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Abstract: 

Geobacter sulfurreducens is a Gram negative δ-proteobacteria with the ability to couple the 

internal oxidation of a carbon and electron donor with the external reduction of extracellular 

electron acceptors. Extracellular electron acceptors utilized by G. sulfurreducens include 

insoluble Fe(III)- and Mn(IV)-oxides, electrodes poised at accepting potentials, and a variety of 

soluble acceptors including humic acids and chelated metals. These substrates exist over a redox 

potential window greater than 0.5 V, suggesting that respiratory flexibility to efficiently take 

advantage of electron acceptors with different redox potentials would be a useful trait. The data 

presented within this thesis demonstrate that G. sulfurreducens uses multiple electron transfer 

pathways for the reduction of extracellular electron acceptors of different redox potentials. 
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Chapter 1- Geobacter sulfurreducens: A paradigm for extracellular electron transfer in 

subsurface environments 

 

 

 

Caleb E. Levar 
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1.1 Dissimilatory metal reduction as a component of the subsurface carbon cycle 

Much of microbial life on the planet exists in oxygen depleted environments, and in 

these environments alternative electron acceptors drive respiratory processes (Nealson & 

Saffarini, 1994).  These electron acceptors include soluble compounds such as nitrate, sulfate, 

and various organic compounds including humic acids.  In addition to these and other soluble 

compounds, insoluble minerals such as Fe(III)-oxides and Mn(IV)-oxides can serve as a vast 

reservoir of energy for organisms capable of using these metals as terminal electron acceptors 

(Lovley, Holmes, & Nevin, 2004; Lovley & Phillips, 1986; Weber, Achenbach, & Coates, 2006). 

Organisms with the ability to utilize insoluble metal oxides as terminal electron acceptors are 

characterized as dissimilatory metal reducers, highlighting the use of these metals for 

respiratory processes instead of assimilatory processes. These organisms have the ability to 

fundamentally alter the flow of carbon and electrons through the environments in which they 

exist. For example, amendment of sediment with metal oxides able to serve as electron 

acceptors has been demonstrated to suppress methane production by over 50% when 

compared to control sediments (Lovley & Phillips, 1986), and stimulation of dissimilatory metal 

reducing organisms with the electron and carbon donor acetate has led to intriguing 

bioprecipitation applications for groundwater treatment (Anderson et al., 2003). 

Research into dissimilatory metal reducing organisms has focused primarily on the 

mechanisms by which these organisms are able to couple the internal oxidation of a carbon and 

electron donor with the external reduction of a terminal electron acceptor. In the case of a 

Gram negative bacterium participating in dissimilatory metal reduction, the cell must have the 

ability to transfer electrons out of the inner membrane, across some relatively vast periplasmic 

distance, and across the outer membrane before reduction of a metal oxide can occur.  The 

maximum distance that an electron can travel from one redox center to another on a 



3 
 

biologically relevant timescale is ~20Å (Gray & Winkler, 2005), and the distance represented by 

the membranes and periplasmic space is ~270-300Å (Silhavy, Kahne, & Walker, 2010). Combined 

with the insulating nature of lipid membranes  (Mitchell, 1961; Mueller, Rudin, Ti Tien, & 

Wescott, 1962), it is evident that these organisms must have a mechanism to facilitate the 

movement of electrons across these spatial barriers. 

Because the terminal electron acceptors utilized by these organisms often occur as 

insoluble metal oxides at circumneutral pH values (Cornell & Schwertmann, 2003), a cell must 

also be able to facilitate the movement of electrons some distance away from the outer face of 

the outer membrane (Weber et al., 2006).  A number of distinct mechanisms have been 

identified or proposed that could serve this role, including the production and secretion of 

diffusible electron shuttles (Kotloski & Gralnick, 2013; Marsili, Baron, et al., 2008) or chelating 

compounds (Weber et al., 2006), the production of a c-type cytochrome rich extracellular matrix 

(Rollefson, Stephen, Tien, & Bond, 2011), and structures such as membrane extensions 

(Pirbadian et al., 2014) and pili, often termed “nanowires” (Reguera et al., 2005). 
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1. 2 c-type cytochromes as electron transfer pathway constituents: A paradigm for electron 
transfer across distances and membranes 

 
Common to many of the studied strategies for dissimilatory metal reduction by Gram 

negative bacteria are redox active c-type cytochromes (Shi, Squier, Zachara, & Fredrickson, 

