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SUMMARY 

 

Dissimilatory metal-reducing bacteria (DMRB) play an important role in the 

biogeochemical cycling of metals.  DMrB are unique in that they possess the ability to 

couple metal reduction with their metabolism.  Microbial Fe(III) respiration is a central 

component of a variety of environmentally important processes, including the 

biogeochemical cycling of iron and carbon in redox stratified water and sediments, the 

bioremediation of radionuclide-contaminated water, the degradation of toxic hazardous 

pollutants, and the generation of electricity in microbial fuel cells.  In addition, microbial 

Fe(III) respiration is postulated to be one of the first respiratory processes to have evolved 

on early earth.  Despite this environmental and evolutionary importance, the molecular 

mechanism of microbial Fe(III) respiration is poorly understood. Current models of the 

molecular mechanism of microbial metal respiration are based on direct enzymatic, Fe(III) 

solubilization, and flavin-based electron shuttling pathways.  Further understanding of the 

mechanism by which DMRB mediate metal reduction will provide further insight into their 

roles in the environment and to the development of applications such as generation of 

electricity via microbial fuel cells and the bioremediation of metal- and radionuclide 

contaminated sites.  Since Fe(III) oxides are solid at circumneutral pH and therefore unable 

to come into direct contact with the microbial inner membrane, these bacteria must utilize 

an alternative strategy for iron reduction.  Reduced organic compounds such as thiols are 

prominent in natural environments where DMRB are found.  These thiol compounds are 

redox reactive and are capable of abiotically reducing Fe(III) oxides at high rates.  These 
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thiol compounds provide an DMRB a suite of external electron shuttles for Fe(III) 

reduction, thereby enabling the bacteria to shuttle electrons to external Fe(III) oxides 

during Fe(III) respiration.   

The main objectives of the thesis research were to i) determine if bacterial cell-

Fe(III) oxide contact and biofilm formation are required for Fe(III) oxide reduction by S. 

oneidensis (Chapter 2), ii) determine if S. oneidensis produces and utilizes Autoinducer-2 

under anaerobic growth conditions as an alternate carbon and electron source (Chapter 3), 

and iii) determine if extracellular thiols produced by S. oneidensis shuttle electrons to 

external Fe(III) and Mn(III,IV) oxides during anaerobic respiration (Chapter 4).   

S. oneidensis wild-type and ΔluxS anaerobic biofilm formation phenotypes were 

assessed under a variety of electron donor-electron acceptor pairs, including lactate or 

formate as the electron donor and fumarate, thiosulfate, or Fe(III) oxide-coated silica 

surfaces as the terminal electron acceptor.   The rates of biofilm formation under the 

aforementioned growth conditions as well as in the presence of exogenous thiol compounds 

indicate that ∆luxS formed biofilms at rates only 5-10% of the wild-type strain, ∆luxS 

displayed a biofilm-deficient mutant phenotype regardless of electron donor (lactate or 

formate), and ∆luxS biofilm formation rates were restored to wild-type levels by addition 

of a variety of exogenous compounds including cysteine, glutathione, homocysteine, 

methionine, serine, and homoserine.  Lastly, cell adsorption isotherm analyses were 

conducted to determine the attachment phenotype of the wild-type and ΔluxS to Fe(III) 

oxide surface.   The results of Chapter 2 indicate that neither biofilm formation nor Fe(III) 

oxide attachment are required for Fe(III) oxide reduction by S. oneidensis, and suggest that 
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electron transport pathways other than direct enzymatic reduction may dominate during 

Fe(III) oxide respiration by S. oneidensis.  

S. oneidensis ∆luxS displays a deficient biofilm phenotype when grown under 

anaerobic growth conditions.  ∆luxS anaerobic biofilm formation rates were restored to 

wild-type levels by addition of exogenous auntoinducer-2 (AI-2).  This discovery led to 

subsequent experiments performed to detect the production of AI-2 by both wild-type and 

∆luxS strains under both aerobic and anaerobic growth conditions as well as the depletion 

of AI-2.  AI-2 production experiments showed that the concentration of AI-2 produced by 

S. oneidensis were equivalent to the Vibrio harveyi negative controls (AI-2- strains).  The 

addition of exogenous AI-2 to both wild-type and ∆luxS resulted in the swift depletion of 

AI-2 from the media. The results of Chapter 3 indicate that S. oneidensis is capable of 

utilizing AI-2 as carbon source that can be taken up and used as a metabolite. 

S. oneidensis produced and secreted a variety of thiol compounds, including 

cysteine, homocysteine, glutathione, and cyteamine when grown under Fe(III)-reducing 

and Mn(III) and Mn(IV)-reducing conditions.  Both reduced and oxidized forms of the 

aforementioned thiol compounds were detected, indicating that the thiols are in a constant 

state of flux between the reduced and oxidized forms and that the concentration of reduced 

thiols to its’ oxidized counterpart is indicative of the state of metal reduction by the 

microorganisms.  The results of Chapter 4 indicate that endogenous thiols produced by S. 

oneidensis when utilizing Fe(III) oxides or Mn (III, IV) oxides as the terminal electron 

acceptor are used as an effective electron shuttles, which ultimately increase the efficiency 

of electron transfer to external metal oxides during anaerobic Fe(III)-, Mn(III)-, and 

Mn(IV)-oxide respiration. 
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The S. oneidensis genome contains genes that comprise the activated methyl cycle 

(AMC) and transsulfurylation pathways (TSP).  The AMC is a metabolic cycle that 

produces the methyl donor S-adenosyl-L-methionine (SAM) and recycles methionine via 

S-adenosyl homocysteine (SAH) and homocysteine.  The TSP is a metabolic pathway 

responsible for the interconversion of cysteine and homocysteine via cystathionine.    In S. 

oneidensis, theses cycles are imperative for the production of thiol compounds, including 

homocysteine, glutathione, and cysteine, that can serve as electron shuttles for Fe(III) oxide 

reduction.  The results indicate that the components of the AMC and TSP of S. oneidensis 

yield extracellular thiols during anaerobic growth on Fe(III) oxides as the terminal electron 

acceptors and these extracellular thiols can also be used as an electron shuttle. 
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CHAPTER 1 

 

INTRODUCTION 

 

 Microbial iron (Fe(III)) respiration is a fundamental component of a variety of 

environmentally important processes, including biogeochemical cycling of iron and 

carbon, bioremediation of radionuclide-contaminated water, and degradation of toxic 

hazardous pollutants (1).  Microbial Fe(III)  reduction also drives the generation of 

electricity in microbial fuel cells (2-5).  Bacterial energy conservation requires generation 

of a proton motive force (PMF) across the inner membrane (IM).  Electrons originating 

from oxidation of electron donors are transported down the redox gradient of an electron 

transport chain to IM- or periplasmic- localized terminal reductases coupled to proton 

translocation across the IM to generate PMF. PMF drives ATP synthesis as protons are 

translocated back into the cytoplasm through IM-localized ATPases, catalyzing the 

phosporylation of ADP to ATP (6).  Fe(III)-respiring bacteria are therefore presented with 

a unique physiological problem: they are required to respire anaerobically on insoluble 

terminal electron acceptors that are unable to contact IM-localized electron transport 

systems (1).  In anaerobic marine and freshwater environments, dissimilatory metal-

reducing bacteria (DMRB) produce energy by coupling the oxidation of molecular 

hydrogen (H2) to the reduction of alternate electron acceptors, such as soluble and insoluble 

forms of Fe(III), Mn(III), and Mn(IV) (1).   

 

Phylogeny of Gammaproteobacteria 
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 The phylum Proteobacteria is composed of gram-negative bacteria that encompass 

a diversity of physiological traits (7, 8).  The predominant gram-negative members of the 

phylum Proteobacteria include phototrophs, heterotrophs, and lithotrophs (9).  

Proteobacteria can be phylogenetically divided into Alpha, Beta, Delta, Epsilon, Gamma, 

and Zeta classes based on comparative analysis of 16S rRNA sequences (7, 9-12).  Within 

the classes that comprise the Proteobacteria phylum, Gammaproteobacteria are more 

closely related to Betaproteobacteria than to any other clases in the phylum (9, 13, 14).  

The Gammaproteobacteria class includes many of the most widely studied model 

organisms, including Escherichia coli, Vibrio, Salmonella, Yersinia, Pseudomonas, and 

Shewanella (8, 9, 13, 15, 16).  In addition, the Gammaproteobacteria are comprised of 

close to 250 genera, which equates to one of the highest numbers of genera within all 

bacteria phyla (16, 17).   

 

Phylogenetic diversity of DMRB 

 Shewanella oneidensis MR-1 and Geobacter sulfurreducens were two of first 

bacterial strains reported to utilize metals, such as iron and manganese, as the sole terminal 

electron acceptor (18, 19).    Further study of DMRB led to identification of DMRB 

throughout the domains Bacteria and Archaea (20, 21).  DMRB have been identified in all 

major classes of Proteobacteria, including the class Alpha (e.g., Acidiphilium 

acidophilum), Beta (e.g., Ferribacterium limneticum and Rhodoferax ferrireducens), Delta 

(e.g., Geobacter sulfurreducens, Pelobacter carbinolicus, Desulfuromonas acetoxidans, 

Desulfovibrio profundus, and Geothermobacter ehrlichii), Epsilon (e.g., Sulfurospirilllum 

barnesii), and Gamma (e.g., Shewanella oneidensis, Aeromonas hydrophila, Pantoea 
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agglomerans SP1, and Ferrimonas balearica) (Figure 1.1).  The most comprehensively 

studied DMRB include facultative anaerobes from the genus Shewanella and obligate 

anaerobes from the genus Geobacter, which belong to Gammaproteobacteria and 

Deltaproteobacteria classes, respectively.  Recent studies involving the metabolism of S. 

oneidensis MR-1, G. sulfurreducens, and some related strains have provided substantial 

insight into the mechanisms of metal respiration utilized by these microorganisms.    

Figure 1.1 Phylogenetic affiliations of microorganisms contributing to iron cycling 

(21). 

Metal-reducing members of the Genus Shewanella 

 S. oneidensis MR-1 is a gram-negative facultative anaerobe, previously known as 

Alteromonas putrefaciens MR-1.  S. oneidensis MR-1 was isolated from anaerobic 
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sediments in a metal-rich Oneida Lake (NY); it was the first microorganisms found to 

produce energy via electron transport chain-linked metal reduction (19).  Most known 

Shewanella species have been isolated from marine environments (22), including the 

tissues of rotting squid and fish, however (22), S. oneidensis MR-1 was isolated from 

freshwater sediments (22).  S. oneidensis MR-1 utilizes a variety of terminal electron 

acceptors, including O2, fumarate, nitrate, nitrite, trimethylamine N-oxide, dimethyl 

sulfoxide, sulfite, thiosulfate, elemental sulfur, and soluble and insoluble transition metals 

such as Fe(III) citrate, Fe(III) oxide, goethite, hematite, Mn(IV) oxide, and Mn(III) (19, 

23-28).  The respiratory versatility displayed by Shewanella enables the microorganism to 

survive in environments with fluctuating redox conditions (29).  Human infections by 

Shewanella species are uncommon, but several infections have been associated with S. 

algae and S. putrefaciens (30).  In the food industry, however, Shewanella species have 

been branded as the microorganisms responsible for food spoilage when fish are stored at 

low temperatures (31-33).   

 

Molecular mechanisms of microbial metal respiration 

          Respiration in gram-negative bacteria is derived from the generation of a proton-

motive force (PMF) across the inner membrane (IM).  Electrons originating from the 

oxidation of electron donors are transported down the redox gradient of an electron 

transport chain to terminal reductases, at the same time proton are translocated across the 

IM to generate PMF.  PMF provides the energy for ATP synthesis as protons are 

translocated back to the cytoplasm via IM-localized ATPases, catalyzing the 

phosphorylation of ADP to ATP (6).  Bacterial terminal reductases for soluble electron 
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acceptors, including O2, nitrate, and fumarate, are localized to the IM or periplasmic space.  

DMRB are unique in that they are required to respire anaerobically on terminal electron 

acceptors found mostly in solid forms that are ostensibly unable to contact IM-localized 

electron transport systems (1).  S. oneidensis employs a variety of novel respiratory 

strategies to overcome the problem of respiring solid Fe(III) oxides including i) direct 

enzymatic reduction via outer membrane (OM) or nanowire-localized metal reductases 

(34-38), ii) Fe(III) chelation (solubilization) pathways in which the solid Fe(III) oxides are 

first non-reductively dissolved by endogenously synthesized organic ligands prior to 

reduction (39), iii) nanowire pathways in which electrically conductive pili (nanowires) 

transfer electrons to external metal oxides (38), and iv) electron shuttling pathways 

mediated by exogenous or endogenous electron shuttling compounds (40-44). 

1.  Direct enzymatic reduction pathways. Direct enzymatic reduction of Fe(III) 

oxides requires OM-localized terminal Fe(III) reductases (Fig. 1.2). S. oneidensis has 

developed extracellular electron transfer strategies that require multiheme c-type 

cytochromes (45).   The S. oneidensis OM proteins involved in terminal steps of the 

electron transfer to insoluble electron acceptors include several decaheme c-type 

cytochromes (MtrC OmcA, MtrA) (37, 45-47) that are a subset of 42 predicted c-type 

cytochromes encoded by the S. oneidensis genome (24).  One of the proposed electron-

transfer pathways to insoluble Fe(III) oxides is through OM-localized decaheme c-type 

cytochromes encoded by the omcA-mtrCAB gene cluster (19, 48-50). Disruption of the 

mtrC or omcA genes does not affect the ability of S. oneidensis to reduce soluble electrons 

acceptors such as nitrate or fumarate, while the mtrC deletion mutant displays 33% less 

Fe(III) reduction activity than the wild type strain. While deletion of omcA does not affect 
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Fe(III) oxide reduction activity, the mtrC-omcA double mutant is severely impaired in 

Fe(III) oxide reduction activity. Thus, MtrC is postulated to be involved in direct electron 

transfer to extracellular Fe(III) oxides (51, 52) or to extracellular electron shuttles which 

then reduce the insoluble Fe(III) oxides (41, 53).   MtrC and OmcA are translocated across 

the periplasm to the OM via a type II protein secretion system (T2SS) (Fig. 1.2) (54).  MtrC 

is hypothesized to bind and transfer electrons to flavins secreted by S. oneidensis as 

electron shuttles to transfer electron to external Fe(III) oxides (55, 56). 

MtrA is located in the S. oneidensis periplasm (34), while MtrC and OmcA are 

translocated across the periplasm to the OM via the type II protein secretion system (Fig. 

1.2) (35).  Amino acid sequence analyses indicate that MtrA displays a high degree of 

similarity to NrfB, a c-type cytochrome involved in formate-dependent nitrite reduction in 

E. coli (34).  MtrA associates in the OM as part of the extracellular electron conduit 

comprised of MtrABC in a 1:1:1 stoichiometry (51).  Purified MtrA and MtrC associate 

with MtrB in proteoliposomes as part of the MtrCAB complex that directs electrons from 

internal reduced methyl viologen to external Fe(III) substrates (51, 57, 58).  MtrB is a 

central component in the metal reduction pathway, and the absence of mtrB gene results in 

a severe loss in respiratory activity for both soluble and insoluble metals (34).    MtrB does 

not contain heme groups and it is proposed to function as a OM anchor that aids in electron 

transport from MtrA in the periplasm to MtrC or OmcA at the cell surface (45). The MtrB 

-barrel may serve as a structural sheath for embedding MtrA and MtrC at the inner and 

outer faces of the OM, thus facilitating electron transfer to external Fe(III) oxides (Fig. 1.2) 

(59, 60).  MtrA and MtrB homologs have been reported in Fe(II)-oxidizing bacteria 

including Rhodopseudomonas palustris, Sideroxydans lithotropicus, and Dechloromonas 
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aromatic (61-63).  The presence of MtrAB homologs across species of Fe(III)-reducing 

and Fe(II)-oxidizing bacteria imply that electron transfer across the OM via the Mtr 

pathway may be bidirectional (64). 

Electron transfer reactions to Fe(III) substrates are exceedingly slow at distances  > 

15 Å (65-67).  Direct enzymatic Fe(III) reduction may therefore require bacterial cell-

Fe(III) oxide surface contact that is enhanced by biofilm formation. Aerobic biofilm 

formation by S. oneidensis is similar to that observed in Pseudomonas aeruginosa and 

Escherichia coli (68-71): After initial cell attachment, microcolonies and small 3-

dimensional (3D) structures are formed.  Total surface coverage is achieved in biofilms 

growing horizontally and vertically, ultimately maturing to 3D mushroom-like protrusions 

and valley-shaped indentations (70).  Previous studies have assessed the impact of both 

genetic and environmental factors on biofilm development, including surface topography 

(72), shear stress (73), temperature, quorum sensing signals (74), and nutrient 

concentration (75, 76).  The impact of these factors on the mechanisms associated with 

biofilm formation is not well characterized(77). In P. aeruginosa and E.coli, biofilm 

formation requires S-ribosylhomocysteinase (LuxS)-catalyzed formation of autoinducer-2 

(AI-2), a quorum-sensing signal that facilitates cell-cell communication between bacteria 

carrying out cell density-dependent activities (78-83). LuxS converts S-

ribosylhomocysteine (SRH) to homocysteine and the AI-2 precursor metabolite 4,5-

dihydroxy-2,3-pentadione, which subsequently undergoes a series of abiotic reactions to 

form AI-2 (84-86).  Although LuxS-dependent S. oneidensis biofilm formation on silica 

surfaces has been examined under aerobic conditions (87), LuxS-dependent biofilm 

formation on Fe(III) oxide surfaces under anaerobic conditions has yet to be examined. 
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Figure 1.2. Working model of the S. oneidensis electron transport chain terminating 

with reduction of external Fe(III) oxides via direct contact mechanism (1, 88). 

 

2. Fe(III) solubilization pathways.  The Fe(III) oxide chelation (solubilization) 

pathway is the least characterized of the Fe(III) oxide reduction pathway. In this pathway 

(Fig. 1.3), S. oneidensis is postulated to secrete organic ligands that subsequently form 

more readily reducible soluble organic-Fe(III) complexes. The resulting soluble organic-

Fe(III) complexes may be reduced at the OM or taken into the cell and reduced by 

periplasmic or IM-localized Fe(III) reductases.  Soluble organic-Fe(III) is detected 

electrochemically in S. oneidensis and S. putrefaciens cultures incubated anaerobically 

with solid Fe(III) oxides (89).  Detection of soluble organic-Fe(III) prior to Fe(II) 

production indicates that soluble organic-Fe(III) is an intermediate in the reduction of solid 

Fe(III) oxides (Fig. 1.3) (1).  Genetic and biochemical analyses have indicated that Fe(III)-

chelating siderophores do not function as Fe(III)-solubilizing ligands during anaerobic 
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Fe(III) oxide  reduction (90).  The identity of the Fe(III)-solubilizing organic ligands and 

the proteins involved in ligand biosynthesis have yet to be identified. 

 
Figure 1.3. Working model of the S. oneidensis electron transport chain terminating 

with reduction of external Fe(III) oxides via Fe(III) solubilization pathways (88). 

 

3. Extracellular electron transfer via nanowires.    S. oneidensis cultures grown 

in rich medium under O2-limiting conditions produce pilus-like external appendages 

known as nanowires, which have been shown to range in size from 50-to-150 nm iin 

diameter and tens of microns in length (91).  Scanning tunneling microscopy (92) analyses 

revealed that nanowires are electrically conductive (93).   The nanowires formed by S. 

oneidensis may facilitate electron transfer from the cell surface to external Fe(III) oxides 

without the need for direct contact between the bacterial cell and the Fe(III) oxide surface.  

Mutants lacking MtrC and OmcA, as well as those lacking a functional Type II protein 
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secretion system, produce poorly conductive nanowires.  Further studies are necessary to 

decipher the roles of MtrC, OmcA, and Type II protein secretion in nanowire architecture 

and conductivity.   

4. Electron shuttling pathways.  S. oneidensis transfers electrons to Fe(III) oxides 

located more than 50 µm (i.e., 50 cell diameters) from the cell surface (94, 95).  Since 

electron transfer reactions are exceedingly slow at distances >15Å (65-67), electron 

transfer to external Fe(III) oxides may be enhanced by exogenous or endogenous electron 

shuttling compounds. S. oneidensis utilizes naturally-occurring humic acids (40, 96, 97), 

phenazines (e.g., pyocyanin) (98), and redox-active antibiotics (e.g., tetracyclines) (98) as 

exogenous electron shuttles to extracellular Fe(III) oxides (40).  Potential endogenous 

electron shuttles produced by Shewanella include menaquinone (42), melanin (43), flavins 

(FMN, FAD, riboflavin) (40, 44), and organic sulfur (thiol) compounds (Fig. 1.3).  The 

ability of these compounds to function as endogenous electron shuttles, however, has 

recently been brought into question.  S. oneidensis was initially postulated to secrete 

menaquinone as an endogenous electron shuttle (42), yet these findings were subsequently 

attributed to inadvertent cell lysis (99).  Melanin is also produced extracellularly by 

Shewanella but only in the presence of high amounts (1g/L) of tyrosine, thus limiting its 

effectiveness as an electron shuttle in natural environments (43, 44).  S. oneidensis also 

produces extracellular flavins under aerobic or anaerobic conditions (100).  Evidence for 

electron shuttling by flavins includes the findings that oxidized flavins are reduced by S. 

oneidensis c-type cytochrome MtrC (44, 100) and that reduced flavins abiotically reduce 

Fe(III) oxides (99).  The rate limiting step in flavin-based electron shuttling is the microbial 

reduction of oxidized flavin, as opposed to the abiotic reduction of Fe(III) oxides by 
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reduced flavin (101). More recent studies with S. oneidensis, however, have demonstrated 

that extracellular flavin remain bound to surface-exposed MtrC (i.e., flavin functions as a 

bound redox co-factor), thus limiting its utility to function as an electron shuttle to external 

Fe(III) oxides (55).  The electron shuttling pathways of S. oneidensis thus remain poorly 

understood. 

Figure 1.4. Working model of the S. oneidensis electron transport chain terminating 

with reduction of external Fe(III) oxides via direct electron shuttling (88). 
 

Shewanella proteins engaged in thiol-based electron shuttling have not been 

identified and the molecular mechanisms of the electron shuttling pathway are subject to 

current debate.  Reduced organic sulfur compounds, such as thiols, are pervasive in both 

freshwater and marine environments.  Thiols have been reported in freshwater (102), 

marine water (103-105), and estuarine and salt marsh porewaters (106-109), with 
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concentrations ranging from nanomolar to micromolar levels (110).  Thiols frequently 

identified in these environments include cysteine, glutathione, mercaptoproionate, 

mercaptoacetate, mercaptosuccinate, mercaptoethanol, and mathanethiol (102, 105, 107, 

110) (Fig. 1.5). 

 

Figure 1.5.  Chemical structure of naturally occurring thiols found in freshwater, 

marine water, and estuarine and salt marsh pore waters. 

 

Thiol compounds have been shown to play an important role in biogeochemical 

processes, and their importance in natural environments has received immense attention 

due to the ability of thiol compounds to form complexes with mercury (110) and copper 

(104, 106, 111).  Naturally occurring thiol compounds found in the environment are 

derived from both biological and abiotic sources.   Mercaptopropionate and methanethiol 

are generated by microbial degradation of dimethylsulfoniopropionate (DMSP) (112, 113).  

The role of DMSP is most often attributed to maintenance of intracellular osmotic balance 

in macro and micro algae (114, 115) and in halophytic plants (114, 116).  Cysteine (CSH) 

and Glutathione (GSH) are prominent intracellular thiols found in my prokaryotic and 
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eukaryotic organism (117); the detection of CSH and GSH in aquatic environments is more 

than likely due to secretion by metabolically active microorganisms or via discharge from 

decaying microorganisms (103, 118).  Mercaptoacetate, mercaptoethanol, and 

mercaptopyruvate are typically generated via microbial degredation of CSH and GSH 

(112).  Thiol compounds also arise abiotically via reactions between sulfide or polysulfide 

and unsaturated organic compounds (119).   

Interestingly, thiol compounds abiotically reduce Fe(III) oxides to form Fe(II) and 

their analogous disulfide (120).   Addition of CSH to anaerobic cultures of Fe(III)-reducing 

bacteria, such as S. oneidensis and G. sulfurreducens, boost Fe(III) oxide reduction activity 

(3, 121).  The abundance of thiols in the environments where Fe(III)-reducing bacteria are 

found, the use of naturally occurring thiols as electron shuttles to Fe(III) oxides may afford 

Fe(III)-reducing bacteria with a competitive advantage in anaerobic, metal-rich 

environments.   

Organic sulfur metabolism in S. oneidensis.   

 Recent findings by our research group indicate that S. oneidensis secretes organic 

sulfur (thiol) compounds extracellularly under anaerobic growth conditions (Fig. 1.6).  

Extracellular thiols were detected at bulk concentrations of approximately 9 µM via 

application of the thiol reactive stain 5,5’-Dithiobis-(2-Nitrobenzoic acid) (DTNB, 

Ellman’s reagent; reduced form produces yellow color in Fig. 1.6) to S. oneidensis cultures 

grown anaerobically on agar or liquid growth media.  The detection of extracellular thiols 

was surprising since thiols are generally involved in a variety of intracellular processes, 

including maintenance of redox homeostasis and proper protein thiol-disulfide ratios, and 

to protect against reactive oxygen (ROS), nitrogen (RNS), and electrophilic (RES) species 
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(122). The dominant intracellular thiols in eukaryotes and gram-negative bacteria include 

cysteine and gluthathione (117, 123). In gram-positive bacteria, glutathione may be 

replaced by alternative thiols such as mycothiol in Actinobacteria (124, 125) and bacilithiol 

in Bacillus (126).  We postulate that determining the composition and identifying the 

metabolic pathways involved in extracellular thiol production may provide clues to their 

function.

 

Figure  1.6.  Thiol production phenotypes of S. oneidensis after anaerobic incubation 

on agar (left panel) and liquid (middle panel) growth medium supplemented with 

fumarate as electron acceptor and 5,5’-Dithiobis-(2-Nitrobenzoic acid) (DTNB; 

Ellman’s Reagent) as thiol-specific stain (yellow color). Extracellular thiol production 

by wild-type S. oneidensis incubated anaerobically with lactate as electron donor and 

fumarate as electron acceptor (right panel).  Data in this figure was provided by Seng 

Kew Wee of the DiChristina laboratory. 

