SO0988 in S. oneidensis is annotated as 

an orphan FDH catalytic subunit and does not encode a TAT pathway signal sequence 

indicating its protein product remains in the cytoplasm (as would be expected for the 

catalytic subunit of FHL). Domain analysis indicated that the N-terminal portion of the 

protein encoded by SO0988 contained multiple Fe-S cluster domains and the C-terminal 

portion was 58% similar at the amino acid level to Fdh-H, the catalytic subunit of the 

Escherichia coli FHL. The protein products of SO0988 and the hyd locus may encode 

FHL in S. oneidensis and warrant further work as this would provide the first evidence 

for an FHL comprised of an [Fe-Fe] hydrogenase and an unknown biochemical pathway 

for hydrogen production from formate.  
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Chapter 5: 

Work performed in Chapter 5 demonstrated the impact of hydrogen metabolism 

on both current production and coulombic efficiency (charge recovery) in S. oneidensis 

bioelectrochemical systems. Hydrogenases catalyze the reversible reduction of protons 

forming hydrogen. The inherent reversibility of hydrogen metabolism poses two 

problems in bioelectrochemical reactors i) transfer of electrons to protons diverts electron 

flux away from the electrode and decreases current production and coulombic efficiency 

ii) oxidation of hydrogen produced at the cathode by anode-respiring bacteria (hydrogen 

cycling) leads to re-circuiting of charge increasing overpotential and required applied 

voltages. Deletion of both hydrogenase large subunits in S. oneidensis (∆hydA∆hyaB) 

increased current density and led to charge recoveries of ~86%, the highest reported for 

S. oneidensis to date. In order to effectively utilize and further engineer Shewanella for 

biotechnology applications, it is imperative to understand metabolic turnover, respiratory 

pathways, and efficiency of electron transfer to and from terminal electron acceptors. 

Hydrogenases presented a “leaky” pathway for electron flux out of Shewanella and 

deletion enabled channeling of flux towards electrodes. We also developed methods to 

shield cathodes and eliminate hydrogen cycling, which may prove useful in reactor 

applications using bacteria that lack genetic systems. 

Chapter 6: 

Work described in Chapter 6 highlighted a project conducted by the 2014 

University of Minnesota iGEM competition team (international Genetically Engineered 
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Machine) focused on mercury bioremediation. Mercury is a potent neurotoxin and 

microbial-catalyzed transformations can alter its distribution in the environment. To 

develop a bioremediation strategy for both organic and ionic forms of mercury, the team 

cloned merRTPAB of the mercury resistance (mer) operon from plasmid pDU1358 

(originally from Serratia marcescens) into E. coli. The engineered E. coli strain was then 

encapsulated using silica sol gel technology developed by Professors Lawrence Wackett 

and Alptekin Aksan from the University of Minnesota. Encapsulating E. coli harboring 

merRTPAB (E. coli pBBRBB::mer) generated a biological-based filtration material for 

use in remediation strategies. Encapsulated E. coli pBBRBB::mer was able to remediate 

methylmercury, degrading 97% from a 1 mg L-1 laboratory sample after 4 hours. E. coli 

pBBRBB::mer and encapsulation methods provide a platform technology for mercury 

remediation. Further studies should be conducted to determine cell viability and 

remediation capacity over time. Also, further engineering of merRTPAB could 

potentially increase turnover rates by the E. coli pBBRBB::mer strain. 
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