2007).  A role for c-type cytochromes in dissimilatory metal reduction has also been implicated 

in some Gram positive organisms, such as Thermincola potens (Carlson et al., 2012). Studies of 

mutant strains deficient in various c-type cytochromes support a scenario in which these redox 

active proteins are used to move electrons across the distances and membranes involved in the 

dissimilatory reduction of extracellular electron acceptors  (Coursolle, Baron, Bond, & Gralnick, 

2010; Lovley et al., 2004; Ross et al., 2007; Shi et al., 2009, 2007).  Two of the most well studied 

dissimilatory metal reducing organisms, Shewanella oneidensis MR-1 and Geobacter 

sulfurreducens PCA, are both Gram negative Proteobacteria (Caccavo et al., 1994; Myers & 

Nealson, 1988) and have unique electron transfer pathways across the inner and outer 

membranes based on c-type cytochromes (Shi et al., 2007), though some similarities have been 

recently shown to exist (Liu et al., 2014).  

The dissimilatory metal reduction pathway utilized by S. oneidensis is easily the best 

characterized electron transfer pathway to date. (Coursolle & Gralnick, 2010, 2012; Hartshorne 

et al., 2009; Ross et al., 2007). The genome of S. oneidensis encodes a number of c-type 

cytochromes and accessory proteins which have been shown to be essential for the movement 

of electrons out of the inner membrane, across the periplasm and the outer membrane, and 

finally to terminal electron acceptors such as Fe(III)-oxides or poised electrodes.  The tetraheme 

c-type cytochrome CymA facilitates electron flow out of the inner membrane, and is essential 

for growth under a variety of anaerobic growth conditions (Murphy & Saltikov, 2007; Myers & 

Myers, 1997). After reaching the periplasmic space, electrons are then transferred to one of a 
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number of periplasmic c-type cytochromes localized to the inner face of outer membrane 

(Coursolle & Gralnick, 2010, 2012). These periplasmic electron carriers exist as part of a 

transmembrane protein conduit consisting of two additional proteins; A second c-type 

cytochrome on the outer face of the outer membrane, and β-barrel facilitating interactions 

between the two cytochromes (Coursolle & Gralnick, 2012). The conduit consisting of MtrABC is 

the primary electron transfer conduit for electron transfer to a variety of extracellular electron 

acceptors (Coursolle et al., 2010; Coursolle & Gralnick, 2012). Protein-protein interactions within 

these outer membrane conduits have been defined (Ross et al., 2007), and electron transfer 

through these types of conduits has been demonstrated (Hartshorne et al., 2009), suggesting 

that these proteins are sufficient for electron transfer across the outer membrane of S. 

oneidensis. After electrons have been transferred to the outer face of the outer membrane, 

electron transfer to insoluble electron acceptors such as poised electrodes or metal oxides is 

largely facilitated through the reduction of soluble mediators, namely flavin electron shuttles 

(Coursolle et al., 2010; Kotloski & Gralnick, 2013; Marsili, Baron, et al., 2008). These shuttles are 

actively secreted and processed by S. oneidensis (Covington, Gelbmann, Kotloski, & Gralnick, 

2010; Kotloski & Gralnick, 2013), and account for greater than 70% of the electron flow 

observed from cells to external electron acceptors (Kotloski & Gralnick, 2013; Marsili, Baron, et 

al., 2008).  Taken together, these studies define a complete electron transfer pathway from the 

inner membrane to external and insoluble terminal electron acceptors for S. oneidensis (Figure 

1.1A). 

In contrast to S. oneidensis, the electron transfer pathway from the interior to the 

exterior of G. sulfurreducens has not yet been resolved despite numerous directed mutagenesis 

(Aklujkar et al., 2013; Mehta, Coppi, Childers, & Lovley, 2005; Voordeckers, Kim, Izallalen, & 

Lovley, 2010) and random mutagenesis studies (Rollefson, Levar, & Bond, 2009) (Figure 1.1B). 
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The difficulty in defining a discrete electron transfer pathway in G. sulfurreducens is twofold. 

First, the genome of G. sulfurreducens encodes for over 100 c-type cytochromes (Methé et al., 

2003), 78 of which are multi-heme and expressed under various growth conditions (Ding et al., 

2006, 2008; Kim et al., 2008; Nevin et al., 2009). Many of these cytrochromes could be involved 

in electron transfer across membranes or distances, increasing the total number of potential 

targets for directed mutagenesis or transposon based studies. Second, the phenotypes of many 

G. sulfurreducens are intermediate in that they do not completely ameliorate extracellular 

electron transfer. Instead, many G. sulfurreducens cytochrome mutants have extracellular 

reduction rates that are ~50% that of wild type (Aklujkar et al., 2013), and others rapidly adapt 

to reduce extracellular electron acceptors to the same extent as wild type (Leang et al., 2005). 