 

Interestingly, LuxS is a component of the activated methyl cycle (AMC) and 

transulfurylation pathways (Fig. 1.7) which metabolize the precursor amino acids serine or 

homoserine to produce a variety of organic sulfur compounds, thiols, and other amino acids 

(e.g., cystathionine, homocysteine, S-adenosyl methionine (SAM), and methionine) many 

of which are critical to intracellular processes in both eukaryotes and prokaryotes (127, 

128).  The S. oneidensis AMC and transsulfurylation pathways are composed of a series of 

enzymatic reactions that ultimately lead to the production of methionine Fig. 1.7) and the 

activated methyl donor SAM (Fig. 1.7).  Methionine synthesis requires the production of 

homocysteine, which is produced via one of three pathways: 1) LuxS-catalyzed hydrolysis 
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of SRH to yield homocysteine (reaction 14, Fig. 1.7), 2) MetC-catalyzed conversion of 

cystathionine to yield homocysteine (reaction 7, Fig. 1.7), and 3) MetY catalyzed formation 

of homocysteine from O-acetyl-L-homoserine (OAHS) and H2S. (Fig. 1.7).  In addition to 

homocysteine biosynthesis, the AMC and Transsulfurylation pathways in S. oneidensis are 

responsible for conversion of homoserine into threonine via homoserine kinase and 

threonine (reactions 1 and 2, Fig. 1.7).  Cysteine is produced from CysK- and CysM-

catalyzed sulfurylation of O-acetyl-L-serine with either H2S or thiosulfate as the S-donor 

(Fig. 1.7). Cysteine is then incorporated into the Transsulfurylation pathway via MetB-

catalyzed addition of cysteine to either O-succinyl-L-homoserine (OSHS) or O-phospho-

L-homoserine (OPHS) to produce cystathionine (Fig. 1.7).    

 In some gram-negative bacteria, (e.g., Vibrio harveyi, E. coli, and Salmonella 

typhimurium), LuxS plays a critical role in producing the quorum sensing signal AI-2 (as 

described above), (78-83), while in other gram-negative bacteria (e.g., Rhodobacter 

sphaeroides and Neptuniibacter caesariensis (127)), LuxS plays a critical role in SRH 

detoxification via LuxS conversion of SRH to 4,5-dihydroxy-2,3-pentadione and 

homocysteine (Fig. 1.7) (127), and subsequent recovery of homocysteine to produce SAM 

(127, 128). 

Thiols are potent chemical reductants of Fe(III), rapidly coupling Fe(III) reduction 

to production of the corresponding disulfide (3).  Cysteine, for example, reduces Fe(III) 

oxides abiotically via electron transfer reactions that produce Fe(II) and cystine  (120).  The 

initial rate and extent of Fe(III) reduction correlate linearly with cysteine concentration (3, 

120).  In previous studies, the addition of cysteine to Fe(III)-reducing S. oneidensis cultures 

increased the rate and extent of Fe(III) reduction by S. oneidensis (129), and the addition 
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of cysteine to S. oneidensis-driven microbial fuel cells increased power generation (4). In 

addition, exogenous cysteine functioned as an electron carrier between Geobacter 

sulfurreducens and Wolinella succinogenes in an acetate-oxidizing, Fe(III)-reducing 

syntrophic co-culture (130).  The detection of extracellular thiols in anaerobic Fe(III)-

reducing S. oneidensis cultures, and the ability of thiols to rapidly reduce Fe(III) oxides 

forms the basis our new hypothesis which incorporates a novel electron shuttling system: 

thiol-driven (abiotic) reduction of external Fe(III) oxides is sustained via catalytic (biotic) 

reduction of the resulting disulfides (Fig. 1.8).   

 

Figure 1.7. Activated Methyl Cycle (AMC) and Transsulfuration pathways predicted by 

BLAST analysis of the S. oneidensis genome. 
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Figure 1.8.  Proposed electron shuttling pathway of S. oneidensis:  thiol (RSH)-driven 

(abiotic) reduction of external Fe(III) oxides is sustained via catalytic (biotic) reduction of the 

resulting disulfides (RSSR). 

 

The main objectives of the thesis research were to i) determine if bacterial cell-

Fe(III) oxide contact and biofilm formation are required for Fe(III) oxide reduction by S. 

oneidensis (Chapter 2), ii) determine if S. oneidensis produces and utilizes Autoinducer-2, 

the universal quorum sensing signal used by other gram negative bacteria including Vibrio 

and E. coli to regulate biofilm formation activity, under anaerobic growth conditions as an 

alternate carbon and electron source for biofilm restoration and respiration on a variety of 

terminal electron acceptors, including thiosulfate, nitrate, fumarate, and ferrihydrite 

(Chapter 3), and iii) determine if extracellular thiols produced by the activated methyl cycle 

and transulfurylation pathway enzymes found in S. oneidensis influence Fe(III) reduction 

by functioning as an shuttle electron to external Fe(III) and Mn(III,IV) oxides during 

anaerobic respiration (Chapter 4).   
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CHAPTER 2 

 

S-Ribosylhomocysteine Lyase (LuxS)-Dependent Biofilm Formation on Fe(III) Oxide 

Surfaces Does Not Enhance Fe(III) Oxide Reduction Activity of Shewanella oneidensis 

 

[Submitted for publication, currently under review] 

 

Summary 

The γ-proteobacterium Shewanella oneidensis respires a variety of terminal 

electron acceptors, including solid Fe(III) oxides.  S. oneidensis transfers electrons to 

Fe(III) oxides via direct (c-type cytochrome) and indirect (electron shuttling and Fe(III) 

solubilization) pathways.  To test the hypothesis that Fe(III) oxide reduction is enhanced 

by formation of anaerobic biofilms on Fe(III) oxide surfaces, the gene encoding the 

activated methyl cycle (AMC) enzyme S-ribosylhomocysteine lyase (LuxS) was deleted 

in-frame from the S. oneidensis genome to generate the corresponding mutant luxS.  

Conventional biofilm assays and visual inspection via confocal laser scanning 

microscopy indicated that wild-type S. oneidensis formed anaerobic biofilms on 

polystyrene and bare and Fe(III) oxide-coated silica surfaces, while luxS was severely 

impaired in anaerobic biofilm formation.  Rates of anaerobic biofilm formation by ∆luxS 

were restored to wild-type levels by addition of AMC and Transsulfurylation pathway 

intermediates involved in organic sulfur metabolism.  Cell-hematite attachment isotherms 

demonstrated that ∆luxS was also impaired in attachment to hematite surfaces under 

anaerobic conditions.  Despite its deficiencies in anaerobic biofilm formation and 
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hematite attachment, ∆luxS retained wild-type Fe(III) oxide and hematite reduction 

activities.  LuxS is therefore required for anaerobic biofilm formation on Fe(III) oxide 

surfaces, yet LuxS-dependent biofilm formation does not enhance Fe(III) oxide reduction 

activity.  
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Introduction 

 Microbial Fe(III) reduction is a fundamental component of a variety of 

environmentally important processes, including the biogeochemical cycling of iron, 

carbon, and other elements, the bioremediation of radionuclide-contaminated waters, and 

the generation of electricity in microbial fuel cells (1-4).  At circumneutral pH, Fe(III) is 

found in a variety of solid forms ranging from amorphous (e.g., ferrihydrite) to highly 

crystalline (e.g., α-Fe2O3, hematite) Fe(III) oxides (5).  Fe(III)-reducing gram-negative 

bacteria, such as the γ–proteobacterium Shewanella oneidensis, are thus presented with 

the physiological problem of transferring electrons to Fe(III) oxides located outside the 

cell (4, 6-8).  S. oneidensis employs a variety of novel respiratory strategies to overcome 

the problem of transferring electrons to external Fe(III) oxides, including i) direct 

enzymatic reduction via c-type cytochromes associated with the extracellular electron 

conduit (EEC) located on the surface or surface extensions of the S. oneidensis outer 

membrane (OM) (9-16), ii) extracellular electron transfer via endogenous or exogenous 

electron shuttling compounds (17-20), and iii) non-reductive Fe(III) solubilization by 

organic ligands to produce more readily reducible soluble organic-Fe(III) complexes (21-

23). 

In marine and freshwater environments, microorganisms are often found as 

surface-attached biofilm communities (24, 25).  The biofilm matrix is composed of 

exopolymeric substances that promote adhesion to surfaces and provide the biofilm 

microbial communities with hydrated microenvironments that enhance metabolic 

activity, potentially including microbial Fe(III) oxide reduction activity (8, 26, 27).  

Under aerobic conditions, S. oneidensis forms biofilms on silica glass surfaces in a 



 30 

manner similar to Pseudomonas aeruginosa and Escherichia coli (24, 25, 28-32).  After 

attachment of individual cells, spatially isolated S. oneidensis microcolonies form, 

followed by fusion of the microcolonies to form small three-dimensional (3D) structures 

that ultimately cover the entire silica surface.  Further horizontal and vertical cell growth 

results in formation of a mature biofilm consisting of mushroom-like protrusions (also 

referred to as cell piles or towers) and valley-shaped indentations (31, 33-35).  Under 

anaerobic (fumarate-reducing) conditions, S. oneidensis forms similar biofilms on silica 

surfaces that actively reduce fumarate during anaerobic biofilm formation, maintenance, 

and stabilization (36).  The formation of anaerobic S. oneidensis biofilms on Fe(III) oxide 

surfaces, and the influence of anaerobic biofilm formation on Fe(III) oxide reduction 

activity, however, has yet to be fully examined.  Previous studies have examined the role 

of S. oneidensis attachment to the surface of hematite particles via hematite attachment 

isotherm experiments, however, little work has been done to examine the role of biofilm 

formation on ferrihydrite and hematite surfaces under anaerobic growth conditions.  For 

example, the S. oneidensis ΔSO3800 (outer-membrane associated serine protease) mutant 

was shown to display an adhesion deficient phenotype to hematite via hematite 

adsorption isotherm experiments (37).  Despite the inability of ΔSO3800 to adhere to 

hematite surfaces, they retained the ability to reduce all anaerobic electron acceptors, 

including ferrihydrite (37).   The mechanism through which SO3800  initiates adhesion of 

S. oneidensis to the surfaces of Fe(III) oxides is not fully known, but could include a 

direct contact mechanism in which an electrostatic charge or Fe(III) binding motif 

initiates the adhesion to hematite surfaces or the adhesion could occur via indirect 

mechanisms in which SO3800 protease activity remodels the cell surface (i.e. excess EPS 
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removel) of S. oneidensis to facilitate binding to the oxide surfaces (37).   Furthermore, 

SO3800 lacks a Thr-Pro-Thr motif which indicates any type of direct Fe(III)-binding 

motif in SO3800 must be different than predicted for MtrC (37).  It is more likely that an 

indirect mechanism influences SO3800 ability to facilitate adhesion to Fe(III) oxide 

surfaces based on observed evidence, including decrease in cell surface charge, increase 

in electrophoretic softness, and increase in capsular exopolysaccharide (EPS) in the 

ΔSO3800 compared to wild-type.  It is possible that the SO3800-controlled removal of 

EPS could enable surface-exposed MtrC and OmcA to adhere directly to and transfer 

electron to hematite surfaces (37).       

 The activated methyl cycle (AMC) enzyme S-ribosylhomocysteine lyase (LuxS; 

Fig. 2.1) is required for S. oneidensis biofilm formation under aerobic conditions (35, 38, 

39).  In the early stages of aerobic biofilm formation, S. oneidensis wild-type cells form 

microcolonies and aggregated cell clusters on silica surfaces, while S. oneidensis mutants 

lacking LuxS (luxS) form a monolayer of unevenly distributed (patchy) single cells (31, 

35).  In the latter stages of aerobic biofilm development, wild-type S. oneidensis 

continues to form larger 3D structures, while the luxS mutant remains as a monolayer of 

patchy single cells (33, 35).  Although LuxS enzymatically converts S-

ribosylhomocysteine (SRH) to homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD; 

the metabolic precursor of the quorum sensing signal autoinducer-2 (AI-2); Fig. 2.1), the 

aerobic biofilm formation-deficiencies displayed by S. oneidensis luxS are not caused 

by disruption of AI-2-mediated quorum sensing, but rather by build of toxic AMC 

intermediates that are otherwise metabolized to sub-toxic levels by the wild-type strain 

(25, 33, 35).  The involvement of S. oneidensis LuxS in formation of anaerobic biofilms 
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on Fe(III) oxide surfaces and the influence of LuxS-mediated anaerobic biofilm 

formation on Fe(III) oxide reduction activity have yet to be investigated. 

The main objective of the present study was to test the hypothesis that Fe(III) 

oxide reduction by S. oneidensis is enhanced by anaerobic biofilm formation on Fe(III) 

oxide surfaces.  The experimental strategy to test the hypothesis included i) generation of 

a S. oneidensis ∆luxS mutant strain via in-frame gene deletion mutagenesis, ii) visual 

inspection and quantification of luxS anaerobic biofilm formation rates on polystyrene 

and bare and Fe(III) oxide-coated silica surfaces,  iii) quantification of the ability of 

luxS to attach to hematite surfaces under anaerobic conditions, and iv) determination of 

the Fe(III) oxide reduction activity of ∆luxS on Fe(III) oxide-coated silica surfaces and in 

batch cultures with Fe(III) oxide or hematite as electron acceptor. 

 

Materials and Methods 

 

Bacterial strains and cultivation conditions.  The bacterial strains and plasmids used in 

this study are listed in Supplementary Information, Table S4.  For genetic manipulations, 

S. oneidensis was cultured at 30°C in Luria-Bertani (LB) medium.  For anaerobic growth 

experiments, cells were grown in M1 minimal medium (40) supplemented with lactate 

(18 mM), formate (18 mM), or hydrogen (anaerobic gas mixture consisting of 5% H2, 

10% CO2, 85% N2) as electron donor.  When hydrogen was used as the electron donor, 

incubations were conducted inside an anaerobic chamber with no additional electron 

donors present in the anaerobic gas mix or media.  Electron acceptors were added from 

anaerobic stock solutions synthesized as previously described (41-45): Fe(III) citrate (50 

mM), ferrihydrite (10 mM), hematite (10 mM), fumarate (10 mM), NO3
- (15 mM), NO2

- 
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(2 mM), TMAO (25 mM), and S2O3
2- (10 mM).  When required, gentamicin (Gm) was 

added at a final concentration of 15 μg ml-1.  For growth of Escherichia coli β2155 λ pir, 

diaminopimelate (DAP) was added at a final concentration of 100 μg ml-1.  Aerobic 

growth was monitored spectrophotometrically by measuring changes in absorbance at 

600 nm (A600).  

 

Nucleotide and amino acid sequence analyses.  Genome sequence data for S. 

oneidensis MR-1 was obtained from the National Center for Biotechnology Information 

(NCBI, http://www.ncbi.nlm.nih.gov) and the Department of Energy Joint Genome 

Institute (DOE-JGI, http://jgi.doe.gov).  AMC and Transsulfurylation pathway homologs 

in the NCBI databases were identified via BLAST analysis (46) using the corresponding 

S. oneidensis enzymes as the search queries.   

 

In-frame gene deletion mutagenesis and genetic complementation analysis.  The gene 

encoding LuxS (SO_1101) was deleted in-frame from the S. oneidensis genome via 

previously described procedures (Table 2.4) (47).  The primers used for construction of 

ΔluxS are listed in Table 2.5.  Regions corresponding to approximately 750 bp upstream 

and downstream of each open reading frame (ORF) were PCR-amplified with primers D1 

and D2 for the upstream region and D3 and D4 for the downstream region with iProof 

ultrahigh-fidelity polymerase (Bio-Rad, Hercules, CA), generating fragments F1 and F2, 

which were fused by overlap extension PCR to generate fragment F3.  Fragment F3 was 

cloned into pKO2.0 (containing sacB) with BamHI and SalI restriction endonucleases to 

generate recombinant plasmid pKO2.0-F3, which was electroporated into E. coli strain 
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β2155 λ pir.  pKO2.0-F3 was mobilized into recipient S. oneidensis wild-type cells via 

conjugal transfer from E. coli donor strain β2155 λ pir.  S. oneidensis recipient strains 

containing the plasmid integrated into the genome were selected on LB agar medium 

supplemented with 15 μg ml-1 Gm.  Single plasmid integrants were identified via PCR 

with primers D1-DTR and D4-DTF that flank the targeted recombination region.  

Plasmids were resolved from the genomes of the single integrants by plating on LB agar 

medium containing sucrose (10% w/v).  Following counter selection on sucrose-

containing LB agar medium, the corresponding in-frame deletion mutant (designated 

strain ΔluxS) was isolated and confirmed via PCR amplification and direct DNA 

sequencing (University of Nevada, Reno Genomics Facility).  Genetic complementation 

of ΔluxS was carried out by cloning wild-type luxS into broad-host-range cloning vector 

pBBR1MCS (48) and conjugally transferring the recombinant vector into ΔluxS via bi-

parental mating procedures (16).   

 

Visual inspection of anaerobic biofilm formation on bare and Fe(III) oxide-coated 

silica surfaces via confocal laser scanning microscopy (CLSM).  S. oneidensis wild-

type and luxS mutant strains were incubated anaerobically on bare and Fe(III) oxide-

coated silica surfaces and biofilm formation was visualized via CLSM.  Biofilm 

formation experiments (to be used for CLSM imaging) were inoculated using S. 

oneidensis MR-1 or ΔluxS grown in LB media at 30˚C to OD600 1.0.  12 mL of the 

aforementioned culture was added to bare silica surfaces or Fe(III) oxide-coated silica 

surfaces in sterile petri dishes.  The slides were incubated at 30˚C for 45 min.  Next, the 

slides were transferred to fresh media and placed in an anaerobic chamber.  M1 minimal 
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growth medium supplemented with either lactate or formate as the electron donor and 

containing the previously prepared bare and Fe(III) oxide-coated silica slides.  Fumarate 

or thiosulfate was used as the terminal electron acceptor for biofilms grown on bare silica 

and Fe(III) oxides were used as the electron acceptor for biofilms grown on Fe(III) oxide-

coated silica slides.  Strains were incubated anaerobically for 48 h at 25˚C in M1 minimal 

growth medium containing the previously prepared bare silica surfaces. At pre-

determined time points, replicate silica slides were sacrificed for CLSM imaging and 

determination of electron acceptor reduction activity.  At pre-determined time points, 

replicate silica slides were sacrificed for CLSM imaging and analysis of Fe(III) oxide 

reduction activity.    

To prepare the Fe(III) oxide-coated silica surfaces, silica glass microscope slides were 

washed with 30% (w/v) hydrogen peroxide (H2O2) and subsequently etched by washing 

with 5 M NaOH (49, 50).  The etched silica surfaces were coated with Fe(III) oxides by 

slowly oxidizing a 1 M FeSO4 solution with 30% (w/v) H2O2.  The microscope slides 

were heated to 100ºC to fix the Fe(III) oxide coating to the silica surface and then cleaned 

via sonication (49, 50).  Strains were incubated anaerobically inside an anaerobic 

chamber for 48 h at 25˚C in M1 minimal growth medium supplemented with either 

lactate or formate as the electron donor and containing the previously prepared bare and 

Fe(III) oxide-coated silica slides.  At pre-determined time points, replicate silica slides 

were sacrificed for CLSM imaging and analysis of Fe(III) oxide reduction activity.   

Fe(II) production by S. oneidensis incubated on the Fe(III) oxide-coated silica 

slides was monitored by measurement of HCl-extractable Fe(II) via the Ferrozine method 

(51).  Fe(II) production by S. oneidensis on Fe(III) oxide-coated surfaces was measured 
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under two separate conditions, the first conditions ensured planktonic cells remained  

unperturbed and the second conditions required the planktonic cells to be decanted every 

12 hours in order to identify the impact of cells adhered to the Fe(III) oxide-coated silica 

surfaces and the planktonic cells on Fe(III) reduction activity. 

For CLSM imaging, the bare and Fe(III) oxide-coated silica slides were washed 

with sterile, anaerobic PBS buffer (NaCl (8 g l-1), KCl (0.2 g l-1), Na2HPO4 (1.44 g l-1), 

KH2PO4 (0.24 g l-1, pH 7) and attached cells were fixed with 4% paraformaldehyde.  The 

fixed cells were stained with 0.1% (w/v) anaerobic acridine orange solution for 20 min 

and then washed with anaerobic PBS buffer for 10 min prior to examination of biofilm 

structure via CLSM.  CLSM imaging was carried out with a Zeiss 510 Vis system 

comprised of a Zeiss Axio Observer inverted microscope and an argon laser source with 

excitation wavelengths of 453, 477, 488, and 514 nm.  3D digitized images were 

generated with Zeiss Zen 2009 software (Carl Zeiss Microscopy, Inc.). 

 

Quantification of the rates of aerobic and anaerobic biofilm formation.  Rates of 

aerobic and anaerobic biofilm formation by S. oneidensis wild-type and luxS mutant 

strains were determined by conventional biofilm assays in polystyrene microtiter plates 

(33, 52, 53).  Washed cell suspensions were inoculated at initial cell densities of 1.0 × 107 

cells ml-1 in the individual wells of microtiter plates in M1 minimal growth medium 

supplemented with lactate (18 mM), formate (18 mM), or H2 (anaerobic gas mixture 

consisting of 5% H2, 10% CO2, 85% N2) as electron donor.  Fumarate and S2O3
2- (10 mM 

final concentration) were added as electron acceptors from anaerobic, filter-sterilized 

stocks, and the microtiter plates were incubated at 30˚C.  Anaerobic biofilm experiments 
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were incubated inside an anaerobic chamber for the duration of the experiment.  Cells 

adhered to the polystyrene walls of the microtiter plates were measured via staining with 

0.01% (v/v) crystal violet (CV).  After removal of the unattached cells remaining in the 

well solution, the well walls were washed twice with deionized water to remove any 

excess CV and any remaining planktonic cells.  Acetic acid (33%, v/v) was then added to 

each well to solubilize the cell wall-associated CV for 10 min.  The addition of acetic 

acid ensures cell material does not remain adhered to the polystyrene walls thereby 

preventing interference/scattering of light at 550nm.  The total number of attached 

bacterial cells was determined by measuring absorbance at 550 nm (A550) with a 

microtiter plate (BioTek Synergy HT Multidetection Microplate Reader).  To rescue the 

anaerobic biofilm formation-deficiencies displayed by luxS, a suite of AMC and 

Transsulfurylation pathway intermediates involved in organic sulfur metabolism were 

added at final concentrations of 150-300 µM to M1 minimal medium and biofilm 

formation rates were determined via the CV-based biofilm assay described above.  The 

AMC and Transsulfurylation pathway intermediates included cystine, cysteine, oxidized 

and reduced glutathione, homocysteine, methionine, serine, and homoserine (39, 54, 55).  

The amino acids alanine and lysine were added as control metabolites not involved in 

organic sulfur metabolism. 

 

Quantification of S. oneidensis wild-type and ΔluxS mutant cell attachment to 

hematite surfaces via adsorption isotherm analyses.  S. oneidensis wild-type and 

ΔluxS mutant strains were tested for the ability to attach to hematite surfaces via 

adsorption isotherm experiments as previously described for S. oneidensis serine protease 
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mutant ΔSO3800 (37).  S. oneidensis wild-type and ΔluxS mutant strains were grown 

anaerobically to late-log phase in M1 minimal medium with lactate (18 mM) as electron 

donor and fumarate (10 mM) as electron acceptor, harvested via centrifugation, and 

washed and resuspended in anaerobic 50 mM KCl buffer (pH 7) to a final cell 

concentration of 1.8 × 108 cells ml-1.  The cell suspensions were incubated anaerobically 

in the presence of 2 mg ml hematite for 2 h to reach pre-determined equilibria (37).  

Hematite stock solutions were prepared by washing and resuspending 1 g of hematite in 

10 ml of anaerobic 50 mM KCl buffer (pH 7).  To determine the number of cells attached 

to the hematite surfaces, samples were removed from the anaerobic incubations at pre-

selected time intervals and gently centrifuged at 800 × g to remove the hematite particles 

and hematite-bound cells.  The concentration of cells remaining in solution was measured 

by A600, and the number of cells attaching to the hematite surfaces was calculated by 

subtracting the concentration of cells remaining in the cell suspension supplemented with 

hematite from an otherwise identical control suspensions with hematite omitted (37). 

 

Determination of the overall anaerobic respiratory capability of ΔluxS in batch 

cultures.  S. oneidensis wild-type and ΔluxS mutant strains were grown anaerobically 

(initial inoculum of 1.0 × 107 cells ml-1) in M1 minimal medium supplemented with 

either lactate (18 mM), formate (15 mM), or H2 (anaerobic gas mixture consisting of 5% 

H2, 10% CO2, 85% N2) as electron donor and either Fe(III)-citrate (50 mM), ferrihydrite 

(10 mM), or hematite (10 mM) as electron acceptor.  Fe(II) production was monitored by 

measurement of HCl-extractable Fe(II) via the Ferrozine method (51). ΔluxS was also 

tested for the ability to respire anaerobically on a suite of five additional electron 
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acceptors, including Mn(III) pyrophosphate, Mn(IV) oxide, TMAO, fumarate, NO3
-, 

NO2
-, and S2O3

2-.   Mn(III) pyrophosphate was measured colorimetrically as previously 

described (56).  Mn(IV) reduction was measured spectrophotometrically after reaction 

with benzidine as previously described (41).  Growth on TMAO and fumarate was 

monitored by A600 measurements.  NO2
- was measured (for both NO3

- and NO2
- reduction 

experiments) spectrophotometrically with sulfinilic acid-N-1-naphthyl-ethylene-diamine 

dihydrochloride solution (57).  NO3
- reduction (i.e. NO2

- production) is measured as the 

increase in NO2
- production over time; NO2

- reduction (i.e.  NO2
- depletion) is measured 

as a decrease in NO2
- over time.  S2O3

2- concentration was measured by cyanolysis as 

previously described (47, 58).  Under S2O3
2- reducing conditions, the decrease in S2O3

2- 

concentration is measured over time.  Rates for aerobic growth and anaerobic respiration 

were measured in the linear range observed during aerobic growth activity or anaerobic 

reduction activity. 

 

Results 

 

Identification of the AMC and Transsulfurylation pathway enzymes via BLASTp 

analyses.  The genes encoding putative AMC and Transulfurylation pathway enzymes 

were identified in the S. oneidensis genome via BLASTp analyses.  Homologs with high 

amino acid sequence similarity (94-100%), sequence identity (57-88%), and e-values (e-

100-0.0) of the complete AMC and nearly complete Transsulfurylation pathway enzymes 

were identified in the S. oneidensis genome (Table 2.1, Fig. 2.1).  The complete AMC 

pathway included SO_1101, a LuxS homolog which displayed 100% sequence similarity, 
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82% sequence identity, and a strong e-value (e-100) to the LuxS homolog of Vibrio 

parahaemolyticus (Table 2.1).  Cystathionine β-synthase (CBS) and cystathionine γ-lyase 

(CGL) were the only Transsulfurylation pathway enzymes missing from the S. oneidensis 

genome, potentially indicating that the Transsulfurylation pathway is dedicated to 

operating in the forward direction to produce homocysteine with cysteine and O-

succinyl-L-homoserine as substrates and cystathionine as intermediate (and not operating 

in the reverse direction to produce cysteine and α-ketobutyrate with homocysteine as 

substrate and cystathionine as intermediate) (Table 2.1, Fig 2.1). 

 

Visual inspection of anaerobic biofilm formation on bare and Fe(III) oxide-coated 

silica surfaces.  Confocal laser scanning microscopy (CLSM) image analyses indicated 

that S. oneidensis wild-type and ∆luxS mutant strains displayed widely varying biofilm 

architectures during anaerobic growth on bare (Figs. 2.2A-B; fumarate- or thiosulfate 

(S2O3
2-)-amended) and Fe(III) oxide-coated (Fig. 2.2C) silica surfaces.  With lactate as 

electron donor, S. oneidensis wild-type and ∆luxS+luxS strains (top and bottom row of 

images, respectively) formed microcolonies that subsequently developed into larger 3D 

structures until the bare and Fe(III) oxide-coated silica surfaces were completely covered 

with mushroom-like protrusions (cell piles or towers) after a 48 h anaerobic incubation 

period with lactate as electron donor.  The ∆luxS mutant cells (Fig. 2.2, middle row of 

images), on the other hand, were severely impaired in anaerobic biofilm formation during 

the 48 h incubation period with lactate as electron donor, with patches of both the bare 

and Fe(III) oxide-coated silica surfaces remaining uncovered.  Compared to the S. 

oneidensis wild-type and ∆luxS+luxS strains, ∆luxS was also severely impaired in 
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anaerobic biofilm formation on both bare and Fe(III) oxide-coated silica surfaces with 

formate replacing lactate as electron donor (Supporting Information, Fig. 2.S2). 

 

Fe(III) reduction activity of S. oneidensis wild-type and ∆luxS mutant strains on 

Fe(III) oxide-coated silica surfaces.  Under anaerobic growth conditions with H2 and 

lactate as electron donors, S. oneidensis wild-type and ∆luxS mutant strains reduced the 

Fe(III) oxides coated on the silica surfaces at nearly identical rates (Fig. 2.3A): The wild-

type strain reduced the Fe(III) oxides coated on the silica surfaces at a rate of 38 (± 9) µM 

hr-1, while ∆luxS reduced the Fe(III) oxides coated on the silica surfaces at a rate of 37 (± 

7) µM hr-1.  Under anaerobic growth conditions with H2 and formate as electron donors, 

S. oneidensis WT and ∆luxS reduced the Fe(III) oxides coated on the silica surfaces at 

nearly identical rates (Fig. 2.3A): The wild-type strain reduced the Fe(III) oxides coated 

on the silica surfaces at a rate of 24 (± 6) µM hr-1, while ∆luxS reduced the Fe(III) oxides 

coated on the silica surfaces at a rate of 23 (± 5) µM hr-1.  Under anaerobic growth 

conditions with H2 as electron donor, S. oneidensis WT and ∆luxS reduced the Fe(III) 

oxides coated on the silica surfaces at nearly identical rates (Fig. 2.3A): The wild-type 

strain reduced the Fe(III) oxides coated on the silica surfaces at a rate of 26 (± 2) µM hr-1, 

while ∆luxS reduced the Fe(III) oxides coated on the silica surfaces at a rate of 26 (± 3) 

µM hr-1. For the these specific experiments, the rates of Fe(III) reduction were calculated 

by dividing the final Fe(II) concentration by the total incubation time.  Results of the 

decanting experiment shows that during the first 12 hours of reduction, cells in direct 

contact to the Fe(III) oxide-coated silica surfaces are important to Fe(III) reduction, 

however, after 12 hours planktonic cells dominate Fe(III) reduction pathways (Fig. 2.3B).     
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Rates of aerobic and anaerobic biofilm formation on polystyrene surfaces.  Rates of 

aerobic and anaerobic biofilm formation on polystyrene surfaces were determined using 

conventional CV-based biofilm assays in polystyrene microtiter plates.  Under aerobic 

conditions with lactate or formate as electron donor, the rates of biofilm formation by 

∆luxS were approximately half (47-63%) of the corresponding wild-type rates of biofilm 

formation (wild-type A550 increase of 0.056 hr-1 with lactate, and 0.008 hr-1 with formate; 

Table 2.2, Supporting Information, Fig. 2.S2).  However, under anaerobic conditions with 

lactate or formate as electron donor, ∆luxS biofilm formation rates ranged from 10-13% 

of the wild-type rate with S2O3
2- as electron acceptor (wild-type A550 increase of 0.017 hr-

1 with lactate and 0.010 hr-1 with formate) and from 6-23% of the wild-type rate with 

fumarate as electron acceptor (wild-type A550 increase of 0.004 hr-1 with lactate and 0.003 

hr-1 with formate; Fig. 2.4A, Table 2.2). 

Regardless of electron donor (lactate and formate) or electron acceptor (S2O3
2- and 

fumarate), the rates of anaerobic biofilm formation by ∆luxS were restored to near wild-

type levels by addition of either cysteine (99-106% of wild-type rates), cystine (91-

117%), oxidized glutathione (99-105%), reduced glutathione (80-108%), homocysteine 

(76-86%), methionine (108-125%), serine (105-123%), or homoserine (103-115% ) 

(Figs. 2.4B-C, Supporting Information, Table 2.S3).  Rates of anaerobic biofilm 

formation by ∆luxS, on the other hand, remained at mutant levels (7-15% of wild-type 

rates) after addition of alanine or lysine (Figs. 2.4B-C, Table 2.3). 

 

S. oneidensis cell-hematite attachment isotherms.  To determine the ability of S. 

oneidensis wild-type and ΔluxS mutant strains to attach to hematite surfaces, a series of 
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bacterial cell-hematite adsorption isotherm analyses were carried out.  Under anaerobic 

conditions, fumarate-grown ΔluxS cells adhered to hematite at levels approximately 32% 

of the fumarate-grown S. oneidensis wild-type cells (Fig. 2.5).  As previously reported, 

fumarate-grown cells of serine protease mutant ∆SO3800 adhered to hematite at levels 

approximately 34% of fumarate-grown S. oneidensis wild-type cells (Fig. 2.5) (37).  The 

bacterial cell-hematite adsorption isotherm analyses thus indicate that wild-type S. 

oneidensis readily attaches to hematite surfaces under anaerobic conditions, while ΔluxS 

displayed hematite attachment deficiencies nearly identical to that displayed by ΔSO3800 

(37). 

 

Overall respiratory capability of ∆luxS in anaerobic batch cultures.  In anaerobic 

batch cultures inoculated with 107 cells mL-1 initial inoculum with H2, lactate, or formate 

as electron donor, ∆luxS reduced ferrihydrite at near wild-type rates (88%, 72%, and 

104% of the wild-type strain, respectively)(Fig. 2.6, Supporting Information, Fig. 2.S4).  

In anaerobic batch cultures with H2, lactate, or formate as electron donor, ∆luxS also 

reduced hematite at near wild-type rates (87%, 104%, and 96% of the wild-type strain, 

respectively) (Fig. 2.6, Supporting Information, Fig. 2.S4).   In addition, ∆luxS reduced 

the alternate electron acceptors Mn(III) pyrophosphate, trimethylamine-N-oxide 

(TMAO), fumarate, nitrate (NO3
-), nitrite (NO2), and thiosulfate (S2O3

2-) at wild-type 

rates (80-120%) with either lactate, formate, or H2 as electron donor (Supporting 

Information, Fig. 2.S5).  Thus, in anaerobic batch cultures, ∆luxS reduced all electron 

acceptors at wild type rates, regardless of electron donor.  Additionally, in aerobic batch 

cultures with lactate or formate as the electron donor, ∆luxS grew at near wild-type rates.  
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Discussion 

S. oneidensis biofilm formation has been previously examined on bare silica 

surfaces under both aerobic and anaerobic (fumarate-reducing) conditions (33-36).  The 

present study is the first to investigate S. oneidensis biofilm formation on Fe(III) oxide 

surfaces under anaerobic conditions, and subsequently to examine the influence of 

anaerobic biofilm formation on Fe(III) oxide reduction activity.  Previous studies of S. 

oneidensis biofilm formation on bare silica surfaces under aerobic and anaerobic 

(fumarate-reducing) conditions indicated that S. oneidensis initially formed aggregated 

cell clusters (microcolonies) that subsequently developed into larger 3D structures until 

the surface was completely covered in a mature biofilm (33-35).  Results of the present 

study indicate that S. oneidensis biofilms develop under anaerobic conditions on bare and 

Fe(III) oxide-coated silica surfaces in a manner similar to aerobic biofilm formation on 

bare silica surfaces (Fig 2.2, Supporting Information, Fig. 2.S1).  In addition, the rates of 

anaerobic biofilm formation on polystyrene surfaces with S2O3
2- as electron acceptor 

(A550 increase of 0.015 hr-1) were approximately 5-fold greater than the rates of anaerobic 

biofilm formation with fumarate as electron acceptor (A550 increase of 0.003 hr-1) (Fig. 

2.4, Table 2.4).  The biogeochemical factors driving the differences in these rates of 

anaerobic biofilm formation may be due to the differences in midpoint redox potentials 

(E’0) between fumarate (E’0 = +0.02 V) and S2O3
2- (E’0 = -0.40 V)(see discussion below).  

The molecular details associated with S. oneidensis biofilm formation have been 

examined only under aerobic conditions (33).  The AMC enzyme LuxS is involved in 

aerobic biofilm formation by a wide range of bacteria, including S. oneidensis (33, 59).  

LuxS catalyzes the conversion of SRH to homocysteine and the AI-2 precursor DPD (60) 
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(Fig. 2.1).  Mature AI-2 functions as a quorum sensing signal that regulates a myriad of 

cellular processes including virulence factor production, pathogenicity, bioluminescence, 

sporulation, DNA uptake competence, and biofilm formation (59, 61-67).  S. oneidensis 

produces AI-2 under aerobic conditions, but does not produce AI-2 under anaerobic 

Fe(III) citrate-reducing conditions (35, 68).  In addition, AI-2 involvement in S. 

oneidensis biofilm formation is not predicted by genome analyses, which have 

demonstrated that homologs similar to the AI-2 sensor (LuxPQ), transporter (Lsr ABC-

type), kinase (LsrK), and cognate transcriptional repressor (LsrR) are not present in the S. 

oneidensis genome (33, 60). 

In other bacterial AMC systems, however, homocysteine production via LuxS 

catalyzed conversion of S-ribosyl homocysteine is more important that the LuxS 

mediated production of AI-2.  Homocysteine is enzymatically converted step-wise to 

methionine by cobalamine-dependent (MetH) and cobalamine-independent (MetE) 

methionine synthases and to the universal methyl donor S-adenosyl-methionine (SAM) 

by S-adenosylmethionine synthase (MetK) (Fig. 2.1) (60).  Due to aberrant intracellular 

pools of methionine and SAM, luxS mutant strains display a wide array of pleiotropic 

mutant phenotypes, including deficiencies in aerobic biofilm formation.  For example, 

previous studies have reported that the aerobic biofilms of S. oneidensis luxS on bare 

silica surfaces contain approximately 66% of the wild-type biofilm biomass (33).  In the 

present study, luxS formed aerobic biofilms on polystyrene and bare silica surfaces with 

lactate or formate as electron donor at rates approximately 43-63% of the wild-type strain 

(Supporting Information, Fig. 2.S2).  luxS formed anaerobic biofilms on polystyrene 

and bare silica surfaces with lactate or formate as electron donor and fumarate or 
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thiosulfate as electron acceptor at rates approximately 6-23% of the wild-type strain (Fig. 

2.4A, Supporting Information, Fig. 2.S3).  In addition, visual inspection of biofilm 

architecture via CLSM demonstrated that luxS was severely impaired in anaerobic 

biofilm formation on Fe(III) oxide-coated silica surfaces (Fig. 2.2, Supporting 

Information, Fig. 2.S1), and cell-hematite adsorption isotherm analyses indicated that 

luxS was deficient in attachment to hematite surfaces (Fig. 2.5).  LuxS is thus required 

for S. oneidensis biofilm formation on polystyrene and bare and Fe(III)-coated silica 

surfaces under both aerobic and anaerobic (fumarate-, S2O3
2-- and Fe(III) oxide-reducing) 

conditions. 

The involvement of LuxS in anaerobic biofilm formation, and the absence of 

proteins involved in AI-2 sensing, uptake, phosphorylation, and transcriptional regulation 

led us to hypothesize that anaerobic biofilm production by S. oneidensis required LuxS-

dependent homocysteine production.  Regardless of electron donor (lactate and formate) 

or electron acceptor (S2O3
2-, fumarate, or Fe(III) oxides), the rates of anaerobic biofilm 

formation by ∆luxS were restored to wild-type levels by addition of homocysteine and a 

variety of other AMC and Transsulfurylation pathway metabolites, including cysteine, 

cystine, reduced glutathione, oxidized glutathione, methionine, serine, and homoserine 

(Fig. 2.1, Figs. 2.4B-C, Table 2.3).  Homocysteine (and AI-2) is produced by LuxS via 

conversion of S-ribosylhomocysteine.  In order for homocysteine to be present in 

sufficient amounts within the cell to maintain a proper concentration, luxS must be 

present in S. oneidensis.  In the absence of endogenous homocysteine, the addition of 

exogenous homocysteine restored biofilm formation in part modulating the redox 

homoestasis within the cell.    Rates of anaerobic biofilm formation by ∆luxS remained at 
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mutant levels, on the other hand, after addition of alanine or lysine, two amino acids 

which are not intermediates in the AMC or transulfurylation pathways nor are they  

involved in organic sulfur metabolism (Figs. 2.4B-C, Table 2.3).  These results suggest 

that maintenance of a proper intracellular pool of AMC and Transsulfurylation pathway 

metabolites is required for anaerobic biofilm formation by S. oneidensis. Reasons for this 

finding are unclear, however, the organic sulfur compounds produced by the AMC and 

Transulfurylation pathways have been previously implicated in maintenance of redox 

homeostasis in a variety of other bacteria (69-72).   

S. oneidensis biofilm formation on bare and Fe(III) oxide-coated silica surfaces 

also appears similar to S. oneidensis biofilm formation on graphite anode surfaces in 

microbial fuel cells (MFC) where S. oneidensis rapidly forms thick biofilms with more 

negative anode potentials on the harder to reduce anode surfaces (i.e., MFC with higher 

applied external resistance) (73).  In a similar fashion, results of the present study 

demonstrate that the rates of anaerobic biofilm formation on polystyrene surfaces were 5-

fold greater in the presence of electron acceptors with more negative E’0 values (e.g., 

S2O3
2- versus fumarate; Fig. 4; see discussion above).  Results of the present study also 

indicate that the highly reducing conditions required for formation of thicker S. 

oneidensis biofilms on Fe(III) oxide surfaces is driven by LuxS-mediated production of 

homocysteine and other AMC and Transulfurylation pathway metabolites involved in 

organic sulfur metabolism.  AMC and Transsulfurylation pathway metabolites such as 

homocysteine, cysteine, and glutathione are well known for their ability to maintain 

intracellular reducing conditions to combat oxidative stress (72, 74, 75), and cysteine and 

glutathione are often added as external reducing agents to maintain redox poise in 
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anaerobic growth medium (76, 77).  The ability of both reduced thiols and oxidized 

disulfides to rescue anaerobic biofilm formation in the luxS mutant indicates S. 

oneidensis is capable of reducing disulfides, thus is capable of using both reduced and 

oxidized thiols during anaerobic growth as a way to maintain the internal thiol pool and 

redox homeostasis within the cells.  The potential link between redox homeostasis and 

LuxS-dependent biofilm formation warrants further examination with S. oneidensis gene 

deletion mutants lacking other AMC and Transsulfurylation pathway enzymes. 

The anaerobic biofilm formation-deficient phenotype displayed by S. oneidensis 

luxS was leveraged to determine the influence of LuxS-dependent biofilm formation on 

Fe(III) oxide reduction activity.  S. oneidensis transfers electrons to external Fe(III) 

oxides via EEC- or surface extension-associated c-type cytochromes (11, 14), 

endogenous or exogenous electron shuttles (17-20), and soluble organic-Fe(III) 

complexes produced by endogenous or exogenous Fe(III)-chelating ligands (21-23).  The 

S. oneidensis electron transport system consists of inner membrane (IM)-localized 

dehydrogenases, menaquinone, and CymA, a menaquinol-oxidizing c-type cytochrome 

that functions as a central branch point for electron transport to Fe(III) oxides, NO3
-, NO2

-

, dimethylsulfoxide, and fumarate (78).  In the Fe(III) oxide reduction system, electron 

transfer proceeds from CymA to MtrA (79), which forms the OM-localized EEC with 

MtrB and MtrC (14).   

MtrC-catalyzed electron transfer to Fe(III) oxides requires distances of <15 Å for 

efficient electron transfer between the catalytically active heme groups of MtrC and the 

Fe(III) oxide surface (80).  In the present study, we hypothesized that the Fe(III) oxide 

reduction activity of S. oneidensis may be enhanced by anaerobic biofilm formation on 
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Fe(III) oxide surfaces.  In the direct electron transfer pathway, the anaerobic biofilm may 

provide a hydrated microenvironment that enhances MtrC-catalyzed Fe(III) reduction 

activity.  The electron shuttling and Fe(III) solubilization pathways may also be enhanced 

by formation of anaerobic biofilms on Fe(III) oxide surfaces (8).  In these two pathways, 

either electron shuttling flavins (17) or Fe(III)-chelating organic ligands (21, 23) are 

secreted into the anaerobic biofilm where they deliver electrons to or solubilize Fe(III) 

from the Fe(III) oxide surface, respectively.  The anaerobic biofilm may provide a 

hydrated microenvironment for catalytic re-reduction of oxidized flavins after electron 

delivery to the Fe(III) oxide surface (electron shuttling pathway) or for organic ligand-

promoted Fe(III) chelation reactions at the Fe(III) oxide surface (Fe(III) solubilization 

pathway).  The anaerobic biofilm may also impede diffusional loss of flavins and organic 

ligands to the biofilm external environment, and thus facilitate sharing of flavins and 

organic ligands between cells in the multiple cell layers of S. oneidensis biofilms.  In this 

manner, S. oneidensis cells located several cell layers away from the Fe(III) oxide surface 

may maintain Fe(III) oxide reduction activity without direct contact with the Fe(III) oxide 

surface.  Anaerobic biofilm formation, however, does not appear to enhance the overall 

Fe(III) oxide reduction activity of S. oneidensis since ∆luxS is severely impaired in the 

ability to form anaerobic biofilms, yet displays wild-type Fe(III) oxide reduction activity 

on Fe(III) oxide-coated silica surfaces and in anaerobic batch cultures with ferrihydrite or 

hematite as electron acceptor (Fig. 2.3, Fig. 2.4, Fig. 2.6, Table 2.2, Supporting 

Information, Fig. 2.S3, Supporting Information, Fig. 2.S4). 

 One potential explanation for the inability of anaerobic biofilms to enhance 

Fe(III) oxide reduction activity is that the small proportion of ∆luxS cells remaining 
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attached to the Fe(III) oxides in a patchy cell monolayer (Fig. 2.2, Supporting 

information, Fig. 2.S1) contributes nearly 100% of the reducing power required to 

produce the Fe(II) signals detected in the anaerobic incubations with Fe(III) oxide-coated 

silica surfaces and in batch cultures with ferrihydrite or hematite as electron acceptor.  In 

this case, only those cells interacting directly with the Fe(III) oxide surface contribute to 

the overall Fe(III) oxide reduction activity.  On the other hand, the inability of anaerobic 

biofilm formation to enhance Fe(III) oxide reduction activity may also indicate that 

unattached (planktonic) S. oneidensis cells are able to deliver electrons over long (µm) 

distances to the Fe(III) oxide surface via overlapping electron shuttling or Fe(III) 

solubilization pathways (4, 8, 81).  To examine these two possibilities, current work is 

focused on application of (anaerobic) single cell fluorescent technology to detect the 

metabolic activity of single S. oneidensis wild-type and ∆luxS biofilm formation-deficient 

mutant cells interacting at short (nm) and long (µm) distances from the Fe(III) oxide 

surface.  
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Figures 

 

 
Figure 2.1.  Activated methyl cycle (AMC) and Transsulfurylation pathway enzymes 

predicted by BLASTp analysis of the S. oneidensis genome.  Dotted lines indicate that 

two enzymes (Cystathionine β-synthase, CBS and Cystathionine γ-lyase, CGL) are 

missing from the S. oneidensis genome.  
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Figure 2.2.  CLSM images of anaerobic biofilms formed by S. oneidensis wild-type 

(MR-1), ΔluxS, and ΔluxS+luxS strains during a 48 hr anaerobic growth period on 

bare silica surfaces amended with lactate as electron donor and thiosulfate (A), 

fumarate (B), or Fe(III) oxide-coated silica surfaces (C) as electron acceptor. 
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A. 

 
B. 

 
Figure 2.3.  Fe(III) reduction by S. oneidensis wild-type (lactate, solid circles; formate, 

solid squares; H2 as electron donor, solid triangles) and ∆luxS (lactate, open 

circles/dashed line; formate, open squares/dashed line; H2, open triangles/dashed 

lines) with Fe(III) oxide-coated silica as anaerobic electron acceptor with 

unperturbed planktonic cells (A).  Fe(III) reduction by S. oneidensis wild-type 

(dashed line, closed circles) and luxS (dashed line, open circles) under anaerobic 

conditions with lactate and Fe(III) oxide-coated silica in decanting conditions 

(planktonic cells removed every 12 hours).  S. oneidensis wild-type (solid, closed 

squares) and luxS (solid line, open squares) unperturbed experiments used for 

comparison.    Values are means of two parallel yet independent anaerobic 

incubations, and each time point in the two parallel incubations represent triplicate 
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samples.  Error bars represent range of errors.  In some cases, error bars are smaller 

than the symbol. 
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C.  

 
 

Figure 2.4.  Rates of anaerobic biofilm formation (measured via the CV assay as 

increases in A550 per hour) by S. oneidensis wild-type and ∆luxS mutant strains with 

various electron donor and electron acceptor pairs, including lactate and thiosulfate 

(light gray, left axis), formate and thiosulfate (dark gray, left axis), lactate and 

fumarate (light gray, hashed, right axis), and formate and fumarate (black, hashed, 

right axis) (A). Rates of anaerobic biofilm formation with lactate as electron donor 

and thiosulfate (B) or fumarate (C) as electron acceptor (wild-type, dark gray bars; 

∆luxS, light gray bars) amended with exogenous cysteine (CSH), cystine (CSSC), 

reduced glutathione (GSH), oxidized glutathione (GSSG), homocysteine (HSH), 

homocystine (HSSH), methionine, serine, homoserine, alanine, and lysine.  Values are 

means of two parallel yet independent anaerobic incubations, and each time point in 

the two parallel incubations represent triplicate samples.  Error bars represent range 

of errors. In some cases, error bars are smaller than the symbol. 
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Figure 2.5.  Hematite adsorption isotherms of S. oneidensis wild-type (filled circles), 

ΔluxS (open circles), and ΔSO3800 (closed squares) mutant strains incubated 

anaerobically in the presence of hematite.  Values are means of two parallel yet 

independent anaerobic incubations, and each time point in the two parallel 

incubations represent triplicate samples.  Error bars represent range of errors.  In 

some cases, error bars are smaller than the symbol. 
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A. 

 
B. 

 
 

Figure 2.6.  Fe(III) reduction rates by S. oneidensis wild-type and ∆luxS mutant 

strains in anaerobic batch cultures with (A) HFO as electron acceptor with either H2 

(black bars, left axis), lactate (gray bars, right axis), or formate (white bars, right 

axis) as electron donor, and (B) hematite as electron acceptor with either H2 (black 

bars, left axis), lactate (gray bars, right axis), or formate (white bars, right axis) as 
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electron donor.  Values are means of two parallel yet independent anaerobic 

incubations, and each time point in the two parallel incubations represent triplicate 

samples.  Error bars represent range of errors.  In some cases, error bars are smaller 

than the symbol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 65 

 

Tables 

 

Table 2.1.  Activated Methyl Cycle (AMC) and Transsulfurylation pathway 

homologs identified in the S. oneidensis genome via BLASTp analysis. 

 
Designations: 

1. Orf/gene:  open reading frame identified in S. oneidensis genome 

2. Best Hit:  Homolog with highest similarity value identified in genomes outside 

the genus Shewanella.  

3. Sim:  Similarity 

4. ID:  Identity 

5. E value:  expect value 

6. Putative function:  Annotated function 
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Table 2.2.  Rates of aerobic and anaerobic biofilm formation (A550/hour) in S. 

oneidensis wild-type and ∆luxS mutant strains with formate or lactate as electron 

donor and fumarate, thiosulfate, or O2 as electron acceptor.   

 
Notes: 

1. Values indicate A550 measured via the CV assay 

2. Values are means of two parallel yet independent anaerobic incubations.  Error 

bars represent range of errors.   

 

 

 

 

 

 

 

 

 

 

Table 2.3.  Rates of anaerobic biofilm formation (A550/hour) by S. oneidensis wild-

type and ∆luxS mutant strains with lactate as electron donor and fumarate or 

thiosulfate as electron acceptor in anaerobic incubations amended with cysteine 

(CSH), cystine (CSSC), reduced glutathione (GSH), oxidized glutathione (GSSG), 

homocysteine (HSH), homocystine (HSSH), methionine, serine, homoserine, alanine, 

and lysine. 