One possible interpretation of these data is that G. sulfurreducens has more than one electron 

transfer pathway, and that the combined activity of multiple pathways is required for wild type 

reduction rates and extents. This is in stark contrast to certain S. oneidensis mutant strains, 

where the removal of single genes (e.g. cymA) is sufficient to remove 100% of wild type 

extracellular electron transfer to most commonly used terminal electron acceptors (Myers & 

Myers, 1997; Schwalb, Chapman, & Reid, 2003).  
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Figure 1.1 

 

Extracellular electron transfer strategies of S. oneidensis and G. sulfurreducens. (A) The primary 
extracellular electron transfer pathway of S. oneidensis consists of a number of c-type cytochromes and 
accessory proteins facilitating electron transfer across membranes.  Soluble mediator is produced and 

secreted, and is responsible for the majority of extracellular electron transfer. Oxidized riboflavin (RFox) is 
reduced (RFred) by the outer membrane cytochrome MtrC, diffuses to the extracellular electron acceptor, 
is re-oxidized, and diffuses back to the cell.  For the sake of simplicity, only the dominant electron transfer 
pathway is shown, though S. oneidensis is known to have MtrABC homologues that may serve functionally 
similar roles. (B) The electron transfer mechanism(s) of G. sulfurreducens are largely unknown, but direct 
contact with the electron acceptor instead of soluble mediators is known to be the dominant pathway. A 
complex extracellular matrix consisting of polysaccharide, Type IV pili, and various cytochromes is needed 

for the reduction of Fe(III)-oxides and poised electrodes, as well as biofilm formation and cell-cell 
attachment.  
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1.3 Geobacter sulfurreducens as a model dissimilatory metal reducing organism 

 
Though studying electron transfer from G. sulfurreducens is difficult, stemming from the 

relatively slow growth rate, a complex genome, and multiple targets in the many c-type 

cytochromes encoded by its genome, understanding electron transfer in this organism 

represents an important advance worth pursuing. G. sulfurreducens is a member of the δ-

proteobacteria which has attracted significant attention due to its ability to couple the complete 

oxidation of acetate with the reduction of extracellular electron acceptors (Caccavo et al., 1994). 

These electron acceptors are varied, and range from humics (Voordeckers et al., 2010) to metal 

chelates and metal oxides (Caccavo et al., 1994), and to electrodes poised at accepting 

potentials (Bond & Lovley, 2003). The ability of G. sulfurreducens to completely oxidize acetate, 

a common end product of fermentation, is fairly unique and represents an important ecological 

niche in subsurface environments (Galushko & Schink, 2000).  Geobacter spp. are found in a 

wide variety of anaerobic environments, ranging from hydrocarbon contaminated (Aklujkar et 

al., 2010; Caccavo et al., 1994; J. Coates & Phillips, 1996), uranium rich aquifers (Anderson et al., 

2003), and drinking water wells contaminated with arsenic (Islam et al., 2004). Geobacter spp. 

have also been shown to form syntrophic communities in which electrons are directly 

exchanged within aggregates of different organisms (Summers et al., 2010), providing a possible 

explanation for the long range electron transfer observed when cultured as current producing 

biofilms on poised electrode surfaces (Rotaru, Woodard, Nevin, & Lovley, 2015). Additionally, 

Geobacter spp. are implicated in the transformation of mercury to the more toxic methyl-

mercury form (Kerin et al., 2006), and the genetic determinants for mercury methylation were 

identified using G. sulfurreducens (Parks et al., 2013). As such, a more thorough understanding 

of this organism’s physiology and electron transfer strategy has implications over a wide range 

of applications and fields. 
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A unique feature of G. sulfurreducens lies in its ability to form multilayer biofilms on 

poised electrodes (Bond & Lovley, 2003).  This trait has been exploited using electrochemical 

devices and techniques designed to measure key electron transfer properties of G. 

sulfurreducens (Bond & Lovley, 2003; Marsili, Rollefson, Baron, Hozalski, & Bond, 2008; Marsili, 