 
Notes: 

1. Values indicate A550 measured via the CV assay 

2. Values are means of two parallel yet independent anaerobic incubations.  Error 

bars represent range of errors.   
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Table 2.4.  Bacterial strains and plasmids used in this study. 

 

 
 

 

 

Table 2.5.  Primers used in this study.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Bacterial strain 

or plasmid   

Description 

      

Source or Reference 

S. oneidensis                        

MR-1     Wild-type strain           ATCC     

∆luxS     In-frame deletion mutant         This study   

∆SO3800   In-frame deletion mutant         Burns and DiChristina, 2009 

∆lux+luxS   luxS-complemented mutant         This study   

                          

E. coli                         

EC100D pir-116 
F

-
 mcrA ∆(mrr-hsdRMS-mcrBC) φ80dlaxZ∆M15 ∆lacX74 

recA1 end A1 araD139 ∆(ara leu) 7697 galU galK λ
-
 rpsL 

nupG pir-116(DHFR) 

  Epicentre     

              

              

β2155 λ pir   thrB1004 pro thi strA hsdS laxZ∆M115 (F9 lacZ∆M115 

lacI
q
 traD36 proA1 proB1) ∆dapA::erm pir::RP4 Km

r
 

  Dehio and Meyer, 1997 

              

                          

Plasmids                         

pKO2.0   4.5-kb γR6K mobRP4 sacB Gm
r
 lacZ       Burns and DiChristina, 2009 

pKO2.0-F3   pKO2.0 containing in-frame deletion of SO1101     This study   

pKO2.0-luxS   

pKO2.0 containing wild-type of 

SO1101       This study   

              

Primer       Nucleotide Sequence         

 D1   5'-GACTGGATCCGATCCGAATGCCAGGGCTTG-3'       

 D2   5'-ACTATTGTCGCTTTCTTGACGCCTTCGCGATACAACGCCACTGTCGCTATC-3' 

 D3   5'GATAGCGACAGTGGCGTTGTATCGCGAAAGCGTCAAGAAAGCGACAATAGT3' 

 D4   5'-GACTGTCGACCCCAAGCAATGAACGGTAACTATCATCATC-3'   

 DTF   5'-GACAGCACAGGAAATGAACGGC-3'         

 DTR   5'-CTCATCACCTTGCTATCACCTAAGTTG 3'         
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Supplemental Figures 

A. 

  
 

B. 
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C.  

  

Figure 2.S1.  CLSM images of anaerobic biofilms formed by S. oneidensis wild-type 

(MR-1), ΔluxS, and ΔluxS+luxS strains during a 48 hr anaerobic growth period on 

bare silica surfaces amended with formate as electron donor and thiosulfate (A), 

fumarate (B), or Fe(III) oxide-coated silica surfaces (C) as electron acceptor. 
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Figure 2.S2.  Rates of aerobic biofilm formation by S. oneidensis wild-type and ∆luxS 

mutant strains with lactate (light gray) or formate (dark gray) as electron donor and 

O2 as electron acceptor. 
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A.  

 
B.   

 

Figure 2.S3.  Anaerobic biofilm formation on polystyrene surfaces measured via 

conventional CV-based biofilm assays.  S. oneidensis wild type and ΔluxS mutant 

strains were amended with lactate (wild-type, closed circles; ΔluxS, open circles, 

dashed lines) or formate (wild-type, closed squares; ΔluxS, open squares, dashed 

lines) as electron donor and thiosulfate (A) or fumarate (B) as electron acceptor.   
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C. 

 
D. 

 
 

 

Figure 2.S4. Fe(III) reduction by S. oneidensis wild type and ΔluxS mutant strains 

amended with lactate (wild-type, closed circles; ΔluxS, open circles, dashed line), 

formate (wild-type, closed squares; ΔluxS, open squares, dashed line), or H2 (wild-

0

15

30

45

60

0 12 24 36 48 60 72 84 96

F
e(

II
) 

m
M

Time (hours)

0

0.5

1

1.5

0

0.1

0.2

MR-1 ΔluxS MR-1 ΔluxS MR-1 ΔluxS

R
a

te
 F

e(
II

) 
p

ro
d

u
ct

io
n

 (
μ

M
/h

r)

R
a

te
 F

e(
II

) 
p

ro
d

u
ct

io
n

 (
μ

M
/h

r)



 74 

type, closed triangles; ΔluxS, open triangles, dashed line) as electron donor and HFO 

(A), hematite (B) or Fe(III) citrate (C) as electron acceptor. (D) Fe(III) reduction rates 

by S. oneidensis wild-type and ∆luxS mutant strains in anaerobic batch cultures with 

with Fe(III) citrate as electron acceptor with either H2 (black bars, primary axis), 

lactate (gray bars, secondary axis), or formate (white bars, secondary axis) as electron 

donor.  Values are means of two parallel yet independent anaerobic incubations, and 

each time point in the two parallel incubations represent triplicate samples.  Error 

bars represent range of errors. In some cases, error bars are smaller than the symbol.   
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C. 

 
D.  
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E.    

 
F. 

 
Figure 2.S5.  Anaerobic incubations of S. oneidensis wild type, ΔluxS, and ΔluxS+luxS 

strains amended with lactate (wild-type, closed circles; ΔluxS, open circles; 

ΔluxS+luxS, dashed line, open circles), formate (wild-type, closed squares; ΔluxS, 

open squares; ΔluxS+luxS, dashed line, open squares), or H2 (wild-type, closed 

triangles; ΔluxS, open triangles; ΔluxS+luxS, dashed line, open triangles) as electron 

donor and TMAO (A), fumarate (B), thiosulfate (C), nitrate (D), nitrite (E), and 
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Mn(III)-pyrophosphate (F) as electron acceptor.  Values are means of two parallel yet 

independent anaerobic incubations, and each time point in the two parallel 

incubations represent triplicate samples.  Error bars represent range of errors. In 

some cases, error bars are smaller than the symbol. 
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CHAPTER 3 

 

Quorum Sensing Signal Autoinducer-2 as Sole Carbon and 

Electron Source For Anaerobic Respiration by Shewanella oneidensis 

 

[Submitted for publication, currently under review.  The Autoinducer-2 detection via 

HPLC experiments described in Chapter 3 were carried out in collaboration with 

Ramanan Sekar, a PhD student in Dr. DiChristina’s research group.] 

 

Summary 

Gram-negative bacteria communicate via production of the quorum sensing (QS) 

signals acylhomoserine lactone (autodinducer-1; AI-1) and furanosyl diester (AI-2) that 

initiate adaptive responses to changes in cell population density and regulate a variety of 

bacterial processes, including biofilm formation.  AI-1- and AI-2-dependent biofilm 

formation, however, has been studied exclusively under aerobic (but not anaerobic) 

growth conditions.  The gram negative, γ-proteobacterium Shewanella oneidensis 

produces AI-2 (but not AI-1) throughout aerobic biofilm formation.  In the present study, 

wild-type S. oneidensis formed anaerobic biofilms on solid Fe(III) oxide surfaces, while 

deletion mutant ΔluxS (lacking AI-2-producing S-ribosylhomocysteine lyase) displayed a 

biofilm formation-deficient phenotype.  S. oneidensis genome analyses, however, failed 

to uncover canonical AI-1 and AI-2 QS systems, thus suggesting that LuxS-catalyzed AI-

2 production is not involved in QS.  Wild-type S. oneidensis (but not ΔluxS) produced 

AI-2 during initial phases of both aerobic and anaerobic (Fe(III) oxide reduction-linked) 

growth, and consumed AI-2 during latter phases only after lactate consumption had 
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ceased.  S. oneidensis consumed AI-2 (produced by S. oneidensis or Vibrio harveyi) as 

sole carbon and electron source during aerobic and anaerobic growth on a variety of 

electron acceptors.  S. oneidensis may thus sustain growth by accumulating AI-2 

extracellularly during growth on a primary carbon source and subsequently metabolizing 

the accumulated AI-2 after the primary carbon source has been exhausted.  Furthermore, 

the ability of S. oneidensis to metabolize V. harveyi AI-2 as sole carbon and electron 

source indicates that S. oneidensis AI-2 metabolism may disrupt cell-cell communication 

systems of other bacteria in multi-species biofilms.  
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Introduction 

Microorganisms in marine and freshwater environments are often found as 

surface-attached biofilm communities (1, 2).  The biofilm matrix is composed of 

exopolymeric substances that promote adhesion to solid surfaces and provide the biofilm 

microbial communities with hydrated microenvironments that enhance metabolic activity 

and protect against environmental stresses such as variations in temperature, pH, salinity, 

and nutrient levels (3-6).  Biofilm formation on solid surfaces is especially critical to the 

gram-negative, -proteobacterium Shewanella oneidensis during anaerobic electron 

transfer to solid metal oxides and the anodes of microbial fuel cells (MFCs) (7, 8).  The 

formation of biofilms on the surface of metal oxides or anodes ensures the S. oneidensis 

cells are within the 15A distance required for electron transfer between the cell and the 

surface of the Fe(III) oxide or anaode surface.     

Biofilm community members communicate via production of extracellular 

quorum sensing (QS) signals such as autoinducers (AIs) that initiate adaptive responses 

to changes in cell population density and regulate a variety of bacterial processes, 

including biofilm development (3, 9).  In gram-negative bacteria such as members of the 

genus Vibrio, AIs are classified into two main types: acyl homoserine lactones (AHL or 

AI-1) and furanosyl diesters (AI-2).  AI-1 is synthesized by AHL synthases (e.g., V. 

harveyi LuxM) that fuse homoserine lactone rings to acyl side chains of varying length 

and chemical composition (4, 10).  After secretion, V. harveyi AI-1 diffuses to 

neighboring cells and is recognized by the cognate membrane-associated hybrid sensor 

kinase/phosphatase LuxN that initiates signals for production of LuxR, the transcriptional 

activator of target gene expression (11).  Seven luxR homologs have been identified in 
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the S. oneidensis genome, however, all seven luxR homologs are classified as members of 

the luxR-narL-fixJ superfamily of transcriptional activators lacking conserved AHL 

binding motifs (12, 13).  In addition, AI-1 is not detected in the extracellular fraction of 

aerobically-grown cultures, thus S. oneidensis is not predicted to carry out AI-1-

dependent QS (13, 14).  A comprehensive search for genes encoding AI-1-based QS 

systems in the S. oneidensis genome, however, has not been conducted. 

In contrast, the S. oneidensis genome encodes the activated methyl cycle (AMC) 

enzyme S-ribosylhomocysteine (SRH) lyase (LuxS), which cleaves SRH to homocysteine 

and the AI-2 precursor (S)-4,5-dihydroxy-2,3-pentanedione (DPD)(3, 15).  DPD 

spontaneously cyclizes to either the S (or R) form of 2,4-dihydroxy-2-methyldihydro-3-

furanone (DHMF), which undergoes hydration and incorporation of borate to form 

mature AI-2 (16).  In V. harveyi, AI-2 signals are communicated to neighboring cells by 

AI-2 uptake and binding by LuxP, and AI-2-LuxP interaction with the hybrid sensor 

kinase/phosphatase LuxQ that initiates signals for LuxR production (3, 11, 15).  AI-2 is 

detected in the extracellular fraction of aerobically-grown S. oneidensis wild-type (but 

not ΔluxS) cultures (12, 13).  A comprehensive search for genes encoding AI-2-based QS 

systems in the S. oneidensis genome, however, has not been conducted.   

Microbial QS systems are disrupted by AI-1- and AI-2-specific degradation 

pathways (17).  AI-1 is degraded enzymatically under aerobic conditions by ring-cleaving 

lactonases, acyl tail-cleaving acylases, and acyl tail-modifying oxidoreductases (17, 18).  

In Escherichia coli, AI-2 uptake and degradation are encoded by the lsrACDBFG and 

lsrRK operons.  AI-2 (in the form of DPD) is imported by the LsrACDB uptake system 

and the imported DPD is phosphorylated by LsrK to form phospho-DPD, which induces 
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expression of the two Lsr operons by binding to and inactivating the Lsr transcriptional 

repressor LsrR (19).  Phospho-DPD is subsequently cleaved by LsrG to produce 2-

phosphoglycolate and other unidentified degradation products (19, 20).  The S. oneidensis 

wild-type and ΔluxS mutant strains both degrade AI-2 during aerobic growth in rich 

medium (12), however, a comprehensive search for S. oneidensis lsr homologs has yet to 

be conducted.  In addition, although AI-1 is metabolized as sole carbon and electron 

source for aerobic growth by a variety of microorganisms (17, 21-25), AI-2 metabolism 

as sole carbon and electron source for anaerobic growth by any microorganism has yet to 

be reported.   

The main objective of the present study was to test the two hypotheses that S. 

oneidensis produces AI-2 (designated OAI-2) during anaerobic growth (as a byproduct of 

LuxS catalyzed conversion of S-ribosylhomocysteine to homocysteine) and that S. 

oneidensis can metabolize the accumulated OAI-2 or AI-2 from other bacteria (e.g., V. 

harveyi AI-2, designated HAI-2) as sole carbon and electron source to fuel anaerobic 

respiration.  The experimental strategy to test the hypothees included i) comprehensive 

genome-wide searches for S. oneidensis genes putatively involved in OAI-2-based QS 

and OAI-2 degradation, ii) detection of OAI-2 in the extracellular fraction of S. 

oneidensis wild-type (but not ΔluxS) cultures grown under anaerobic conditions, iii) 

linkage of the S. oneidensis ΔluxS genotype to the anaerobic biofilm formation-deficient 

phenotype of the S. oneidensis ΔluxS mutant, and iv) determination of the ability of the S. 

oneidensis wild-type and ΔluxS mutant strains to grow aerobically and to respire 

anaerobically with OAI-2 and HAI-2 as sole carbon and electron source. 

Materials and Methods 
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Bacterial strains and cultivation conditions.  The bacterial strains and plasmids used in 

this study are listed in Table 3.1.  S. oneidensis overnight cultures (to be used as 

inoculum for aerobic and anaerobic growth experiments with HAI-2 and OAI-2 as 

electron donor) were grown aerobically in M1 minimal medium (26) supplemented with 

lactate (18 mM) as electron donor.  Overnight cultures were washed twice and 

resuspended in M1 medium prior to inoculating in M1 medium supplemented with either 

lactate, OAI-2, or HAI-2 as electron donors.  Electron acceptors were added from 

anaerobic stock solutions synthesized as previously described (27-32): Fe(III) citrate (50 

mM), ferrihydrite (10 mM), fumarate (10 mM), NO3
- (15 mM), NO2

- (2 mM), TMAO (25 

mM), and S2O3
2- (10 mM). 

 

In-frame gene deletion mutagenesis and genetic rescue of the ΔluxS biofilm 

formation-deficient phenotype.  The gene encoding LuxS (SO_1101) was deleted in-

frame from the S. oneidensis genome via previously described procedures (33).  The 

primers used for construction of ΔluxS are listed in Table 3.2 Regions corresponding to 

approximately 750 bp upstream and downstream of each open reading frame (ORF) were 

PCR-amplified with primers D1 and D2 for the upstream region and D3 and D4 for the 

downstream region with iProof ultrahigh-fidelity polymerase (Bio-Rad, Hercules, CA), 

generating fragments F1 and F2, which were fused by overlap extension PCR to generate 

fragment F3.  Fragment F3 was cloned into pKO2.0 with BamHI and SalI restriction 

endonucleases to generate recombinant plasmid pKO2.0-F3, which was electroporated 

into E. coli strain β2155 λ pir.  pKO2.0-F3 was mobilized into recipient S. oneidensis 

wild-type cells via conjugal transfer from E. coli donor strain β2155 λ pir.  S. oneidensis 
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recipient strains containing the plasmid integrated into the genome were selected on LB 

agar medium supplemented with 15 μg ml-1 Gm.  Single plasmid integrants were 

identified via PCR with primers D1-DTR and D4-DTF that flank the targeted 

recombination region.  Plasmids were resolved from the genomes of the single integrants 

by plating on LB agar medium containing sucrose (10% w/v).  Following counter 

selection on sucrose-containing LB agar medium, the corresponding in-frame deletion 

mutant (designated strain ΔluxS) was isolated and confirmed via PCR amplification and 

direct DNA sequencing (University of Nevada, Reno Genomics Facility).  Genetic 

complementation of ΔluxS was carried out by cloning wild-type luxS into broad-host-

range cloning vector pBBR1MCS (34) and conjugally transferring the recombinant 

vector into ΔluxS via bi-parental mating procedures (35).   

 

Nucleotide and amino acid sequence analyses.  Genome sequence data for S. 

oneidensis MR-1 was obtained from the National Center for Biotechnology Information 

(NCBI, http://www.ncbi.nlm.nih.gov) and the Department of Energy Joint Genome 

Institute (DOE-JGI, http://jgi.doe.gov).  Lux and Lsr homologs in the NCBI databases 

were identified in the S. oneidensis genome via BLAST analysis (36) using the 

corresponding Vibrio and E. coli proteins as search queries.   

 

Visual inspection of anaerobic biofilm formation on bare and Fe(III) oxide-coated 

silica surfaces via confocal laser scanning microscopy (CLSM).  S. oneidensis wild-

type and luxS mutant strains were incubated anaerobically on bare and Fe(III) oxide-

coated silica surfaces and biofilm formation was visualized via CLSM.  To prepare the 

http://jgi.doe.gov/
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Fe(III) oxide-coated silica surfaces, silica glass microscope slides were washed with 30% 

(w/v) hydrogen peroxide (H2O2) and subsequently etched by washing with 5 M NaOH 

(37, 38).  The etched silica surfaces were coated with Fe(III) oxides by slowly oxidizing a 

1 M FeSO4 solution with 30% (w/v) H2O2.  The microscope slides were heated to 100ºC 

to fix the Fe(III) oxide coating to the silica surface and then cleaned via sonication (37, 

38).   

Biofilm formation experiments (to be used for CLSM imaging) were inoculated 

using S. oneidensis MR-1 or ΔluxS grown in LB media at 30˚C to OD600 1.0.  12 mL of 

the aforementioned culture was added to bare silica surfaces or Fe(III) oxide-coated silica 

surfaces in sterile petri dishes.  The slides were incubated at 30˚C for 45 min.  Next, the 

slides were transferred to fresh media (M1 media supplemented with the appropriate 

electron donor and acceptor) and placed in an anaerobic chamber.  Strains were incubated 

anaerobically for 48 h at 25˚C in M1 minimal growth medium containing the previously 

prepared bare silica surfaces.  M1 growth medium was amended with either lactate or 

purified HAI-2 or supernatants containing OAI-2 as electron donor and thiosulfate or 

Fe(III) oxide-coated silica as electron acceptor.  At pre-determined time points, replicate 

silica slides were sacrificed for CLSM imaging and determination of electron acceptor 

reduction activity.   

For CLSM imaging, the bare silica surfaces were washed with sterile, anaerobic 

PBS buffer (NaCl (8 g l-1), KCl (0.2 g l-1), Na2HPO4 (1.44 g l-1), KH2PO4 (0.24 g l-1, pH 

7) and attached cells were fixed with 4% paraformaldehyde.  The fixed cells were stained 

with 0.1% (w/v) anaerobic acridine orange solution for 20 min and then washed with 

anaerobic PBS buffer for 10 min prior to examination of biofilm structure via CLSM.  
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CLSM imaging was carried out with a Zeiss 510 Vis system comprised of a Zeiss Axio 

Observer inverted microscope and an argon laser source with excitation wavelengths of 

453, 477, 488, and 514 nm.  3D digitized images were generated with Zeiss Zen 2009 

software (Carl Zeiss Microscopy, Inc.). 

 

High Performance Liquid Chromatography (HPLC) and Ion Chromatography (IC).   

AI-2 concentrations were measured via HPLC analysis of diaminonaphthalene (DAN; 

Sigma Aldrich)-derivitized supernatant samples as previously described (39).   Aliquots 

(250 µl) of batch culture supernatants were transferred to autosampler vials containing an 

equal volume of DAN solution, and the two solutions were mixed for 2 min and 

subsequently incubated for 40 min at 90°C.  After cooling to room temperature, 20 μl of 

each sample was injected into a Waters HPLC system equipped with a fluorescence 

detector. Derivatized samples were separated on an Agilent ZORBAX SB-C18 reverse-

phase column (259 mm x 4.6 mm length, 5 μm diameter).  The mobile phase contained 

0.045% formic acid (solvent A) and 55% acetonitrile (solvent B) at a constant flow rate 

of 0.8 ml/min.  The excitation and emission wavelengths of the fluorescence detector 

were set at 271 and 503 nm, respectively, with a retention time of approximately 3 min.  

DAN solution was prepared by dissolving 10 mg DAN into 50 ml of 0.1 M HCl.   DPD 

concentrations were estimated from calibration curves with DPD purified from V. harveyi 

strain as standard. 

Lactate concentrations in culture supernatants were determined by harvesting 500 

uL of cell culture and centrifuging at 6000g for 10 min.  Lactate concentrations were 

measured via ion chromatrograph (IC) (Dionex, DX-300 Series) equipped with Dionex 
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IonPAc ICE-AS6 chromatography column and AMMS ICE 300 suppressor.   The Dionex 

DX-300 utilizes a CDM II detector with suppressed conductivity detection.  Anion 

analysis was performed with 0.4 mM heptafluorobutyric acid as eluent and 5 mM 

tetrabutylammonium hydroxide as regenerant.  Chromatograms were generated for 

lactate as retention time of 10 min.  Calibration curves for lactate were generated from 

standards to determine the concentration.   

 

Determination of the overall aerobic and anaerobic respiratory capability of S. 

oneidensis wild type and ΔluxS mutant strains with HAI-2 or OAI-2 as sole electron 

donor.  S. oneidensis wild-type and ΔluxS mutant strains were grown aerobically and 

anaerobically (initial inoculum of 1.0 × 107 cells ml-1) in M1 minimal medium 

supplemented with either lactate (18 mM), purified HAI-2 (5 µM) or OAI-2 (8.5 µM in S. 

oneidensis spent supernatants) as electron donor and either ferrihydrite (10 mM), 

fumarate (10 mM), NO3
-  (15 mM), or S2O3

2- (10 mM) as electron acceptor.  Fe(II) 

production was monitored by measurement of HCl-extractable Fe(II) via the Ferrozine 

method (40).  Aerobic growth and anaerobic growth on fumarate were monitored 

spectrophotometrically by measuring changes in absorbance at 600 nm (A600).  NO2
- was 

measured spectrophotometrically with sulfinilic acid-N-1-naphthyl-ethylene-diamine 

dihydrochloride solution (41).  S2O3
2- concentration was measured by cyanolysis as 

previously described (33, 42).  For growth with OAI-2 as electron donor, 0.22 µm filter-

sterilized S. oneidensis supernatants were used as electron donor and ferrihydrite (10 

mM), fumarate, NO3
-, or S2O3

2- as electron acceptor. 
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Results 

Identification of S. oneidensis genes involved in AI-2 quorum sensing and 

degradation.  The S. oneidensis genome was searched for genes similar to those 

encoding the AI-2 detection and signal relay systems of V. harveyi, V. fischeri, and V. 

cholerae (Table 3.3).  A homolog of the V. harveyi AI-2 sensor kinase/phosphatase luxQ 

was identified in the S. oneidensis genome (SO_0859; 32% similarity, 46% identity, e-

value of 7e-56), however, SO_0859 was annotated as a two-component signal transduction 

system hybrid histidine kinase/response regulator containing a PAS domain without an 

obvious sensing module (43).  A homolog of the V. harveyi AHL sensor 

kinase/phosphatase luxN was also identified in the S. oneidensis genome (SO_2544; 30% 

similarity, 47% identity, e-value of 4e-19), however, SO_2544 was annotated as a two-

component signal transduction histidine kinase/response regulator containing an Hpt 

domain.  Genes similar to luxP, luxM, luxU, and luxI were not found in the S. oneidensis 

genome.  As previously reported, seven luxR homologs were detected in the S. oneidensis 

genome, and all seven were classified as luxR-narL-fixJ superfamily of transcriptional 

activators lacking conserved AHL binding motifs (12, 13).  In addition, none of the seven 

S. oneidensis LuxR homologs were located proximal to cognate LuxM/LuxI/CqsA 

homologs, and thus are classified as solo LuxR homologs not involved in QS (Tables 3.4, 

3.5, 3.6)(44-46). 

The S. oneidensis genome was also searched for genes similar to those encoding 

the E. coli AI-2 uptake (LsrACDB) and degradation (LsrG/K) systems (Table 3.7).  A 
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homolog of E. coli LsrA (the ATPase component of the E. coli AI-2 uptake system) was 

identified in the S. oneidensis genome (SO_0742; 87% similarity, 45% identity, e-value 

of 8e-28), however, SO_0742 was annotated as FbpC, the ATPase component of the ABC-

type Fe(III) uptake system encoded by the FbpABC operon (43).  An E. coli LsrK 

homolog was also identified in the S. oneidensis genome (SO_4230; 41% similarity, 26% 

identity, e-value of 7e-24), however, SO_4230 was annotated as GlpK, the glycerol kinase 

component of glycerolipid metabolism (43).  Genes encoding the LsrB, C, D, and G 

homologs of the E. coli AI-2 uptake and degradation systems were not detected in the S. 

oneidensis genome (Table 3.7). 

 

Identification of S. oneidensis genes involved in AI-1 degradation.  The S. oneidensis 

genome was also scanned via BLASTp analysis for putative AI-1-degrading lactonase, 

acylase, and oxidoreductase homologs.  Lactonases were not detected in the S. oneidensis 

genome.  The BLASTp analyses revealed the presence of a lactonase homolog with a low 

amino acid sequence identity (28%), similarity (40%), and e-value (0.014) to Bacillus sp. 

AiiA, while an AHL acylase homolog (AaiD; SO_0918) with high amino acid sequence 

similarity (99%), sequence identity (34%), and e-value (9e-37) to Pseudomonas 

aeruginosa PvdQ was detected.  A putative oxidoreductase homolog (sulfite reductase 

(NADPH) flavoprotein subunit CysJ (SO3738) with an amino acid sequence identity 

(30%), sequence similarity (55%), and e-value (1e-58) to Bacillus megaterium CYP102A1 

was detected. 

Rates of anaerobic biofilm formation on polystyrene surfaces by S. oneidensis wild-

type and ΔluxS mutant strains supplemented with exogenous HAI-2.  Rates of 
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aerobic and anaerobic biofilm formation on polystyrene surfaces were determined using 

conventional CV-based biofilm assays carried out in the presence and absence of 10 µM 

exogenous HAI-2 (Table 3.8; Fig. 3.1, Fig. 3.2).  Under aerobic conditions with lactate as 

carbon and electron source, the rate of ΔluxS biofilm formation was 63% of the 

corresponding wild-type rate (i.e., similar to the previously reported partial ΔluxS biofilm 

formation-deficient phenotype) (13, 47).  Addition of exogenous AI-2 restored the rate of 

aerobic biofilm formation by ΔluxS to near wild-type rates (Table 3.8; Fig. 3.1).  In 

addition, under aerobic conditions with HAI-2 replacing lactate as sole carbon and 

electron source, rates of aerobic biofilm formation by the S. oneidensis wild-type and 

ΔluxS strains were identical (Table 3.8; Fig. 3.2).  Under anaerobic conditions with 

lactate as carbon and electron source and thiosulfate as electron acceptor, the rate of 

anaerobic biofilm formation by ΔluxS was 12% of the corresponding wild-type rate.  

Addition of exogenous HAI-2 also restored the rate of anaerobic biofilm formation by 

ΔluxS to near wild-type rates (Table 3.8; Fig. 3.2).  Under anaerobic conditions with 

HAI-2 replacing lactate as sole carbon and electron source and thiosulfate as electron 

acceptor, rates of anaerobic biofilm formation by the S. oneidensis wild-type and ΔluxS 

strains were identical (Table 3.8; Fig. 3.2). 

 

Visual inspection of anaerobic biofilm formation by S. oneidensis wild-type and 

ΔluxS mutant strains supplemented with exogenous AI-2.  CLSM image analyses 

indicated that S. oneidensis ∆luxS mutant strain displayed a biofilm deficient phenotype 

during anaerobic growth on bare (Figs. 3.3; thiosulfate (S2O3
2-)-amended) and Fe(III) 

oxide-coated (Fig. 3.3) silica surfaces.  The addition of exogenous HAI-2 restored the 
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biofilm formation phenotype to that observed in the wild-type strain (Fig. 3.3).  With 

lactate as electron donor, S. oneidensis wild-type and ∆luxS amended with exogenous AI-

2 (top and bottom row of images, respectively) formed microcolonies that subsequently 

developed into larger 3D structures until the bare and Fe(III) oxide-coated silica surfaces 

were completely covered with cell piles or towers after a 48 h anaerobic incubation 

period with lactate as electron donor.  The ∆luxS mutant cells (Fig. 3.3), however, 

displayed a severely impaired anaerobic biofilm formation phenotype during the 48 h 

incubation period with lactate as electron donor, with patches of both bare and Fe(III) 

oxide-coated silica surfaces remaining uncovered. 

Production of extracellular OAI-2 by S. oneidensis wild-type and ΔluxS mutant 

strains under anaerobic growth conditions.  S. oneidensis wild-type cultures were 

previously reported to produce OAI-2 (at undetermined concentrations) during aerobic 

growth in rich growth medium (13).  To corroborate this finding, S. oneidensis wild-type 

was grown under aerobic and anaerobic fumarate-reducing conditions with lactate as the 

electron donor.  We found that OAI-2 was produced under aerobic and anaerobic 

conditions while simultaneous lactate depletion and acetate production was observed 

(Fig. 3.4, 3.5).  When OAI-2 concentrations reached threshold levels, OAI-2 depletion 

occurred preferentially over acetate depletion (Fig. 3.4, 3.5).  In the present study, the 

wild-type strain produced OAI-2 at a rate of 448 nM hr-1 during aerobic growth in 

defined minimal medium with lactate as electron donor.  During anaerobic growth with 

thiosulfate, nitrate, ferrihydrite, and fumarate as electron acceptor, the wild-type strain 

produced OAI-2 at rates equal to OAI-2 production rates under aerobic growth conditions 

(Tables 3.9, 3.10; Fig. 3.6).  The ΔluxS mutant strain, on the other hand, was unable to 
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produce OAI-2 under aerobic or anaerobic growth conditions (Tables 3.9, 3.10; Fig. 3.6).  

Negative control mutant strain V. harveyi ΔluxSluxMluxN (i.e., lacking the ability to 

produce, detect and uptake exogenous HAI-2) was unable to produce HAI-2 under 

aerobic growth conditions, while positive control strain V. harveyi ΔluxMluxN (i.e., 

retaining the ability to produce HAI-2, but lacking the ability to detect and uptake 

exogenous HAI-2) produced HAI-2 under aerobic growth conditions at a rate of 438 nM 

hr-1.   

 

S. oneidensis wild-type and ΔluxS mutant strains respire anaerobically with OAI-2 

and HAI-2 as sole carbon and electron source.  Under aerobic growth conditions with 

exogenous HAI-2 replacing lactate as sole carbon and electron source, the wild-type and 

ΔluxS mutant strains consumed HAI-2 at similar rates of 209 (+/- 47) nM hr-1for the 

wild-type and  282 (+/-29) nM hr-1for the luxS mutant and the corresponding doubling 

times of both strains with HAI-2 as sole carbon and electron source were approximately 

20 h (Table 3.11; Fig. 3.7, 3.11).  Similar results were obtained when OA-2 used as the 

sole carbon and electron source under aerobic conditions (Table 3.12; Fig. 3.7, 3.12).  In 

contrast, the doubling times of the wild-type and ΔluxS mutant strains under aerobic 

growth conditions with lactate as sole carbon and electron donor were approximately 10 

h (Fig.3.9).  Under anaerobic conditions with thiosulfate as electron acceptor, the wild-

type strain degraded HAI-2 at rates nearly identical to aerobically-grown wild-type cells, 

while HAI-2 was degraded by the wild-type strain at rates 1.4-fold faster with fumarate 

as electron acceptor and 2.6-fold slower with ferrihydrite as electron acceptor.  With 

thiosulfate as electron acceptor, the wild-type strain degraded HAI-2 at rates of 143 (+/- 
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32) nM hr-1 and reduced thiosulfate reduction at rates of 178 (+/- 57) nM hr-1, while 

ΔluxS degraded HAI-2 at 159% of wild-type rates and reduced thiosulfate at wild-type 

rates (Table 3.11; Fig. 3.7, 3.11).  With fumarate as electron acceptor, the wild-type strain 

degraded HAI-2 at rates of 317 (+/- 9) nM hr-1 and reduced fumarate at rates of 4 (+/- 

.471) nM hr-1, while ΔluxS degraded HAI-2 at 75% of wild-type rates and reduced 

fumarate at wild-type rates (Table 3.11; Fig. 3.7, 3.11).  With ferrihydrite as electron 

acceptor, the wild-type strain degraded HAI-2 at rates of 132 (+/- 10) nM hr-1 and 

reduced ferrihydrite at rates of 25 (+/- 2) nM hr-1, while ΔluxS degraded HAI-2 at 76% of 

wild-type rates and reduced ferrihydrite at wild-type rates (Table 3.11; Fig. 3.7, 3.11).  

With nitrate as electron acceptor, the wild-type strain degraded HAI-2 at rates of 178 (+/- 

19) nM hr-1 and reduced nitrate at rates of 174 (+/- 21) nM hr-1, while ΔluxS degraded 

HAI-2 at 77% of wild-type rates and reduced nitrate at wild-type rates (Table 3.11; Fig. 

3.7, 3.11).  Similar results were obtained when OA-2 used as the sole carbon and electron 

source under anaerobic conditions with thiosufate, fumarate, ferrihydrite, and nitrate as 

the electron acceptor (Table 3.12; Fig. 3.7, 3.12).  Control strain V. harveyi ΔluxS 

(lacking the ability to produce HAI-2, but retaining the ability to detect and remove 

exogenous HAI-2 from the external environment) degraded HAI-2 under aerobic 

conditions at a rate of 28 (+/- ) nM hr-1, which is approximately 55% greater than the rate 

of HAI-2 degradation by the S. oneidensis wild-type and ΔluxS mutant strains under 

aerobic conditions.     

 

Discussion 

S. oneidensis respires a suite of electron acceptors that nearly span the entire 

continuum of redox potentials found in natural waters and sediments, ranging from 
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soluble electron acceptors such as oxygen, nitrate, fumarate, and thiosulfate to solid 

electron acceptors such as Fe(III) oxides (26, 48).  S. oneidensis transfers electrons to 

Fe(III) oxides via direct (surface or surface extension-exposed c-type cytochromes) and 

indirect (electron shuttling and Fe(III) solubilization) pathways (49-57).  Previous studies 

have emphasized the requirement for biofilm formation on Fe(III) oxide surfaces as a 

critical component for S. oneidensis-mediated electron transfer to Fe(III) oxide surfaces 

(7, 8, 58) as a way to ensure the cells are within 15A of the Fe(III) oxide surfaces and 

electron transfer between the cell and Fe(III) oxide particle can occur.  In gram-negative 

bacteria such as members of the genus Vibrio, biofilm formation is regulated by QS-

based cell-cell communication systems (9, 59-63).  The S. oneidensis genome consists of 

32% Vibrio-like genes (43), thus genome-wide searches for putative S. oneidensis QS 

systems are facilitated by using QS proteins from V. harveyi, V. cholera, and V. fischeri 

as search queries.   

The AHLs produced by V. harveyi (HAI-1), V. cholera (CAI-1), and V. fischeri 

(3-oxo-hexanoyl- and octanoyl-AHL) are synthesized by the corresponding AHL 

synthases LuxM, CqsA, LuxI, and AinS, and are detected by the corresponding AHL 

sensors LuxN, CqsS, and LuxR (both types of V. fischeri AHL) (59, 60, 63-65).  Previous 

studies reported that AHL was not detected in the extracellular fraction of aerobically-

grown S. oneidensis cultures and that the seven S. oneidensis LuxR homologs identified 

in the S. oneidensis genome were not paired with cognate LuxI, LuxM, or CqsA AHL 

synthases (i.e., classified as solo LuxR homologs) and lacked QS signal binding motifs 

(13, 14).  Genome searches in the present study indicated that homologs of the Vibrio 

AHL synthases and sensors were not present in the S. oneidensis genome, thus 
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reinforcing the previous report that S. oneidensis does not carry out AHL-dependent QS 

(13).   

The S. oneidensis genome does not contain a luxM homolog but does contain 

seven luxR solo homologs (i.e., not paired with cognate AHL synthase-encoding luxM or 

luxI)(12, 13, 43-46).  LuxR proteins that retain the same modular structure as LuxR 

proteins involved in QS but lack the cognate AHL synthase (luxM/I) are referred to as 

solo LuxRs (45).  Interestingly, of 3550 luxR genes identified across a wide range of 

organisms, only 24% were determined to be members of AHL circuits, while 76% were 

identified as solo luxR genes (44).  Solo luxR genes are capable of respondng to internal 

AHL signals produced by non-adjacent luxI  in the chromosome, or are capable of 

responding to other exogenous signals.  Solo LuxR sequences form distinct clusters that 

are divergent from the clusters of LuxR sequences that belong to known luxR-luxI QS 

systems and these solo luxR genes lack the sequence motifs characteristic of AHL 

binding LuxR proteins (44).  These findings indicates that LuxR homologs in S. 

oneidensis are not similar to the LuxR-type proteins that functions as AHL-dependent 

transcription regulators (13).   

 Despite the fact that the luxS gene is widespread, there is considerable doubt that 

the main role of LuxS and AI-2 is its function as a quorum sensing molecule.  

Conversely, the proposed primary role of LuxS is a metabolic role in the recycling of 

SAM, with the synthesis of AI-2 simply a by-product of the AMC process.  Furthermore, 

the function of AI-2 in a quorum sensing mechanism is also dependent on the organism 

containing known AI-2 receptor genes. The AI-2 family of quorum sensing signals, 

catalyzed by the enzyme luxS, is unique in that LuxS is conserved across gram-negative 
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and gram-positive proteobacteria.  This genetic conservation has lead to the supposition 

that AI-2 is used for interspecies communication (i.e. quorum sensing) (66).  LuxS is also 

involved in the activated methyl cycle (AMC) (67, 68).  The metabolic function of LuxS 

are highly debated regarding whether the mutation in luxS displays certain phenotypes as 

a result of disruption in quorum-sensing activities or disruption of the AMC (16, 69-71).    

The AMC is responsible for the synthesis of homocysteine, methionoine, 

adenosine, S-adenosylhomocysteine (SAH), S-ribosylhomocysteine (SRH), and S-

adenosylmethionine (SAM), a predominant methyl donor source within the cell (16).  

Homocysteine enters the cycle via one of three ways:  the conversion of SRH to 

homocysteine by the luxS enzyme, the conversion of cystathionine to homocysteine via 

cystathionine β-lyase (metC), or the conversion of O-acetyl-L-homoserine to 

homocysteine via O-acetyl-L-homoserine sulfhydrolase (metY).  Homocysteine is 

converted to methionine and then to SAM.  SAM is then converted to SAH, which results 

in the methylation of DNA, RNA, and metabolites.  The cycle is completed via 

conversion SAH to SRH, followed by conversion of SRH to homocysteine and 4,5-

dihydroxy-2,3-pentanedione (DPD) via LuxS.  DPD can then spontaneously cyclize to 

form AI-2.   

Previous analysis of the S. oneidensis genome revealed that the presence of the 

luxS gene (12).  luxS has been highly characterized in other gram-negative bacteria, such 

as Vibrio harveyi, and has been shown to produce autoinducer-2 (AI-2), a putative 

signaling molecule used for quorum sensing (72).  The role of luxS in S. oneidensis is not 

well understood.  S. oneidensis is capable of forming biofilms, the bacteria live in 

bacterial communities, and the presence of luxS enzyme has led to speculation that AI-2 
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signaling occurs in Shewanella, thus allowing the bacteria to react to bacterial cell density 

in its immediate environment.  However, this generalized role for AI-2 signaling solely 

based on the presence of the luxS enzyme is debatable.  The role of LuxS in bacterial 

species is not necessarily designated as the enzyme responsible for the production of AI-

2, instead, the enzyme is an essential component of the AMC required for the conversion 

S-ribosylhomocysteine (SRH) to homocysteine (73).  S. oneidensis genome lacks any 

genetic homologs to the AI-2 receptor found in Vibrio species and any transport into the 

cell appears to be as a result of nutrient limitation (12).  Previous studies of aerobic 

biofilm formation by luxS mutant in S. oneidensis MR-1 showed a slightly reduced 

biofilm formation (~70%) compared to the wild-type; complementation with components 

of the AMC (methionine) restored the mutant biofilm to wild-type indicating any 

disruption in biofilm formation in the luxS mutant is attributed to disruption in the AMC 

rather than disruption in cell-cell signaling by AI-2 (13) 

A homolog of E. coli LsrA (ATPase component of the AI-2 uptake system) was 

identified in the S. oneidensis genome (SO_0742), however SO_0742 was annotated as 

FbpC, the ATPase component of an ABC-type Fe(III) uptake system (43).  These 

findings indicate that E. coli LsrA and S. oneidensis FbpC function as ATPase 

components of ABC transport systems dedicated to uptake of different substrates (AI-2 

and Fe(III), respectively).  An E. coli LsrK homolog was also identified in the S. 

oneidensis genome (SO_4230), however SO_4230 was annotated as glycerol kinase (43).  

In a manner similar to the homology between E. coli LsrA and S. oneidensis FbpC, these 

findings indicate that E. coli LsrK and S. oneidensis glycerol kinase function as the 

phosphotransfer components of systems involved in degradation of different carbon 
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substrates (AI-2 and glycerol, respectively).  Genes encoding the LsrC, D, and B 

homologs of the E. coli AI-2 uptake system and the LsrG homolog of the E. coli AI-2 

degradation system were not detected in the S. oneidensis genome.  These results indicate 

that AI-2 uptake and degradation system of S. oneidensis are different than the 

corresponding E. coli systems. 

AI-2s produced by V. harveyi, V. cholera, and V. fischeri (HAI-2, CAI-2, and AI-

2, respectively) are synthesized by LuxS homologs and are detected by LuxPQ and LuxR 

homologs (60).  LuxS was previously identified in the S. oneidensis genome and OAI-2 

was detected in the extracellular fraction of S. oneidensis cultures grown aerobically in 

rich medium (13).  In the present study, OAI-2 was detected in the extracellular fraction 

of S. oneidensis cultures grown anaerobically in minimal medium with lactate as electron 

donor and nitrate, thiosulfate, fumarate, or Fe(III) oxide as electron acceptor (Fig. 3.4, 

3.6).  OAI-2 was also detected in the extracellular fraction of S. oneidensis cultures 

grown aerobically in defined medium with lactate as electron donor, thus indicating that 

OAI-2 is produced by S. oneidensis under a wide variety of growth conditions, including 

rich and defined growth media and with electron acceptors of widely varying redox 

potentials and solubilities.   

OAI-2 depletion was first observed in experiments conducted to test the results of 

previous studies that showed S. oneidensis was capable of produced OAI-2.  We found 

that OAI-2 was produced under aerobic and anaerobic conditions while simultaneous 

lactate depletion and acetate production was observed (Fig. 3.4, 3.5).  When OAI-2 

concentrations reached threshold levels, OAI-2 depletion occurred preferentially over 

acetate depletion (Fig. 3.4, 3.5).  Preferential use of OAI-2 over acetate under aerobic 
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growth conditions implies OAI-2 (and other AI-2 molecules, such as HAI-2) can be used 

as an alternate carbon source and potential electron donor.  Rates of OAI-2 production by 

S. oneidensis under anaerobic growth conditions were nearly identical to those observed 

under aerobic growth conditions.  A correlation between rates of OAI-2 production and 

the mid-point redox potential of the electron acceptor was not observed.  Seven solo 

LuxR homologs were previously found in the S. oneidensis genome, yet none contained 

conserved QS signal binding sites (13).  In addition, the Vibrio-like AI-2 sensor LuxPQ 

was missing from the S. oneidensis genome (Table 3.3).  These results indicated that 

OAI-2 production by S. oneidensis was not involved in QS via canonical Vibrio-like AI-

2-based QS systems.  

In previous studies, ΔluxS displayed a partial biofilm formation-deficient mutant 

phenotype (reaching 66% of wild-type biomass levels) under aerobic conditions in rich 

growth medium (13).  The partial biofilm formation-deficient phenotype was restored to 

100% wild-type biomass levels by addition of exogenous homocysteine, but not 

exogenous AI-2 (produced in vitro by purified E. coli LuxS fed SRH as substrate)(13).  

In the present study, S. oneidensis ΔluxS also displayed a partial biofilm formation-

deficiency under aerobic conditions in defined growth medium with lactate as sole carbon 

and electron source (63% of wild-type biofilm formation rates).  Anaerobic biofilm 

formation by the gram-negative -proteobacterium Shewanella oneidensis MR-1, for 

example, may enhance electron transfer to Fe(III) oxides and MFC anodes via direct (cell 

surface c-type cytochrome) (52, 56, 74, 75) or indirect (electron shuttling and Fe(III) 

solubilization) pathways (49-51, 53-55, 76). 
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However, in addition to rescue by homocysteine, the partial aerobic biofilm 

formation-deficiency of ΔluxS in defined growth medium was restored to near wild-type 

biofilm formation rates by addition of either OAI-2 or HAI-2.  Reasons for the previously 

reported inability of E. coli-produced AI-2 to rescue the partial biofilm formation-

deficient mutant phenotype of ΔluxS under aerobic conditions in rich growth medium are 

unclear, especially since species-dependent differences in AI-2 structure have not been 

reported.  Furthermore, in the present study, ΔluxS displayed a severe biofilm formation-

deficiency under anaerobic conditions in defined growth medium (6-23% of wild-type 

biofilm formation rates on polystyrene and bare and Fe(III) oxide-coated silica surfaces; 

Fig. 3.2, 3.3).  The rates of anaerobic biofilm formation by ΔluxS were also restored to 

near wild-type rates by addition of exogenous homocysteine, OAI-2, or HAI-2.  The 

ability of exogenous homocysteine, OAI-2, and HAI-2 to rescue the severe anaerobic 

biofilm formation-deficiency of S. oneidensis ΔluxS links the ΔluxS genotype to the 

anaerobic biofilm formation mutant phenotype.  The absence of such a link has hindered 

past investigations of LuxS-dependent investigations of LuxS-dependent phenotypes. 

The absence of genes encoding AHL- and AI-2-based QS systems and the link 

between the S. oneidensis ΔluxS genotype and anaerobic biofilm formation-deficient 

mutant phenotype led us to hypothesize that S. oneidensis metabolizes OAI-2 and HAI-2, 

potentially as sole carbon and electron source for aerobic and anaerobic respiration.  

Previous studies demonstrated that HAI-2 was depleted by S. oneidensis cultures grown 

aerobically in rich growth medium (12).  Results of the present study demonstrated that S. 

oneidensis cultures grew aerobically or anaerobically in minimal growth medium with 

either OAI-2 or HAI-2 as sole carbon and electron source and either oxygen, nitrate, 
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fumarate, thiosulfate, or Fe(III) oxide as sole electron acceptor .  These findings expand 

the list of carbon and electron sources respired by S. oneidensis to include OAI-2 or AI-2 

produced by other bacteria (e.g., HAI-2).  The ability to respire OAI-2 provides enhanced 

growth capability to free-living or biofilm-associated S. oneidensis cells:  after primary 

carbon and electron sources such as lactate, succinate, formate, hydrogen, and acetate 

(aerobic conditions only) have been exhausted, the accumulated extracellular OAI-2 may 

subsequently imported and metabolized as sole carbon and electron source to sustain 

aerobic growth and anaerobic reduction activity.  

 The ability to utilize HAI-2 as sole carbon and electron source under aerobic and 

anaerobic conditions also provides S. oneidensis with the metabolic flexibility to utilize 

AI-2 produced by other bacteria (i.e., V. harveyi) as growth substrate, which potentially 

represents a form of QS signal-blind metabolic cheating (77).  Such capability may 

sustain the metabolic activity of QS signal-blind S. oneidensis cells in multi-species 

biofilms inhabited by QS-proficient members such as phylogenetically related Vibrio 

species.  This ability to utilize HAI-2 as sole carbon and electron source under aerobic 

and anaerobic conditions also provides S. oneidensis with the ability to disrupt the AI-2-

based QS communication systems of other bacteria (e.g., V. harveyi) in multi-species 

biofilms (24, 78-80).  Such disruptive metabolic capability is important for signal 

quenching mechanism.  However, the absence of E. coli lsr-like genes in the S. 

oneidensis genome will necessitate new lines of investigation to uncover the novel 

structural and functional components of the S. oneidensis AI-2 uptake and metabolic 

systems.   
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Figures 

 
 

Figure 3.1.  Rates of aerobic biofilm formation (measured via the CV assay as 

increases in A550 per hour) by S. oneidensis wild-type (dark gray) and ∆luxS (light 

gray) mutant strains with various electron donors, including lactate (WT dark gray, 

solid; ∆luxS light gray, solid), lactate supplemented with exogenous DPD (HAI-2) 

(WT dark gray, diagonal lines; ∆luxS light gray, diagonal lines), and exogenous 

DPD (HAI-2) (WT dark gray, vertical lines; ∆luxS light gray, vertical lines).  Values 

are means of two parallel yet independent anaerobic incubations.  Error bars 

represent range of errors. 
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Figure 3.2.  Rates of anaerobic biofilm formation (measured via the CV assay as 

increases in A550 per hour) by S. oneidensis wild-type (dark gray) and ∆luxS (light 

gray) mutant strains with thiosulfate as the electron acceptor and various electron 

donors, including lactate (WT dark gray, solid; ∆luxS light gray, solid), lactate 

supplemented with exogenous DPD (HAI-2) (WT dark gray, diagonal lines; ∆luxS 

light gray, diagonal lines), and exogenous DPD (HAI-2) (WT dark gray, vertical lines; 

∆luxS light gray, vertical lines).  Values are means of two parallel yet independent 

anaerobic incubations.  Error bars represent range of errors. 
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A 

 
B. 

 

Figure 3.3.  CLSM images of anaerobic biofilms formed by S. oneidensis wild-type 

(MR-1) and ΔluxS strains during a 48 hr anaerobic growth period on bare silica 

surfaces amended with lactate as electron donor and thiosulfate (A) or Fe(III) oxide-

coated silica surfaces (B) as electron acceptor with and without the addition of 

exogenous DPD.   
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A. 

 
B. 

 
Figure 3.4.  Lactate depletion (dotted line, primary axis), acetate production (dashed 

line, primary axis), DPD production and subsequent depletion (solid line, secondary 

axis).  (a) S. oneidensis wild-type grown under aerobic conditions with lactate as the 
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electron donor. (b) S. oneidensis wild-type grown under anaerobic growth conditions 

with lactate as the electron donor and HFO as the electron acceptor.   

A. 

 
B.  

 

Figure 3.5.  Growth and HFO reduction plots corresponding to Figure 3.4 (lactate 

depletion, acetate production, DPD production experiments) under aerobic 

conditions (a) with lactate as the electron donor or anaerobic conditions (b) with 

lactate as the electron donor and HFO as the electron acceptor.  
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A.   

 
B. 

 
Figure 3.6:  Rates of DPD production by S. oneidensis wild-type, ΔluxS, and ΔluxS+ 

(ΔluxS genetic complement) using M1 minimal media under aerobic and anaerobic 

conditions. (a) DPD production rates with lactate as electron donor. (b) DPD 

production rates with no electron donor. 
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A.  

 
B. 

 
Figure 3.7:  Rates of DPD depletion by S. oneidensis wild-type, ΔluxS, and ΔluxS+ 

(ΔluxS genetic complement)  using M1 minimal media under aerobic and anaerobic 

conditions. (a)  V. harveyi harvested DPD (HAI-2) depletion rates. (b) S. oneidensis 

harvested DPD (OAI-2) depletion rates. 
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E. 

 
Figure 3.8.  Corresponding aerobic and anaerobic incubations to DPD production 

experiments involving of S. oneidensis wild type, ΔluxS, and ΔluxS+ (ΔluxS genetic 

complement) strains amended with lactate (wild-type, closed circles; ΔluxS, open 

circles; ΔluxS+, dashed line, open circles) as the electron donor and O2 (a), fumarate 

(b), thiosulfate (c), nitrate (d), and HFO (e) as electron acceptor.  Values are means 

of two parallel yet independent anaerobic incubations.  Error bars represent range of 

errors.  In some cases, error bars are smaller than the symbol.  
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E. 

 
Figure 3.9.  Corresponding aerobic and anaerobic incubations to DPD production 

experiments involving aerobic and anaerobic incubations of S. oneidensis wild type, 

ΔluxS, and ΔluxS+ (ΔluxS genetic complement) strains with no exogenous electron 

donor added (wild-type, closed triangles; ΔluxS, open triangles; ΔluxS+luxS,  dashed 

line, open triangles) and O2 (a), fumarate (b), thiosulfate (c), nitrate (d), and HFO (e) 

as electron acceptor.  Values are means of two parallel yet independent anaerobic 

incubations.  Error bars represent range of errors.  In some cases, error bars are 

smaller than the symbol. 
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E. 

 
 

Figure 3.10.  Corresponding aerobic and anaerobic incubations to DPD depletion 

experiments (S. oneidensis produced DPD, OAI-2) involving aerobic and anaerobic 

incubations of S. oneidensis wild type and ΔluxS strains amended with exogenous 

DPD (OAI-2) as electron donor, (wild-type, closed squares; ΔluxS, open squares) and 

O2 (a), fumarate (b), thiosulfate (c), nitrate (d), and HFO (e) as electron acceptor.  

Values are means of two parallel yet independent anaerobic incubations.  Error bars 

represent range of errors.  In some cases, error bars are smaller than the symbol.  
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E. 

 
 

Figure 3.11. Corresponding aerobic and anaerobic incubations to DPD depletion 

experiments (Vibrio produced DPD, HAI-2) involving aerobic and anaerobic 

incubations of S. oneidensis wild type and ΔluxS strains amended with exogenous 

DPD as electron donor, (wild-type, closed diamonds; ΔluxS, open diamonds) and O2 

(a), fumarate (b), thiosulfate (c), nitrate (d), and HFO (e) as electron acceptor.  Values 

are means of two parallel yet independent anaerobic incubations.  Error bars 

represent range of errors.  In some cases, error bars are smaller than the symbol.  
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Table 3.2: Primers used in this study.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bacterial strain 

or plasmid   

Description 

      

Source or Reference 

S. oneidensis                        

MR-1     Wild-type strain           ATCC     

∆luxS     In-frame deletion mutant         This study   

∆SO3800   In-frame deletion mutant         Burns and DiChristina, 2009 

∆lux+luxS   luxS-complemented mutant         This study   

                          

E. coli                         

EC100D pir-116 
F

-
 mcrA ∆(mrr-hsdRMS-mcrBC) φ80dlaxZ∆M15 ∆lacX74 

recA1 end A1 araD139 ∆(ara leu) 7697 galU galK λ
-
 rpsL 

nupG pir-116(DHFR) 

  Epicentre     

              

              

β2155 λ pir   thrB1004 pro thi strA hsdS laxZ∆M115 (F9 lacZ∆M115 

lacI
q
 traD36 proA1 proB1) ∆dapA::erm pir::RP4 Km

r
 

  Dehio and Meyer, 1997 

              

                          

Plasmids                         

pKO2.0   4.5-kb γR6K mobRP4 sacB Gm
r
 lacZ       Burns and DiChristina, 2009 

pKO2.0-F3   pKO2.0 containing in-frame deletion of SO1101     This study   

pKO2.0-luxS   

pKO2.0 containing wild-type of 

SO1101       This study   

              

Primer       Nucleotide Sequence         

 D1   5'-GACTGGATCCGATCCGAATGCCAGGGCTTG-3'       

 D2   5'-ACTATTGTCGCTTTCTTGACGCCTTCGCGATACAACGCCACTGTCGCTATC-3' 

 D3   5'GATAGCGACAGTGGCGTTGTATCGCGAAAGCGTCAAGAAAGCGACAATAGT3' 

 D4   5'-GACTGTCGACCCCAAGCAATGAACGGTAACTATCATCATC-3'   

 DTF   5'-GACAGCACAGGAAATGAACGGC-3'         

 DTR   5'-CTCATCACCTTGCTATCACCTAAGTTG 3'         
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Table 3.3: BLAST analyses of QS-associated proteins (AI-2, AI-1) Homologs in S. oneidensis MR-1. 

 
 

 

 Vibrio protein function S. oneidensis MR-1 annotation   

e-

value 

Identity 

(%) 

Similarity 

(%) 

LuxS S-ribosylhomocysteinase (AI-2 

synthase) 

S-ribosylhomocysteinase (AI-2 synthase) SO_1101 3e-102 80 98 

LuxP Autoinducer-2-binding periplasmic 

protein 

transcriptional repressor of maltodextrose 

utlization (MalR) 

SO_2244 0.028 24 29.6 

LuxQ Autoinducer-2 sensor histidine 

kinase/phosphatase 

two-component transduction system hybrid 

histidine kinase/response regulator with PAS 

domain 

SO_0859 3e-55 33 46 

LuxM Acyl homoserine lactone synthase 

(HAI-1 synthase) 

20G-Fe(II) oxygenase family protein  SO_1098 0.010 29 14 

LuxN Autoinducer-1 sensor 

kinase/phosphatase (HAI-1 sensor 

kinase/phosphatase) 

two-component transduction system hybrid 

histidine kinase/response regulator with Hpt 

domain 

SO_2544 4e-19 25 40 

CqsA CAI-1 Autoinducer synthase  2-amino-3-ketobutyrate coenzyme A ligase 

(Kbl) 

SO_4674 2e-30 28 84 

CqsS Autoinducer-1 sensor 
kinase/phosphatase (CAI-1 sensor 

kinase/phosphatase) 

two-component transduction system hybrid 
histidine kinase/response regulator with PAS 

domain 

SO_0859 3e-24 24 72 

LuxO Repressor protein nitrogen-responsive two component signal 
transduction system sigma54-dependent 

response regulator (GlnG) 

SO_4472 4e-96 42 88 

LuxU Phosphorelay protein 2-oxoglutarate dehydrogenase complex 
dehydrogenase E1 component (SucA) 

SO_1930 0.55 48 23 

LuxR Transcriptional regulator/ 
bioluminescence regulatory protein 

two component signal transduction system 
response regulator activating acetyl-CaA 

synthase 

SO_2648 2e-72 56 96 
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Table 3.4: Identification of LuxR-type proteins in S. oneidensis MR-1 genome. 

 

LuxR Homologs in S. oneidensis MR-1 (identified in Learman, et al. 2009) 

SO_0351 Two-component signal transduction system response regulator LuxR family     

SO_0864 Transcriptional activator of curli operon CsgD     

SO_1860 Two-component signal transduction system response regulator UvrY   

SO_2648 Two-component signal transduction system response regulator activating acetyl-CoA synthase LuxR family 

SO_2725 Transcriptional regulator LuxR family      

SO_3305 Two-component signal transduction system response regulator LuxR family   

SO_4624 Transcriptional regulator LuxR family      
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Table 3.5: BLAST analyses of LuxR-type proteins (identified in Table 3.4) in S. oneidensis MR-1 into V. fischeri. 

 

S. oneidensis 

gene locus Protein Function   V. fischeri homolog function e-value 

Identity 

(%) 

Similarity 

(%) 

SO_0351 Two-component signal transduction 

system response regulator LuxR 

family 

Transcriptional regulator 4e-24 29 94 

SO_0864 Transcriptional activator of curli 

operon CsgD 

LuxR family transcriptional 

regulator 

1e-18 31 53 

SO_1860 Two-component signal transduction 

system response regulator UvrY 

Response regulator 6e-121 78 98 

SO_2648 Two-component signal transduction 

system response regulator activating 

acetyl-CoA synthase LuxR family 

LuxR family transcriptional 

regulator 

4e-71 58 95 

SO_2725 Transcriptional regulator LuxR 

family 

LuxR family transcriptional 

regulator 

1e-26 31 91 

SO_3305 Two-component signal transduction 

system response regulator LuxR 

family 

LuxR family transcriptional 

regulator 

7e-41 44 100 

SO_4624 Transcriptional regulator LuxR 

family 

LuxR family transcriptional 

regulator 

6e-4 35 20 
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Table 3.6. BLAST analyses of LuxR Homologs (identified in Table 3.4) in S. oneidensis MR-1 into V. harveyi: 

 

S.oneidensis 

gene locus  Protein Function   V. harveyi homolog function e-value 

Identity 

(%) 

Similarity 

(%) 

SO_0351 Two-component signal transduction 

system response regulator LuxR 

family 

LuxR family transcriptional regulator 1e-17 26 100 

SO_0864 Transcriptional activator of curli 

operon CsgD 

LuxR family transcriptional regulator 2e-16 36 52 

SO_1860 Two-component signal transduction 

system response regulator UvrY 

Transcriptional regulator, LuxR 

family 

1e-119 77 98 

SO_2648 Two-component signal transduction 

system response regulator activating 

acetyl-CoA synthase LuxR family 

Transcriptional regulator LuxR 1e-68 56 95 

SO_2725 Transcriptional regulator LuxR 

family 

Bacterial regulatory LuxR family 

protein 

7e-19 40 53 

SO_3305 Two-component signal transduction 

system response regulator LuxR 

family 

Transcriptional dual regulator NarL 5e-13 29 96 

SO_4624 Transcriptional regulator LuxR 

family 

Tetrathionate response regulatory 

protein TtrR 

0.004 33 20 
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Table 3.7: BLAST analyses of Lsr Homolog in S. oneidensis MR-1. 

 

E. coli 

protein E. coli protein function  S. oneidensis MR-1 annotation   e-value 

Identity 

(%) 

Similarity 

(%) 

LsrA ATPase that provides energy for  

AI-2 transport 

ABC-type Fe(III) uptake component 

(FbpC) 

SO_0742 8e-28 32 82 

LsrC Channel proteins Inner membrane protein (unknown 

function) 

SO_0308 0.029 28 36 

LsrD Channel proteins phage shock protein B (PspB) SO_1808 1.5 45 7 

LsrB Periplasmic AI-2 binding protein ABC-type monosaccharide transport 

system substrate-binding component 

SO_3714 6e-13 34 32 

LsrK AI-2 kinase glycerol kinase (GlpK) SO_4230 4e-25 26 87 

LsrR lsr repressor O2 response transcriptional regulator 

of anaerobiosis response (Fnr) 

SO_2356 0.59 42 10 

LsrF Similar finction to aldolases ROK family protein SO_1389 0.18 27 22 

LsrG AI-2 degrading protein putative quinol monooxygenase SO_0400 3e-4 19 75 

Tam trans-aconitate 2-methyltransferase 

(SAM-dependent methyltransferase) 

SAM-dependent methyltransferase 

type II 

SO_1988 2e-6 24 38 

YneE Inner membrane protein Peptidase SO_3650 0.67 31 21 
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Table 3.8:  Rates of aerobic and anaerobic biofilm formation in S. oneidensis wild-type and ∆luxS with lactate, lactate and 

exogenous DPD, or exogenous DPD as the electron donor and O2 or thiosulfate as the terminal electron acceptor.  

Lactate + O2

Lactate + O2 + 

HAI-2 HAI-2+ O2

Lactate + 

Thiosulfate

Lactate + 

Thiosulfate + 

HAI-2

HAI-2 + 

Thiosulfate

Wild-type 0.056±.002 0.057±.004 0.018±.002 0.017±.0006 0.019±.002 0.003±.0008

 ΔluxS 0.036±.002 0.052±.007 0.018±.004 0.002±.0002 0.018±.002 0.003±.0005
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Table 3.9:  Rates (nM hr-1) of aerobic and anaerobic DPD production in S. oneidensis wild-type and ∆luxS with lactate as the 

electron donor and fumarate, thiosulfate, nitrate, ferrihydrite, or O2 as the terminal electron acceptor. 

 
 

Table 3.10:  Rates (nM hr-1) of aerobic and anaerobic DPD production in S. oneidensis wild-type and ∆luxS with no exogenous 

electron donor and fumarate, thiosulfate, nitrate, ferrihydrite, or O2 as the terminal electron acceptor. 

 
 

Table 3.11:  Rates (nM hr-1) of aerobic and anaerobic HAI-2 depletion in S. oneidensis wild-type and ∆luxS with HAI-2 as the 

electron donor and fumarate, thiosulfate, nitrate, ferrihydrite, or O2 as the terminal electron acceptor. 

 
 

 

Table 3.12:  Rates (nM hr-1) of aerobic and anaerobic OAI-2 depletion in S. oneidensis wild-type and ∆luxS with OAI-2 as the 

electron donor and fumarate, thiosulfate, nitrate, ferrihydrite, or O2 as the terminal electron acceptor. 

 
 

 

Lactate                   

+Fumarate

Lactate 

+Thiosulfate

Lactate                    

+Nitrate

Lactate 

+Ferrihydrite

Lactate               

+O2

S. oneidensis MR-1 531±56.6 543±74.2 515±60.9 397±33.8 448±32.2

S. oneidensis ΔluxS 95.5±12.8 34.5±17.0 77.6±33.2 82.8±26.1 87.1±51.7

S. oneidensis ΔluxS+luxS586±57.5 577±50.2 531±48.2 430±23.9 440±23.1

Fumarate Thiosulfate Nitrate Ferrihydrite O2

S. oneidensis MR-1 284±26.3 290±24.1 250±28.7 243±11.8 312±23.4

S. oneidensis ΔluxS 62.6±21.3 31.4±22.4 57.1±6.8 63.8±11.9 58.3±16.3

S. oneidensis ΔluxS+luxS279±22.6 285±19.3 285±19.3 257±13.7 322±17.1

HAI-2                   

+Fumarate

HAI-2 

+Thiosulfate

HAI-2                    

+Nitrate

HAI-2 

+Ferrihydrite

HAI-2               

+O2

S. oneidensis MR-1 317±9.77 143±31.6 178±18.5 132±10.5 209±47.44

S. oneidensis ΔluxS 237±47.9 229±34.1 139±15.8 100±27.3 282±29.8

OAI-2                   

+Fumarate

OAI-2 

+Thiosulfate

OAI-2                    

+Nitrate

OAI-2 

+Ferrihydrite

OAI-2               

+O2

S. oneidensis MR-1 749±86.2 639±40.0 680±76.9 739±79.9 800±31.4

S. oneidensis ΔluxS 696±28.7 503±50.1 703±61.9 617±40.9 831±53.5
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CHAPTER 4 

 

Bacterial Fe(III) and Mn(III, IV) Reduction Driven by Organic Sulfur Metabolism 

 

[The thiol/disulfide detection via HPLC experiments described in Chapter 4 were carried 

out in collaboration with Ramanan Sekar, a PhD student in Dr. DiChrstina’s research 

group.  *Experiments depicted in Figures 4.11 and 4.12were carried out by Seng Kew 

Wee of the DiChristina Laboratory and experiments in Figure 4.13 were carried out by 

Eryn Eitel of the Taillefert Laboratory] 

 

Summary 

 

The γ-proteobacterium Shewanella oneidensis respires a variety of terminal 

electron acceptors, including solid Fe(III) and Mn(IV) oxides.  S. oneidensis transfers 

electrons to solid Fe(III) oxides via direct (c-type cytochrome) and indirect (electron 

shuttling) pathways.  To test the hypothesis that thiol compounds produced and secreted 

by S. oneidensis functions as an electron shuttle for Fe (III) reduction, the genes encoding 

the activated methyl cycle (AMC) and transulfurylation pathway (TSP) enzymes S-

ribosylhomocysteine lyase (LuxS), cystathionine synthase (MetB), cystathionine lyase 

(MetC), and O-acetyl-L-homoserine sulfhydrolase (MetY) were deleted in-frame from the 

S. oneidensis genome to generate the corresponding mutants luxS, metB, metC, and 

metY.  Under Fe(III)-reducing conditions (with ferrihydrite, hematite, and goethite) with 

lactate or H2 as the electron donor, the Fe(III) reduction phenotypes for the wild-type, 

∆luxS, and ∆metY yield nearly identical phenotypes, and ∆metB and ∆metC displayed 
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Fe(III) reduction-deficient phenotypes.  However, the reduction phenotypes with soluble 

Mn(III) or insoluble Mn(IV) were not as clear cut.  With H2 and Mn(III), ∆luxS, ∆metY, 

and ∆metC displayed wild-type reduction activity, while ∆metB did not.  With lactate and 

Mn(III), ∆luxS, and ∆metY yield reduction rates similar to the wild-type, and ∆metB and 

∆metC displayed Mn(III) reduction-deficient phenotypes.  When insoluble Mn(IV) oxides 

were used as the terminal electron acceptor and H2 as the electron donor, ∆luxS, ∆metY, 

and ∆metB displayed wild-type reduction activity, but ∆metC showed no reduction activity.   

Alternatively, lactate and Mn(IV) growth curves yielded wild-type reduction phenotypes 

for ∆luxS and ∆metY, but ∆metB and ∆metC displayed deficient reduction phenotypes.  

High-performance liquid chromatography (HPLC) was used to identify the thiol 

compounds, including cysteine, homocysteine, glutathione, and cystaemine, present in the 

wild-type and mutant strains during various phases of growth.  The HPLC analyses 

indicated that during the initial growth phase, cysteine is the dominant thiol detected in the 

wild-type, ΔluxS, and ΔmetY strains however, as the bacteria continues to reduce solid Fe 

(III) eventually reaching stationary phase the dominant thiol present shifts from cysteine 

to glutathione to homocysteine.  Cysteamine is detected throughout, albeit at low 

concentrations.  The presence of reduced glutathione in the thiol profiles of the wild-type 

and mutant strains is important due to the ability of reduced glutathione to reduce disulfides 

which in turn reduces metal oxides.  The Fe(III) reduction-deficient phenotype displayed 

by ΔmetB and ΔmetC suggests the Transulfurylation pathway is required to promote metal 

reduction, while the AMC contributes to the biosynthesis of thiols. 

 

Introduction 
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Microbial iron (Fe(III)) respiration is a fundamental component of a variety of 

environmentally important processes, including biogeochemical cycling of iron and 

carbon, bioremediation of radionuclide-contaminated water, and degradation of toxic 

hazardous pollutants (1).  Microbial Fe(III) reduction also drives the generation of 

electricity in microbial fuel cells (2-5).  Bacterial energy conservation requires generation 

of a proton motive force (PMF) across the inner membrane (IM).  Electrons originating 

from oxidation of electron donors are transported down the redox gradient of an electron 

transport chain to IM- or periplasmic- localized terminal reductases coupled to proton 

translocation across the IM to generate PMF. PMF drives ATP synthesis as protons are 

translocated back into the cytoplasm through IM-localized ATPases, catalyzing the 

phosporylation of ADP to ATP (6).  Fe(III)-respiring bacteria are therefore presented with 

a unique problem: they are required to respire anaerobically on insoluble terminal electron 

acceptors that are unable to contact IM-localized electron transport systems (1). 

Manganese is one of the most abundant transition metals found in the Earth’s crust 

and plays an imperative role in the biogeochemical cycling of carbon, phosphorous, 

nitrogen, and other metals (7-10).  Manganese (IV) produced via oxidation of Mn (II) 

typically exists as highly insoluble oxides at circum-neutral pH and comprises a significant 

fraction of soils and sediments (11). Solid Mn (III) oxides are also found in natural 

environments, however, the stability of solid Mn (III) oxides is dependent on the pH and 

concentration of Mn2+ (11, 12).  Mn(II) is thermodynamically more stable under anoxic 

conditions when it is most often found in the dissolved form as free hydrated cation (Mn2+), 

hydroxyl or carbonate complexes, or as insoluble phosphate or carbonate minerals (9, 13).  

Under anaerobic conditions, Mn (IV) is reduced to Mn (II) either biologically via 
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dissimilatory reducing microorganisms at circumneutral pH (14) or chemically via Fe(II) 

or sulfide (15, 16).  

 Microbial Mn (IV) reduction is a central component of biogeochemical cycling in 

manganese aquifers (17), redox stratified water columns (18), fresh water sediments (19), 

and marine sediments (20).  The mechanism of dissimilatory Mn (IV) reduction by metal-

reducing bacteria is poorly understood.  Microorganisms capable of reducing Mn (IV) 

oxides span both domains of the prokaryotic world (21), including the metal-reducing 

bacteria of the genus Shewanella which are capable of reducing solid Mn (IV) (14, 22), 

soluble Mn (III) (23), and a wide variety of alternate electron acceptors, including soluble 

and insoluble Fe (III) oxides (24, 25). 

Fe(III)- and Mn (IV)-reducing gram-negative bacteria are presented with a unique  

physiological problem: at circumneutral pH, the bacteria are required to reduce electron 

acceptors found in nature as amorphous or crystalline (oxy)hydroxide particles (26) 

presumably unable to contact inner membrane (IM)-localized electron transport systems.  

The gram negative, facultative anaerobe Shewanella oneidensis respires a suite of terminal 

electron acceptors that span nearly the entire continuum of redox potentials found in nature, 

including oxygen, fumarate, nitrate, nitrite, trimethylamine N-oxide, dimethyl sulfoxide, 

sulfite, thiosulfate, elemental sulfur, and soluble and insoluble transition metals, such as 

organic Fe(III), Fe(III) oxide, Mn(IV) oxide and Mn(III) (14, 22, 27-31).   

To overcome this physiological problem, the dissimilatory metal-reducing bacteria 

(DMRB) utilized a variety of novel terminal electron transport strategies not found in other 

gram-negative bacteria that reduce soluble terminal electron acceptors (21, 24), including 

direct enzymatic reduction of solid metal oxides via direct contact with metal reductases 
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located on the outer membrane (OM) (32-34), a two-step, solubilization and reduction 

pathway in which solid metal oxides are dissolved by organic ligands followed by uptake 

and reduction of the soluble organic-metal complexes via periplasmic metal reductases (30, 

35, 36), and a two-step electron shuttling pathway in which endogenous and exogenous 

electron shuttling compounds are first enzymatically reduced and then chemically oxidized 

by the solid metal oxides in a second electron transfer reaction (37-39). 

 Recent findings by our research group indicate that S. oneidensis secretes organic 

sulfur (thiol) compounds extracellularly under anaerobic growth conditions  (40).  

Extracellular thiols were detected at bulk concentrations of approximately 9 µM via 

application of the thiol reactive stain 5,5’-Dithiobis-(2-Nitrobenzoic acid) (DTNB, 

Ellman’s reagent; reduced form produces yellow color in Fig. 2) to S. oneidensis cultures 

grown anaerobically on agar or liquid growth media.  The detection of extracellular thiols 

was surprising since thiols are generally involved in a variety of intracellular processes, 

including maintenance of redox homeostasis and proper protein thiol-disulfide ratios, and 

to protect against reactive oxygen (ROS), nitrogen (RNS), and electrophilic (RES) 

species (41). The dominant intracellular thiols in eukaryotes and gram-negative bacteria 

include cysteine and gluthathione (42, 43). In gram-positive bacteria, glutathione may be 

replaced by alternative thiols such as mycothiol in Actinobacteria (44, 45) and bacilithiol 

in Bacillus (46).  We postulated that determining the composition and identifying the 

metabolic pathways involved in extracellular thiol production may provide clues to their 

function.   

 

 The S. oneidensis MR-1 genome contains the genes that make up the activated 

methyl cycle (AMC), transsulfuration pathway (TSP), and direct sulfhydrylation pathway 
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(DSP).  These three cycles are significant in that they are lead to the biosynthesis of 

homocysteine. These cycles have been highly characterized in both gram-negative bacteria, 

such as Escherichia coli, Helicobacter pylori, and gram-positive bacteria, such as Bacillus 

subtilis.  The AMC is a key metabolic pathway that generates S-adenosylmethionine 

(SAM) as an intermediate product in the synthesis homocysteine.  Here, the biosynthesis 

of homocysteine occurs via a multi-step process.  Methionine is first converted to S-

adenosylmethionine (SAM) via the S-adenosyl-methionine synthetase (MetK).  SAM then 

transfers its’ methyl group to a substrate molecule via a methyltransferase resulting in S-

adenosylhomocystine (SAH).  SAH is then converted to S-ribosylhomocysteine (SRH) via 

5-methylthioadenosine nucleosidase (MtnN).  Lastly, an adenosine group is hydrolyzed 

from SRH via LuxS to yield homocysteine.  Homocysteine can be converted back to 

methionine via methyltetrahydrofolate (MetF) or to cysteine.  The transsulfuration pathway 

is a metabolic pathway that encompasses the interconversion of cysteine and homocysteine 

via an intermediate cystathionine.  There are both forward and reverse transsulfuration 

pathways found in gram-positive and gram-negative bacteria.  The forward pathway is 

found in E. coli, S. oneidensis, and B. subtilis (47).  The forward TSP is defined by the 

transfer of the thiol group from cysteine to homocysteine via cystathionine; this conversion 

is catalyzed via cysthathionine γ-synthase (MetB) and cystathionine β-lyase (MetC).   The 

reverse pathway is found in H. pylori and Klebsiella pneumoniahardie  (48).  The reverse 

TSP is defined by the transfer of the thiol group from homocysteine to cysteine via 

cystathionine intermediate; this conversion is catalyzed via cystathionine γ-lyase and 

cystathionine β-synthase.  Direct sulfhydrylation pathway (DSP) are defined by the 

synthesis of cysteine and/or homocysteine via the replacement of the succinyl or acetyl 
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group with a free sulfide.  cykM and cysM encode the cysteine synthase which produces 

cysteine from O-succinyl-L-homoserine via DSP. metY encodes O-acetylhomoserine 

(thiol)-lyase which acts as a homocysteine synthase to convert O-acetyl-L-homoserine to 

homocystine via DSP.   

The S. oneidensis AMC and transulfurylation pathways are composed of a series 

of enzymatic reactions that ultimately lead to the production of methionine (Fig. 1) and 

the activated methyl donor SAM (Fig. 1).  Methionine synthesis requires the production 

of homocysteine, which is produced via one of three pathways: 1) LuxS-catalyzed 

hydrolysis of SRH to yield homocysteine (Fig. 1), 2) MetC-catalyzed conversion of 

cystathionine to yield homocysteine (Fig. 1), and 3) MetY catalyzed formation of 

homocysteine from O-acetyl-L-homoserine (OAHS) and H2S. (Fig. 1).  In addition to 

homocysteine biosynthesis, the AMC and Transsulfurylation pathways in S. oneidensis 

are responsible for conversion of homoserine into threonine via homoserine kinase and 

threonine (Fig. 1).  Cysteine is produced from CysK- and CysM-catalyzed sulfurylation 

of O-acetyl-L-serine with either H2S or thiosulfate as the S-donor (Fig. 1). Cysteine is 

then incorporated into the Transsulfurylation pathway via MetB-catalyzed addition of 

cysteine to either O-succinyl-L-homoserine (OSHS) or O-phospho-L-homoserine 

(OPHS) to produce cystathionine. 

Thiols are potent chemical reductants of Fe(III), rapidly coupling Fe(III) reduction 

to production of the corresponding disulfide (3).  Cysteine, for example, reduces Fe(III) 

oxides abiotically via electron transfer reactions that produce Fe(II) and cystine.  The initial 

rate and extent of Fe(III) reduction correlate linearly with cysteine concentration (3, 49).  

In previous studies, the addition of cysteine to Fe(III)-reducing S. oneidensis cultures 
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increased the rate and extent of Fe(III) reduction by S. oneidensis (50), and the addition of 

cysteine to S. oneidensis-driven microbial fuel cells increased power generation (4). In 

addition, exogenous cysteine functioned as an electron carrier between Geobacter 

sulfurreducens and Wolinella succinogenes in an acetate-oxidizing, Fe(III)-reducing 

syntrophic co-culture (51).  The detection of extracellular thiols in anaerobic Fe(III)-

reducing S. oneidensis cultures, and the ability of thiols to rapidly reduce Fe(III) oxides 

forms the basis of a novel electron shuttling system: thiol-driven (abiotic) reduction of 

external Fe(III) oxides is sustained via catalytic (biotic) reduction of the resulting 

disulfides. 

In the present study, we test the hypothesis that the gram-negative bacteria S. 

oneidensis MR-1 utilizes thiol compounds, including cysteine, homocysteine, glutathione, 

and cysteamine, produced and secreted by the bacteria under anaerobic Fe (III)- and 

Mn(III,IV)-reducing conditions as an electron shuttle.  To answer this hypothesis, a series 

of growth experiments using insoluble Fe (III) and Mn(III,IV) as the terminal electron 

acceptor and lactate or H2 as the electron donor were conducted with the wild-type and in-

frame deletion mutants of genes from the activated methyl cycle (AMC) and 

transulfurylation pathway (TSP) that function to produce endogenous thiols that can 

ultimately be secreted to the outside of the cell and utilized as an electron shuttle.  

Subsequent analyses via high-performance liquid chromatography (HPLC) were used to 

identify the thiols present during various phases of growth and whether or not the thiol was 

present in the reduced or oxidized form.   

 

Materials and Methods  
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Bacterial strains and cultivation conditions.  The bacterial strains and plasmids used in 

this study are listed in Table 4.1.  For genetic manipulations, S. oneidensis was cultured 

at 30°C in Luria-Bertani (LB) medium.  For anaerobic growth experiments, cells were 

grown in M1 minimal medium (14) supplemented with lactate (18 mM), formate (18 

mM), or hydrogen (anaerobic gas mixture consisting of 5% H2, 10% CO2, 85% N2) as 

electron donor.  When hydrogen was used as the electron donor, incubations were 

conducted inside an anaerobic chamber with no additional electron donors present in the 

anaerobic gas mix or media.  Electron acceptors were added from anaerobic stock 

solutions synthesized as previously described (22, 28, 29, 52, 53): ferrihydrite (10 mM), 

hematite (10 mM), goethite (10 mM), Mn(III)-pyrophosphate (10mM), or Mn(IV) 

(10mM).  When required, gentamicin (Gm) was added at a final concentration of 15 

μg/ml.  For growth of Escherichia coli β2155 λ pir, diaminopimelate (DAP) was added at 

a final concentration of 100 μg/ml.  Aerobic growth was monitored 

spectrophotometrically by measuring changes in optical density at 600 nm (OD600). 

 

Nucleotide and amino acid sequence analyses.  Genome sequence data for S. 

oneidensis MR-1 was obtained from the National Center for Biotechnology Information 

(NCBI, http://www.ncbi.nlm.nih.gov) and the Department of Energy Joint Genome 

Institute (DOE-JGI, http://jgi.doe.gov).  AMC and Transsulfurylation pathway homologs 

in the NCBI databases were identified.  Proteins displaying sequence similarity to 

activated methyl cycle genes (SO1101, SO0818, SO1030, SO0929, SO3006, SO1322), 

transsulfuration pathways genes (SO1676, SO4056, SO2191), direct sulfhydrylation 

pathway genes (SO1095, SO2903, SO3598), glutathione synthesis and degradation genes 
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(SO3559, SO0831, SO4702), cysteine/glutathione transporter genes (SO3779, SO3780), 

homoserine and threonine synthesis genes (SO3413, SO3414, SO3415, SO4055), 

cysteamine synthesis gene (SO4249) were identified via BLAST analysis (54) using the 

corresponding S. oneidensis enzymes as the search queries. 

 

Identification of genes required for disulfide reduction, thiol secretion, and disulfide 

uptake by S. oneidensis.  The aforementioned protein sequences encoded by the 

Shewanella oneidensis MR-1 genomes were analyzed and compared to the genome 

sequences of 17 other Shewanella species, including S. putrefaciens 200, S. putrefaciens 

CN32, S. putrefaciens W3-18-1, S. amazonensis SB2B, S. denitrificans OS217, S. baltica 

OS195, S. frigidimarina NCIMB400, S. pealeana ATCC 700345, S. woodyi ATCC 51908, 

Shewanella sp. ANA-3, Shewanella sp. MR-4, Shewanella sp. MR-7, S. loihica PV-4, S. 

halifaxens, S. piezotolerans, S. benthica, and S. sediminis.  Percents sequence similarity 

(Sim), percents identity (ID), and E values for the S. oneidensis protein sequences were 

obtained.  In addition, the protein sequences encoded by the Shewanella oneidensis MR-1 

genomes were analyzed and compared to the organisms outside of the genus Shewanella 

with the homologs of highest similarity (best hit) as determined by BLASTp analysis of 

GenBank nonredundant database.   

 

In-frame gene deletion mutagenesis and genetic complementation analysis.  The gene 

encoding LuxS (SO_1101), MetB (SO_4056), MetC (SO_2191), and MetY (SO_1095) 

was deleted in-frame from the S. oneidensis genome via previously described procedures 

(Table 4.2) (55).  The primers used for construction of ΔluxS are listed in Table 4.2.  
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Regions corresponding to approximately 750 bp upstream and downstream of each open 

reading frame (ORF) were PCR-amplified with primers D1 and D2 for the upstream region 

and D3 and D4 for the downstream region with iProof ultrahigh-fidelity polymerase (Bio-

Rad, Hercules, CA), generating fragments F1 and F2, which were fused by overlap 

extension PCR to generate fragment F3.  Fragment F3 was cloned into pKO2.0 (containing 

sacB) with BamHI and SalI restriction endonucleases to generate recombinant plasmid 

pKO2.0-F3, which was electroporated into E. coli strain β2155 λ pir.  pKO2.0-F3 was 

mobilized into recipient S. oneidensis wild-type cells via conjugal transfer from E. coli 

donor strain β2155 λ pir.  S. oneidensis recipient strains containing the plasmid integrated 

into the genome were selected on LB agar medium supplemented with 15 μg ml-1 Gm.  

Single plasmid integrants were identified via PCR with primers D1-DTR and D4-DTF that 

flank the targeted recombination region.  Plasmids were resolved from the genomes of the 

single integrants by plating on LB agar medium containing sucrose (10% w/v).  Following 

counter selection on sucrose-containing LB agar medium, the corresponding in-frame 

deletion mutant (designated strain ΔluxS) was isolated and confirmed via PCR 

amplification and direct DNA sequencing (University of Nevada, Reno Genomics 

Facility).  Genetic complementation of ΔluxS, metB, metC, and metY were carried out 

by cloning wild-type luxS into broad-host-range cloning vector pBBR1MCS (56) and 

conjugally transferring the recombinant vector into ΔluxS, metB, metC, or metY via bi-

parental mating procedures (28, 57).   

 

Determination of the overall anaerobic respiratory capability of ΔluxS in batch 

cultures.  S. oneidensis wild-type and ΔluxS mutant strains were grown anaerobically 
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(initial inoculum of 1.0 × 107 cells ml-1) in M1 minimal medium supplemented with 

either lactate (18 mM) or H2 (anaerobic gas mixture consisting of 5% H2, 10% CO2, 85% 

N2) as electron donor and either Fe(III)-citrate (50 mM), ferrihydrite (10 mM), or 

hematite (10 mM) as electron acceptor.  Fe(II) production was monitored by 

measurement of HCl-extractable Fe(II) via the Ferrozine method (58). ΔluxS was also 

tested for the ability to respire anaerobically on Mn(III) pyrophosphate and Mn(IV) 

oxide.   Mn(III) pyrophosphate was measured colorimetrically as previously described 

(23).  Mn(IV) reduction was measured spectrophotometrically after reaction with 

benzidine as previously described  

 

Identification of extracellular thiols produced by S. oneidensis wild-type and AMC 

and transulfurylation pathway mutants during anaerobic growth on Fe(III) oxides, 

Mn(III), and Mn(IV) oxides as electron acceptor.  Thiols produced by S. oneidensis 

wild-type and mutant strains were identified by high-performance liquid chromatography 

(HPLC) of derivatized thiols with fluorescence detection or, in the case of novel thiols, 

liquid chromatography-mass spectrometry (LC-MS) techniques.  The HPLC method is 

adapted from previous techniques employed to identify thiols in natural waters (59), blood 

plasma (60), and urine (61, 62). Samples from anaerobic Fe(III)-respiring cultures will be 

harvested and centrifuged at 12,000xg.  Supernatants will be incubated with the chemical 

reductant Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) and the derivatizing agent 

7-fluorobenzofurazan-4-sulfonic acid ammonium salt (SBD-F) to derivatize the total 

(reduced and oxidized) complement of extracellular thiols.  In a parallel set of experiments, 

the supernatants will be incubated only with SBD-F (i.e., with TCEP omitted) to derivatize 
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only the reduced complement of thiols.  Comparison of the thiols identified with and 

without TCEP will provide crucial information on the oxidation state of the extracellular 

thiols (i.e., reduced thiol or oxidized disulfide forms).  In both cases, the resulting set of 

derivatized thiols will be separated on a C-18 HPLC column (Supelcosil CL-18-DB, 4.6 x 

150 mm, 5 um bead size) with an isocratic eluent 100 mM KHPO4, 6% acetonitrile (ACN) 

adjusted to pH of 2.1 with phosphoric acid.  Derivatized thiols will be detected by 

fluorescence with an excitation wavelength of 385 nm and a measurement wavelength of 

515 nm (sample run time 20 min).  For novel thiols (i.e., for those not found in the standard 

set of thiol controls), a LC-MS approach will be utilized with (63) or without (34) 

derivitization by differential measurement of thiol and disulfide compounds. 

 

Results 

Overall respiratory capability of ∆luxS, ∆metB, ∆metC and ∆metY in anaerobic 

batch cultures.  In anaerobic batch cultures with H2 and lactate as electron donor, ∆luxS 

and ∆metY reduced ferrihydrite, hematite, and geothite at near wild-type rates (Fig. 4.2).  

In anaerobic batch cultures with H2 as the electron donor, ∆metB and ∆metC reduced 

HFO at 50% of wild-type rates, ∆metB and ∆metC reduced hematite at 25% of wild-type 

rates, and ∆metB and ∆metC reduced goethite at 33% of wild-type rates.  (Fig. 4.2).  In 

anaerobic batch cultures with lactate as the electron donor, ∆metB and ∆metC reduced 

HFO at 25% of wild-type rates, ∆metB and ∆metC reduced hematite at 25% of wild-type 

rates, and ∆metB and ∆metC reduced goethite at 50% of wild-type rates (Fig. 4.2).  In 

addition, in anaerobic batch cultures with H2 as the electron donor, ∆luxS, ∆metY, and 

∆metC reduced the alternate electron acceptor Mn(III) pyrophosphate at rates greater than 



 149 

wild-type, but ∆metB reduced Mn(III) at approximately 50% of wild-type rate.   In 

anaerobic batch cultures with lactate as the electron donor, ∆luxS and ∆metY reduced the 

alternate electron acceptor Mn(III) pyrophosphate at wild-type rates, but ∆metB and 

∆metC reduced Mn(III) at approximately 50% of wild-type rate.   Under anaerobic 

conditions with H2 as the electron donor, ∆luxS, ∆metY, and ∆metB reduced the alternate 

electron acceptor Mn(IV) at wild-type rates, but ∆metC was deficient in Mn(IV)  

reduction.  In anaerobic batch cultures with lactate as the electron donor, ∆luxS and 

∆metY reduced the alternate electron acceptor Mn(IV) at wild-type rates, but ∆metB and 

∆metC reduced Mn(IV) at approximately 50% of wild-type rate Thus, in anaerobic batch 

cultures, ∆luxS and  ∆metY reduced all electron acceptors at wild type rates, regardless of 

electron donor.  

 

Thiol production under Fe(III)-reducing conditions.  S. oneidensis produced 

endogenous thiols and disulfides under anaerobic Fe(III)-reducing conditions.  Cysteine 

is a powerful reductant that can reduce other disulfides, which in turn can reduce Fe(III) 

oxides.  Reduced glutathione can reduce other disulfides present in the cell, including 

cystine, homocystine, and cystamine.  As thiols become oxidized, Fe(III) is 

simultaneously reduced to Fe(II).  Any reduced glutathione detected is the result of 

chemical reduction of oxidized glutathione by another thiol or disulfide.   Under 

ferrihydrite-reducing conditions, cysteine and cystine (with H2 both forms are present, 

with lactate cystine present) are the dominant thiol and disulfide present in the first 24 

hours of growth in S. oneidensis wild-type  (Fig. 4.3, 4.4).  Similar to the wild-type strain, 

cysteine (and a small proportion of cystine) is the dominant thiol in the first 24 hours of 
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growth observed in the luxS mutant when grown with H2 as the electron donor (Fig. 4.3).  

With lactate as the electron donor, homocysteine/homocystine, reduced 

glutathione/oxidized glutathione, and cysteamine/cystamine are the dominant thiols in 

∆luxS, with cystine appearing after 56 hours (Fig. 4.4).    The presence of 

homocysteine/homocystine in the ∆metC mutant indicates that metY and luxS can 

contribute a significant amount of homocysteine to the internal thiol pool in the absence 

of metC.  Mutants lacking genes required for thiol production, ∆metB and ∆metC, exhibit 

impaired Fe(III) reduction activity and altered thiol production activity in comparison to 

the wild-type strain.  The total concentration of cysteine in the metC mutant is 10X lower 

than the concentration of cysteine in the wild-type (Fig. 4.3. 4.4).  ∆metY is capable of 

reducing Fe(III) at wild-type rates, however, the thiols and disulfides profile with H2 as 

the electron donor follow similar patterns as the wild-type; cystine is the dominant thiol 

in the first 24 hours  (Fig. 4.3), however with lactate as the electron donor, no cysteine or 

cystine is detected (Fig. 4.4). 

 Under hematite-reducing conditions, cysteine and cystine are the dominant 

thiol/disulfide present throught the entire reduction period in the wild-type strain, with 

small contributions of homocysteine/homocystine, reduced glutathione/oxidized 

glutathione, and cysteamine/cystamine present throughout (Fig. 4.5).  ∆luxS  produces 

cysteine as the dominant thiol compound, along with homocysteine, reduced glutathione, 

and cysteamine in small concentration.  The only disulfide detected in the ∆luxS strain 

was cystamine.  In hematite-reduction deficient mutants ∆metB and ∆metC, cysteine and 

cystine only appear after 51 hours, while the first 51 hours are dominated by oxidized 

glutathione, cystamine, homocysteine (∆metB), and homocystine (∆metC) (Fig. 4.5). 
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Thiol production under Mn(III, IV)-reducing conditions.  Similar to the effect of 

thiols on Fe(III) reduction, thiols are also proposed to serve as an electron shuttle for 

Mn(IV) oxide reduction.   Under Mn(III) reducing conditions with H2 as the electron 

donor, cystine is the dominant thiol detected in the wild-type and ∆luxS  in the first 7.5-

10 hours.  Homocysteine/homocystine, reduced glutathione/oxidized glutathione, and 

cysteamine/cystamine are also detected.  After 75 hours and 32 hours, no thiols or 

disulfides were detected in the wild-type or ∆luxS, respectively (Fig. 4.7).  Cysteine and 

cystine were absent from the thiol pool in ∆metB, ∆metC, and metY despite ∆metC, and 

metY retaining wild-type Mn(III) reduction activity.   With lactate as the electron donor, 

cysteine and cystine are detected in the wild-type, ∆luxS, ∆metB, ∆metC and ∆metY 

strains (Fig. 4.8).   

 Under Mn(IV)-reducing conditions with H2 as the electron donor, cysteine/cystine 

and oxidized glutathione are the dominant thiols present in the wild-type strain, ∆metB, 

∆metC, and ∆metY (4.9).  Cysteine/cystine and reduced glutathione are the dominant 

thiols present in the ∆luxS mutant; the presence of a greater concentration of reduced 

glutathione compared to oxidized indicates that the majority of oxidized glutathione 

produced by the bacteria is being chemically reduced by other thiols or disulfides (Fig. 

4.9).   Cysteine and cystine are the dominant thiols detected in the wild-type when grown 

with lactate as the electron donor and Mn(IV) as the electron acceptor (Fig. 4.10), but 

∆luxS, a Mn(IV)-reduction positive strain only produced cysteine and cystine in the first 

21 hours, with homocystine the dominant disulfide detected after 50 hours (Fig. 4.10) and 

∆metY, another Mn(IV)-reduction positive strain cystine, but not cysteine, is the 

predominant thiol detected throughout the growth period. 
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Increased rate and extent of Fe(III) reduction with the addition of exogenous 

cysteine.  Previous work carried out by Seng Kew Wee (DiChrstina laboratory) and Eryn 

Eitel (Taillefert laboratory) has shown that cysteine works as an efficient electron shuttle 

under anaerobic conditions.  It was shown that an increased rate and extent of Fe(III) 

oxide reduction (and shuttling frequency) of the disulfides correlated with increases in 

Vmax-Di (Fig. 4.11, 4.12).  These results suggest that the rates of abiotic Fe(III) 

reduction by cysteine are not the limiting reaction in thiol-based electron shuttling 

pathway to Fe(III) oxides, instead microbial disulfide reduction rates are the limiting 

reaction in the thiol-based electron shuttling pathway to Fe(III) oxides.  To confirm this 

possibility, the rates of abiotic Fe(III) reduction by cysteine were measured 

voltammetrically in M1 growth medium supplemented with 600 µM cysteine and 40 mM 

Fe(III) oxide (Fig. 4.13).  The rate of Fe(III) oxide reduction by cysteine was 

approximately 10-fold greater than the corresponding rate at which S. oneidensis reduced 

300 µM cystine, again indicating that microbial disulfide reduction activity is the limiting 

step in the electron shuttling pathway to Fe(III) oxides.  

 

Discussion 

 S. oneidensis transfers electrons to Fe(III) oxides located more than 50 µM (i.e., 50 

cell diameters) from the cell surface (64, 65).  Electron reactions are exceedingly slow at 

distances >15Å (66-68), therefore, electron transfer to external Fe(III) oxides may be 

enhanced by exogenous or endogenous electron shuttling compounds.   S. oneidensis 

exploits naturally-occurring humic acids (69-71), phenazines (e.g., pyocyanin) (72), and 

redox-active antibiotics (e.g., tetracyclines) (72) as exogenous electron shuttles to 
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extracellular Fe(III) oxides (69).  Potential endogenous electron shuttles produced by 

Shewanella include menaquinone (39), melanin (73), and flavins (FMN, FAD, riboflavin) 

(69, 74).  The ability of these compounds to function as effective endogenous electron 

shuttles, however, is currently up for debate.  S. oneidensis was originally postulated to 

secrete menaquinone as an endogenous electron shuttle (39), however, these findings were 

subsequently attributed to inadvertent cell lysis (75).  Melanin is also produced 

extracellularly by Shewanella but only in the presence of high amounts (1g/L) of tyrosine, 

thus limiting its effectiveness as an electron shuttle in natural environments (73, 74).  S. 

oneidensis also produces extracellular flavins under aerobic or anaerobic conditions (76).  

Evidence for electron shuttling by flavins includes the findings that oxidized flavins are 

reduced by S. oneidensis c-type cytochrome MtrC (74, 76) and that reduced flavins 

abiotically reduce Fe(III) oxides (75).  The rate limiting step in flavin-based electron 

shuttling is the microbial reduction of oxidized flavin, as opposed to the abiotic reduction 

of Fe(III) oxides by reduced flavin (77).  Flavins function as electron shuttles when S. 

oneidensis is within 1 uM of the metal oxide surface, resulting in an enhanced rate of solid 

Fe(III) respiration (77). Secreted flavins are reduced by the Mtr pathway in S. oneidensis; 

the outer membrane (OM)-associated decaheme c-type cytochrome MtrC potentially has a 

FMN binding domain located near exposed heme groups.  This is significant because the 

absence of OM cytochromes, S. oneidensis is unable to reduce solid metal oxides, which 

indicates the bacteria is unable to respire insoluble metal oxides via direct contact or 

electron shuttles without the cytochromes (76).   Metal oxide reduction via electron 

shuttling (by the Mtr pathway) coupled to lactate oxidation is the rate limiting step (in 

flavin enhanced rate of Fe(III) reduction), not heterogeneous electron transfer to Fe(III) 
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oxide (77).   

 Electron shuttling pathways are known to increase the rate and extent of solid Fe(III) 

oxide reduction by S. oneidensis.  In addition to the abovementioned potential exogenous 

and endogenous electron shuttles, thiols are an intriguing candidate for electron shuttling. 

While extracellular flavins has been described as an effective electron shuttle, there are 

potential limitations that exist that can inhibit the effectiveness of the shuttle.  The 

mechanisms through which flavins function as an electron shuttle by freely diffusing 

through the cell membranes or as a co-factor bound to cell surface-exposed MtrC is a topic 

of discussion.  S. oneidensis produces a number of thiols and disulfides that can serve as 

an endogenous electron shuttle, including cysteine and cystine, homocysteine and 

homocystine, reduced glutathione and oxidized glutathione, and cysteamine and 

cystamine.   S. oneidensis utilizes the reduced (thiol) form of the disulfide compounds 

(cysteine, reduced glutathione, homocysteine, cysteamine) as electron shuttles to transfer 

electrons to extracellular Fe(III) oxides.   

In the present study, S. oneidensis was shown to produce and secrete a variety of 

thiol compounds, including cysteine, homocysteine, glutathione, and cysteamine when 

grown under Fe(III)-, Mn(III)- and Mn(IV)-reducing conditions.  Both reduced and 

oxidized forms of the aforementioned thiol compounds were detected, indicating that the 

thiols are in a constant state of flux between the reduced and oxidized forms and that the 

concentration of reduced thiols to its’ oxidized counterpart is indicative of the state of metal 

reduction by the microorganisms.  These results indicate that endogenous thiols produced 

by S. oneidensis when utilizing Fe(III) oxides or Mn (III, IV) oxides as the terminal electron 

acceptor are used as an effective electron shuttles, which ultimately increase the efficiency 
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of electron transfer to external metal oxides during anaerobic Fe(III)-, Mn(III)-, and 

Mn(IV)-oxide respiration.  Previous results indicate that biofilm formation and direct 

contact is not necessary for electron shuttling and Fe(III) reduction to occur.  These results, 

taken into consideration with the identification of endogenous thiol and disulfides under 

Fe(III)- and Mn(III, IV)-reducing conditions provides novel evidence that electron 

shuttling is the predominant mechanism utilized by S. oneidensis under anaerobic metal-

reducing conditions.  

Under Fe(III)-reducing conditions (with ferrihydrite, hematite, and goethite), the 

Fe(III) reduction phenotypes for the wild-type,  ∆luxS, and ∆metY yield nearly identical 

phenotypes, and ∆metB and ∆metC displayed Fe(III) reduction-deficient phenotypes.  

However, the reduction phenotypes with soluble Mn(III) or insoluble Mn(IV) were not as 

clear cut.  With H2 and Mn(III), ∆luxS, ∆metY, and ∆metC displayed wild-type reduction 

activity, while ∆metB did not.  With lactate and Mn(III), ∆luxS, and ∆metY yield nearly 

identical reduction rates, and ∆metB and ∆metC displayed Mn(III) reduction-deficient 

phenotypes.  When insoluble Mn(IV) oxides were used as the terminal electron acceptor 

and H2 as the electron donor, ∆luxS, ∆metY, and ∆metB displayed wild-type reduction 

activity, but ∆metC showed no reduction activity.   Alternatively, lactate and Mn(IV) 

growth curves yielded wild-type reduction phenotypes for ∆luxS and ∆metY, but ∆metB 

and ∆metC displayed deficient reduction phenotypes.  Just as the Fe(III) reduction and 

Mn(III,IV) reduction activities of wild-type, ∆luxS, ∆metB, ∆metC and ∆metY strains were 

not identical, the thiol production profiles of the wild-type, ∆luxS, ∆metB, ∆metC and 

∆metY strains differed between Fe(III) and Mn(III, IV) oxides.  There are, however, more 

similarities between thiols produced by insoluble Fe(III)- and Mn(IV)-oxides than with 
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soluble Mn(III).   The IM/periplasmic embedded MtrCAB complex not only functions as 

the terminal Fe(III) or Mn(IV) reductase, but also has the potential to function as a terminal 

disulfide reductase, which provides a basis for electron shuttling to metal oxides via thiols.   

The S. oneidensis genome contains genes that comprise the activated methyl cycle 

(AMC) and transsulfurylation pathways (TSP).  The AMC is a metabolic cycle that 

produces the methyl donor S-adenosyl-L-methionine (SAM) and recycles methionine via 

S-adenosyl homocysteine (SAH) and homocysteine.  The TSP is a metabolic pathway 

responsible for the interconversion of cysteine and homocysteine via cystathionine.    In S. 

oneidensis, theses cycles are imperative the production of thiol compounds, including 

homocysteine, glutathione, and cysteine, that can serve as electron shuttles for Fe(III) oxide 

reduction.  The results indicate that the components of the AMC and TSP of S. oneidensis 

yield extracellular thiols during anaerobic growth on Fe(III) oxides as the terminal electron 

acceptors and these extracellular thiols can also be used as an electron shuttle.  Based on 

Fe(III) and Mn respiratory phenotypes observed in the AMC and TSP pathway mutants 

(∆luxS, ∆metB, ∆metC and ∆metY) we can infer that cysteine, glutathione, and cysteamine 

contribute to metal reduction by serving as efficient electron shuttling molecules, while 

homocysteine is critical for maintenance of the AMC, propagation of thiol biosynthesis, 

and maintenance of cellular metabolism via the AMC intermediate SAM.  Furthermore, 

these findings suggest that all metal-reducing bacteria require thiol formation to reduce 

solid metal oxides.  Direct contact mechanism is not the dominant means through electrons 

are transferred and metals are reduced, instead electron shuttles are the main reduction 

mechanism.   
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Figures 

 

 

Figure 4.1.  Biosynthesis pathways of homocysteine in Shewanella.  In Shewanella, 

formation of homocysteine can occur from one of three different pathways:  the 

activated methyl cycle (AMC) is mediated by luxS, the transsulfuration pathway 

(TSP) is mediated by metB and metC, and the direct sulfhydrylation pathway (DSP) 

is mediated by metY and and cysK/cysM.   
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Figure 4.2. Anaerobic Fe(III) reduction by S. oneidensis wild-type and ∆luxS, metB, 

metC, and metY mutant strains amended with (A) HFO  as the electron acceptor 

and H2 as the electron donor, (B) HFO  as the electron acceptor and lactate as the 

electron donor, (C) hematite as the electron acceptor and H2 as the electron donor, 

(D) hematite as the electron acceptor and lactate as the electron donor, (E) Goethite 

as electron acceptor and H2 as the electron donor,  (F) Goethite as electron acceptor 

and lactate as the electron donor.  Values are means of two parallel yet independent 

anaerobic incubations, and each time point in the two parallel incubations represent 

triplicate samples.  Error bars represent range of errors. In some cases, error bars 

are smaller than the symbol.   
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E. 

 

Figure 4.3. Identification of extracellular thiols produced by S. oneidensis wild-type 

(A) and AMC and transulfurylation pathway mutants strains lacking luxS (B), metB 

(C), metC (D), and metY (E) during anaerobic growth with H2 as the electron donor 

and solid Fe(III) oxides (HFO) as electron acceptor.  
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Figure 4.4. Identification of extracellular thiols produced by S. oneidensis wild-type 

(A) and AMC and transulfurylation pathway mutants strains lacking luxS (B), metB 

(C), metC (D), and metY (E) during anaerobic growth with lactate as the electron 

donor and solid Fe(III) oxides (HFO) as electron acceptor.  
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Figure 4.5. Identification of extracellular thiols produced by S. oneidensis wild-type 

(A) and AMC and transulfurylation pathway mutants strains lacking luxS (B), metB 

(C), metC (D), and metY (E) during anaerobic growth with H2 as the electron donor 

and Hematite as electron acceptor.  
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Figure 4.6: Mn reduction by S. oneidensis wild type, ΔluxS, ΔmetB, ΔmetC, and ΔmetC 

mutant strains amended with Mn(III)-pyrophosphate and H2 (A), Mn(III)-

pyrophosphate and lactate (B), Mn(IV) and H2  (C), and Mn(IV) and lactate(D). 

Values are means of two parallel yet independent anaerobic incubations, and each 

time point in the two parallel incubations represent triplicate samples.  Error bars 

represent range of errors. In some cases, error bars are smaller than the symbol.   
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E. 

 
 

Figure 4.7: Thiol and disulfide production by S. oneidensis wild type (A), ΔluxS (B), 

ΔmetB (C), ΔmetC (D), and ΔmetY (E) mutant strains amended with H2 as the electron 

donor and Mn(III) as the electron acceptor. Values are means of two parallel yet 

independent anaerobic incubations, and each time point in the two parallel 

incubations represent triplicate samples.  
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E. 

 
 

Figure 4.8: Thiol and disulfide production by S. oneidensis wild type (A), ΔluxS (B), 

ΔmetB (C), ΔmetC (D), and ΔmetY (E) mutant strains amended with lactate as the 

electron donor and Mn(III) as the electron acceptor. Values are means of two 

parallel yet independent anaerobic incubations, and each time point in the two 

parallel incubations represent triplicate samples.  
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E. 

 
 

Figure 4.9: Thiol and disulfide production by S. oneidensis wild type (A), ΔluxS (B), 

ΔmetB (C), ΔmetC (D), and ΔmetY (E) mutant strains amended with H2 as the 

electron donor and Mn(IV) as the electron acceptor. Values are means of two 

parallel yet independent anaerobic incubations, and each time point in the two 

parallel incubations represent triplicate samples.   
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E. 

 
 

Figure 4.10: Thiol and disulfide production by S. oneidensis wild type (A), ΔluxS 

(B), ΔmetB (C), ΔmetC (D), and ΔmetY (E) mutant strains amended with lactate as 

the electron donor and Mn(IV) as the electron acceptor. Values are means of two 

parallel yet independent anaerobic incubations, and each time point in the two 

parallel incubations represent triplicate samples.  
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*Figure 4.11. Calculated disulfide shuttling frequencies as a function of Vmax-Di 

with (a) H2 , (b) lactate, and (c) formate as electron donor.  Filled Square: CSSC; 

filled  triangle: Cystamine; Filled Diamond: GSSG; open  circle: DTDG; open 

triangle: DTDP; cross: DMDS (*Experiments carried out by Seng Kew Wee of the 

DiChristina Laboratory). 
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*Figure 4.12. Maximum extent of Fe(III) reduction as a function of Vmax-Di with 

(a) H2 , (b) lactate, and  (c) formate as electron donor.  Filled Square: CSSC; filled  

triangle: Cystamine; Filled Diamond: GSSG; open  circle: DTDG; open triangle: 

DTDP; cross: DMDS.  Filled Square: CSSC; filled  triangle: Cystamine; Filled 

Diamond: GSSG; open diamond: Ellman’s; open  circle: DTDG; open triangle: 

DTDP; cross: DMDS (*Experiments carried out by Seng Kew Wee of the 

DiChristina Laboratory). 
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*Figure 4.13. Abiotic reduction of 40 mM Fe(III) oxide by 500 µM cysteine carried 

out under anaerobic conditions in M1 growth medium.  Solid triangles, cysteine; 

open diamonds, Fe(II) measured by the ferrozine method with HCl extraction. 

(*Experiments carried out by Eryn Eitel of the Taillefert Laboratory). 
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Table 4.1. Bacterial strains and plasmids used in this study. 

 

 
 

 

Table 4.2. Primers used in this study.  

 

 
 

 

 

 

Primers

SO1101D1 5'-GACTGGATCCGATCCGAATGCCAGGGCTTG-3'

SO1101D2 5'-ACTATTGTCGCTTTCTTGACGCTTTCGCGATACAACGCCACTGTCGCTATC-3'

SO1101D3 5'-GATAGCGACAGTGGCGTTGTATCGCGAAAGCGTCAAGAAAGCGACAATAGT-3'

SO1101D4 5'-GACTGTCGACCCCAAGCAATGAACGGTAACTATCATCATC-3'

SO1101TR 5'-GACAGCACAGGAAATGAACGGC-3'

SO1101TF 5'-GACAGCACAGGAAATGAACGGC-3'

SO4056D1 5'-GACTGGATCCCGTTCACGCAATAGGGTGAGTAGC-3'

SO4056D2 5'-GCTGGAACCACCAAATTTATGTAAGTGACCCTAAGTTCGCAAAGAGATGTCTGGAC-3'

SO4056D3 5'-GTCCAGACATCTCTTTGCGAACTTAGGGTCACTTACATAAATTTGGTGGTTCCAGC-3'

SO4056D4 5'-GACTGTCGACGCTCTTGAGTAATTTCGCATCGTTGATC-3'

SO4056TR 5'-GTGTTAAACAGCGGCTGCAAAGT-3'

SO4056TF 5'-GGTTTTGTTCACTGGTAAGCTAAA-3'

SO2191D1 5'-GACTGGATCCGCTTATCCCATGAGCTACGTACTCCT-3'

SO2191D2 5'-CGCCTTCGCTGTTTTACATATAAGGGGCACTACCTTGGCGAGTCTGTAT-3'

SO2191D3 5'-ATACAGACTCGCCAAGGTAGTGCCCCTTATATGTAAAACAGCGAAGGC-3'

SO2191D4 5'-GACTGTCGACGATAACTAGCCTTTATCCCGATACGCC-3'

SO2191TR 5'-GTCACTGGGTAAGATCGAAGCCT-3'

SO2191TF 5'-GTCGGGTGCGTAACCATCTA-3'

SO1095D1 5'-GACTGGATCCGCGGTATTCCTGCTGATCCTGTTG-3'

SO1095D2 5'-GATGTTTATCGCTCAAACGCAAAAGGCGCCTTGTGCAGATGGATACTAAAACCG-3'

SO1095D3 5'-CGGTTTTAGCCATCTGCACAAGGCGCCTTTTGCGTTTGAGCGATAAACATC-3'

SO1095D4 5'-GACTGTCGACGCTGGTATTAGCCGTACTTGTGTATGGA-3'

SO1095TR 5'-GCTGCTGATTGGCACACTT-3'

SO1095TF 5'-CAGCATATTCACCTTTAGAGCG-3'

Nucleotide Sequence
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Table 4.3. S. oneidensis AMC, Transulfurylation Pathway, and Direct Sulfhydrylation Pathway Genes. 

 
 

 

ORF/Gene Putative Function 		 		 		

SO1101 (luxS) S-ribosylhomocysteinase (Autoinducer-2 synthase) 

	 	SO0818 (metE) B-12 cobalamine-independent homocyseine methyltransferase 

SO1030 (metH) B12-dependentmethyltetrahydrofolte homocysteine methyltransferase 

SO0929 (metK) S-adenosylmethionine synthetase 

	 	 	SO3006 (Dcm Transmethylase) C-5 cytosine-specific DNA methylase family protein 

	 	SO1322 (mtnN) 5-methylthioadenosine nucleosidase 

	 	 	SO1676 (metA) Homoserine O-succinyltransferase 

	 	 	SO4056 (metB) Cystathionine gamma-synthase 

	 	 	SO2191 (metC) Cystathionine beta-lyase 

 	 	 	SO4054 (metF) 5,10-methylenetetrahydrofolate reductase 

	 	SO4057 (metJ) Transcriptional regulator of methionine metabolism 

	 	SO4055 (metL) Homoserine dehydrogenase , methionine-sensitive 

	 	SO1095 (metY) O-acetylhomoserine (thiol)-lyase 

	SO2903 (cysK) Cysteine synthase 

 	 	 	SO3598 (cysM) Cysteine synthase B 

 	 	 	SO3559 (gshA) Glutamate-cysteine ligase 

 	 	 	SO0831 (gshB) ATP-dependent glutathione synthetase 

	 	 	SO4702 (gor) Glutathione disulfide reductase 

	 	 	SO3779 (cydC) Cysteine/Glutathione ABC transporter ATP-binding protein, ATPase/permease 

SO3780 (cydD) Cysteine/Glutathione ABC transporter ATP-binding protein, ATPase/permease 

SO3415 (thrA) Bifunctional aspartokinase I / homoserine dehydrogenase 

	SO3414 (thrB) Homoserine kinase 

 	 	 	SO3413 (thrC) Threonine synthase 

 	 	 	SO1812 (mdeA) Methionine gamma-lyase 
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Table 4.4. BLAST analysis S. oneidensis AMC, Transulfurylation Pathway, and Direct Sulfhydrylation Pathway Genes. 

 

Sim ID E value Best Hit Sim ID E value 

SO1101 (luxS) 100-100 76-97 10-97-10-123 Vibrio parahaemolyticus 100 82 1-100

SO0818 (metE) 24-100 14-98 10-27-0.0 Proteus mirabilis 99 59 0.0

SO1030 (metH) 97-100 82-97 0.0-0.0 Ferrimonas balearica 98 74 0.0 B12-dependent methionine synthase

SO0929 (metK) 100-100 89-99 0.0-0.0 Ferrimonas balearica 100 88 0.0 Methionine adenosyltransferase

SO3006 (Dcm 

Transmethylase)

23-100 8-85 10-137-1.7 Yersinia pseudotuberculosis 99 57 0.0

SO1322 (mtnN) 97-100 77-97 10-129-10 -170 Ferrimonas kyonanensis 97 70 4-113 5-methylthioadenosine nucleosidase

SO1676 (metA) 99-100 83-97 0.0-0.0 Ferrimonas balearica 99 70 1-164 Homoserine O-succinyltransferase

SO4056 (metB) 96-100 83-97 0.0-0.0 Ferrimonas balearica 96 71 0.0 Cystathionine gamma-synthase

SO2191 (metC) 96-100 77-97 0.0-0.0 Psychromonas hadalis 97 81 0.0 Cystathionine beta-lyase

SO4054 (metF) 49-100 26-99 0.0-0.028 Grimontia sp. AK16 99 74 4-165

SO4057 (metJ) 100-100 85-98 10-64-10-75 Photobacterium produndum 

SS9

99 86 1-161

SO4055 (metL) 100-100 78-98 0.0-0.0 Ferrimonas balearica 99 52 0.0 Aspartate kinase

SO1095 (metY) 98-100 38-97 10-78-0.0 Cobetia martina 99 87 0.0

SO2903 (cysK) 100-100 88-98 0.0-0.0 Oceanimonas smirnovii 99 82 0.0 Cysteine synthase

SO3598 (cysM) 95-100 31-96 10-55-0.0 Vibrio cholerae 100 80 9-171 Cysteine synthase B

SO3559 (gshA) 90-99 66-92 0.0-0.0 Aeromonas diversa 94 54 0.0 Glutamate-cysteine ligase

SO0831 (gshB) 99-100 83-97 0.0-0.0 Aliagarivorams taiwanensis 99 75 4-179 Glutathione synthetase

SO4702 (gor) 92-100 29-99 10-43-0.0 Ferrimonas balearica 100 74 0.0 Glutathione reductase

SO3779 (cydC) 95-100 52-91 0.0-0.0 Psychromonas hadalis 99 61 0.0

SO3780 (cydD) 93-100 53-85 0.0-0.0 Psychromonas hadalis 96 62 0.0

SO3415 (thrA) 99-100 76-97 0.0-0.0 Oceanimonas sp. GK1 99 59 0.0

SO3414 (thrB) 99-100 72-96 10-176-0.0 Leminorella grimontii 99 57 3-123 Serine Kinase

SO3413 (thrC) 99-100 72-96 0.0-0.0 Ferrimonas futtsuensis 99 65 0.0 Threonine synthase

SO1812 (mdeA) 98-99 72-91 0.0-0.0 Colwellia piezophila 99 68 0.0 Methionine gamma-lyase

Bifunctional aspartokinase I / homoserine 

dehydrogenase

ORF/Gene

5-methyltetrahydropterolytriglutamate/ 

homocysteine S-methyltransferase

C-5 cytosine-specific DNA methylase 

family protein

Glutathione ABC transporter ATP-

binding protein

Cysteine ABC transporter ATP-binding 

protein

5,10-methylenetetrahydrofolate reductase

Transcriptional repressor of methionine 

metabolism

O-acetylhomoserine 

aminocarboxypropyltransferase

Result for GenBank AnalysisbResult for Shewanella sppa

Putative Function

S-ribosylhomocysteinase
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aPercents sequence similarity (Sim), percents identity (ID), and E values for S. oneidensis AMC, Transulfurylation pathway, 

and direct sulfurylation pathway gene sequences obtained from TIGR are shown. Ranges were determined by pairwise 

comparison with translated sequence data from genome sequences of recently sequenced Shewanella groups, including S. 

putrefaciens 200, S. putrefaciens CN32, S. putrefaciens W3-18-1, S. amazonensis SB2B, S. denitrificans OS217, S. baltica OS195, 

S. frigidimarina NCIMB400, S. pealeana ATCC 700345, S. woodyi ATCC 51908, Shewanella sp. ANA-3, Shewanella sp. MR-4, 

Shewanella sp. MR-7, S. loihica PV-4, S. halifaxens, S. piezotolerans, S. benthica, and S. sediminis. 

 
bOrganisms outside the genus Shewanella with the homologs of the highest similarity (best hit) as determined by BLASTp 

analysis of the GenBank nonredundant database are shown. 
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Table 4.5.  Rates of Fe(II) production (mM hr-1) in S. oneidensis wild-type and luxS, metB, metC, and metY with H2 or lactate as 

the electron donor and HFO, Hematite, or Goethite as the terminal electron acceptor.    

 

 

HFO Hematite Geothite HFO Hematite Geothite 

WT 0.0191 0.0124 0.0039 0.0419 0.0029 0.0232

ΔluxS 0.0218 0.0118 0.0041 0.0478 0.0026 0.0231

ΔmetB 0.0101 0.0030 0.0015 0.0107 0.0010 0.0128

ΔmetC 0.0117 0.0045 0.0012 0.0133 0.0007 0.0093

ΔmetY 0.0233 0.0125 0.0053 0.0462 0.0036 0.0217

H2 Lactate
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CHAPTER 5 

 

THESIS SUMMARY AND FUTURE RESEARCH DIRECTIONS 

 

Microbial iron respiration is a central component of a variety of environmentally 

important processes, including bioremediation of radionuclide-contaminated water, 

biogeochemical cycling of iron and carbon, degradation of toxic hazardous pollutants, 

and generation of electricity in microbial fuel cells.  Bacterial energy conservation 

requires generation of a proton motive force (PMF) across the inner membrane (IM).  

Electrons originating from oxidation of electron donors are transported down the redox 

gradient of an electron transport chain to IM- or periplasmic- localized terminal 

reductases coupled to proton translocation across the IM to generate PMF. PMF drives 

ATP synthesis as protons are translocated back into the cytoplasm through IM-localized 

ATPases, catalyzing the phosporylation of ADP to ATP.  Fe(III)-respiring bacteria are 

presented with a unique physiological problem: they are required to respire anaerobically 

on insoluble terminal electron acceptors that are unable to contact IM-localized electron 

transport systems  

S. oneidensis employs a variety of novel respiratory strategies to overcome the 

problem of respiring solid Fe(III) oxides including i) direct enzymatic reduction via outer 

membrane (OM) or nanowire-localized metal reductases, ii) Fe(III) chelation 

(solubilization) pathways in which the solid Fe(III) oxides are first non-reductively 

dissolved by endogenously synthesized organic ligands prior to reduction, iii) nanowire 

pathways in which electrically conductive pili (nanowires) transfer electrons to external 
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metal oxides, and iv) electron shuttling pathways mediated by exogenous or endogenous 

electron shuttling compounds. 

The formation of biofilms is a widely known mechanism utilized by both gram-

negative and gram-positive bacteria.  Biofilms, which can form on both biotic and abiotic 

surfaces, have been shown to control bioluminescence, sporulation, competence, 

antibiotic production and resistance, and virulence factor production via quorum sensing 

mechanisms.  Mechanisms that control anaerobic biofilm formation in S. oneidensis are 

poorly understood and the connection between biofilm formation and Fe(III) oxide 

reduction activity is even less understood.  Chapter 2 provides evidence that electron 

shuttling is the primary mechanism though which Fe(III) reduction occurs.  Our results 

indicate that the mutant ΔluxS was incapable of forming biofilms under anaerobic 

conditions, yet retains wild-type anaerobic Fe(III) reduction activity under all conditions 

tested.  These results imply biofilm formation and direct contact to the surface of metal 

oxides is not important for electron shuttling and Fe(III) reduction.   

Autoinducer molecules are chemical signals produced and used by bacteria to 

regulate quorum sensing.  In most studies involving autoinducer molecules (i.e. 

autoinducer-2, autoinducer-1, and acylhomoserine lactone) are believed to regulate 

biofilm formation via quorum sensing.  However, the S. oneidensis genome only contains 

the autoinducer-2 synthase gene, luxS.  The results of Chapter 3 indicate autoinducer-2 is 

not used to regulate biofilm formation; instead, the molecule is used by S. oneidensis as 

an alternate carbon energy source or electron donor source under anaerobic growth 

conditions.  

Thiols are potent chemical reductants of Fe(III), rapidly coupling Fe(III) 

reduction to production of the corresponding disulfide. Cysteine, for example, reduces 

Fe(III) oxides abiotically via electron transfer reactions that produce Fe(II) and cystine.  
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The initial rate and extent of Fe(III) reduction correlate linearly with cysteine 

concentration.  In previous studies, the addition of cysteine to Fe(III)-reducing S. 

oneidensis cultures increased the rate and extent of Fe(III) reduction by S. oneidensis, and 

the addition of cysteine to S. oneidensis-driven microbial fuel cells increased power 

generation. In addition, exogenous cysteine functioned as an electron carrier between 

Geobacter sulfurreducens and Wolinella succinogenes in an acetate-oxidizing, Fe(III)-

reducing syntrophic co-culture.  The detection of extracellular thiols in anaerobic Fe(III)-

reducing S. oneidensis cultures, and the ability of thiols to rapidly reduce Fe(III) oxides 

forms the basis of a novel electron shuttling system: thiol-driven (abiotic) reduction of 

external Fe(III) oxides is sustained via catalytic (biotic) reduction of the resulting 

disulfides .  

To build on the results presented in Chapters 2 and 3, the thiol and disulfide 

production activity of luxS, metB, metC, and metY in-frame deletion mutants was analyzed 

during anaerobic respiration on Fe(III) oxides, Mn(III), and Mn(IV) oxides.  The results of 

Chapter 4 indicate various intermediates of the activated methyl cycle and transulfurylation 

pathway and the Fe(III) and Mn respiratory phenotypes are impacted upon deletion of luxS, 

metB, metC, and metY from the genome.  Fluctuations in thiol/disulfide concentrations are 

indicative of the use of thiol (i.e. cysteine, homocysteine, reduced glutathione, and 

cysteamine) compounds as an electron shuttle.  Increased thiol concentration (or 

maintained thiol pools) results in Fe(III) reduction, Fe(II) production, and disulfide 

formation.  Interestingly, reduced glutathione was found throughout the experimental time 

phase for wild-type, ΔluxS, ΔmetB, ΔmetC, and ΔmetY.  The presence of reduced 

glutathione centers around the ability of reduced glutathione ability to reduce disulfides, 
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which in turn reduces metal oxides.  Reduced glutathione functions as a huttle for the 

electron shuttles.  The Fe(III) reduction-deficient phenotype displayed by ΔmetB and 

ΔmetC suggests the Transulfurylation pathway is required to promote metal reduction, 

while the AMC contributes to the biosynthesis of thiols. 

 Furthermore, thiols serve as a redox buffer to allow S. oneidensis to transition 

between electron acceptors (with varying redox potentials) while maintaining 

homeostasis levels of thiols within the cell, which ultimately drives electron 

shuttling.  Current work is focused on analyzing abiotic thiol and disulfide activity on 

insoluble Fe(III) and Mn(IV) oxides and characterizing what initiates and catalyzes the 

multi-step electron shuttling pathway which begins with enzymatic disulfide reduction at 

the cell surface and terminates with abiotic Fe(III) oxide reduction outside the cell.  

Future experiments will focus on identifying the thiols and disulfides present under 

anaerobic growth conditions with alternative electron acceptors, including fumarate, 

nitrate, nitrite, and thiosulfate.  We will also will explore the role of redox homeostasis in 

production and maintenance of biofilm formation under anaerobic formation, the impact 

of endogenous and exogenous thiols on biofilm formation, and the role of thiols as a 

redox buffer by S. oneidensis.  The use of thiols as a redox buffer allows S. oneidensis to 

transition between electron acceptors, including those with similar redox potentials and 

those with highly varied redox potentials, which ultimately allows the bacteria to 

maintain internal thiol concentrations.  In addition, future studies will seek to identify the 

reductase that interacts with the thiols and disulfides that serve as electron shuttles to 

Fe(III) and Mn(IV) oxides.  We will focus on the MtrCAB complex that is believed to 

play a role as the terminal reductase under direct contact mechanism of metal reduction.  
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Purified MtrCAB complex has been shown to reduce Fe(III) oxides ex vivo.  Our aim is 

to show that MtrC can reduce the thiol electron shuttle, for example if MtrC can function 

as the thiol reductase and reduce oxidized glutathione, the reduced glutathione can then 

reduce other disulfides such as cystamine, cystine, and homocystine which then serve as 

the electron shuttle to the Fe(III) and Mn(IV) oxides.  

 Future research should also focus on the role of electroactive biofilms formed by 

S. oneidensis and the role they play in extracellular electron transfer to both insoluble 

metal oxides and the surface of poised electrodes.  Biofilms can form on the surface of 

these metal oxides and electrodes creating a electron shuttling mechanism through which 

secreted redox mediators, such as thiols (i.e. cysteine, glutathione, homocysteine) 

accumulate at the surface of these particles and electrons.  The accumulation of thiols on 

the surface of biofilms provides a recyclable electron shuttle for Fe(III) oxides, Mn(IV) 

oxides, and electrode surfaces.  Studies should look further into the impact of biofilm age 

(attachment, growth, detachment), variations in the concentration of thiols produced and 

secreted during the various biofilm phases, and any impact on electron shuttling (i.e. do 

rates of thiol production and electron shuttling increase or decrease depending on the 

biofilm age).  The aim of this work should be to show that biofilm attachment to the 

surface of electrodes and metal oxides provides an environment for electron shuttling via 

production and secretion of redox mediators (i.e. thiols).  We have shown in previous 

experiments that biofilm formation-deficiency does not prevent Fe(III) oxide reduction 

activity, but the introduction of exogenous redox mediators restores biofilm formation 

activity and can ultimately provide a boost in reduction activity via electron shuttling.  

These studies have important implications in the optimization of microbial fuel cells and 
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other biofilm-based electrochemical systems, such as biosensors.   In addition to the role 

of biofilm-mediated electron shuttles and optimization of microbial fuel cells, the 

secretion of redox mediators by biofilms in redox stratified marine and freshwater 

sediments may aid in metal reduction and cycling in areas were availability of specific 

substrates or electron shuttles are not in the immediate vicinity of metabolically active 

metal-reducing bacteria.  In redox stratified marine and freshwater environments, 

biofilms have the potential to provide continuous, recyclable electron shuttles (i.e. thiols) 

a phenomenon that should be studied in future experiments.   
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