Sun, & Bond, 2010; Richter et al., 2009). When an electrode is provided as the sole electron 

acceptor for growth (Figure 1.2) every cell within the growing biofilm remains able to respire the 

increasingly distant electrode, implying that G. sulfurreducens must have a mechanism to 

facilitate long distance electron transfer (Bond & Lovley, 2003; Marsili, Rollefson, et al., 2008; 

Marsili et al., 2010). Poised electrochemical systems have often been used with the assumption 

that the processes governing long range electron transfer to electrodes are similar or identical 

to those responsible for electron transfer to environmentally relevant metal oxides. However, 

recent evidence has emerged that challenges this assumption (Pierra, Carmona-Martínez, 

Trably, Godon, & Bernet, 2015; Rotaru et al., 2015) or demands inclusion of redox potential as 

an additional variable impacting electron transfer from G. sulfurreducens to poised electrodes 

(Levar, Chan, Mehta-Kolte, & Bond, 2014; Yoho, Popat, & Torres, 2014). Despite these and other 

limitations, electrochemical devices remain a useful tool to assess the ability of G. 

sulfurreducens to transfer electrons to insoluble and distant electron acceptors. Specifically, 

poised electrochemical devices allow for real time and non-destructive measurements of the 

rate of electron transfer from cells to the electrode surface at a set and constant redox 

potential, a condition not possible to test using Fe(III)-oxides or other extracellular electron 

acceptors. Much of the progress in understanding extracellular electron transfer by this G. 

sulfurreducens has been made possible through the analysis of various mutant strains using 

these types of electrochemical of studies. 
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Figure 1.2 

 
Poised electrode systems as tools to assess extracellular electron transfer: (A) Three electrode bioreactors 
can be used to cultivate G. sulfurreducens with a poised graphite electrode (working electrode) serving as 
the sole terminal electron acceptor for growth. (B) A low inoculum (3% v/v) of wild type G. sulfurreducens 
grows exponentially on the poised graphite electrode, as evidenced by an exponential increase in current 

production (black trace, left y-axis) measured at the working electrode. As the rate of current increase 
slows and eventually plateaus, cells “daughter” into the planktonic medium (red trace, right y-axis), as 

evidenced by an increase in the optical density of the medium in the absence of a soluble electron 
acceptor. 

 
A number of important gene products required for the extracellular reduction of 

electrodes and metal oxides have been identified in G. sulfurreducens using transposon based 

and/or directed mutagenesis. Attracting considerable interest are Type IV pili, which have been 

demonstrated to be essential for long range electron transfer to electrodes and metal oxides 

(Malvankar & Lovley, 2012; Reguera et al., 2005), as well as attachment to the surface of Fe(III)-

oxides, poised electrodes (Reguera, Pollina, Nicoll, & Lovley, 2007), other cells within syntrophic 

aggregates (Summers et al., 2010), and biofilms grown under conditions where extracellular 

electron transfer was not required (Reguera et al., 2007). The exact mechanism by which pili, 

often termed “nanowires” (Malvankar & Lovley, 2012; Reguera et al., 2005, 2006), may facilitate 

electron transfer to distant electron acceptors is an ongoing area of research (Bond, Strycharz-

Glaven, Tender, & Torres, 2012; Malvankar, King, & Lovley, 2014; Malvankar & Lovley, 2012; 

Snider, Strycharz-Glaven, Tsoi, Erickson, & Tender, 2012; Vargas et al., 2013). Other extracellular 

matrix components have also been shown to be essential for wild type rates and extents of 
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electron transfer to extracellular electron acceptors.  Specifically, disruption of a gene encoding 

a putative ATPase, xapD, yields a cell deficient in the production of extracellular polysaccharide 

(Rollefson et al., 2009, 2011). The extracellular matrix of G. sulfurreducens is required for the 

attachment of cells to other cells, poised electrodes, and Fe(III)-oxides (Rollefson et al., 2011), 

and suggests that G. sulfurreducens cells must be able to access and reduce a sizable volume of 

Fe(III)-oxide particles to support growth (Levar, Rollefson, & Bond, 2012). The c-type 

cytochrome OmcZ is a significant component of this extracellular matrix (Rollefson et al., 2011), 

and is upregulated in current producing biofilms when compared to fumarate grown controls 

(Kelly P Nevin et al., 2009). This cytochrome has been shown to be localized to the anode 

surface in G. sulfurreducens biofilms (Inoue et al., 2011), and is required for maximum current 

production when G. sulfurreducens is grown on poised electrodes (Nevin et al., 2009). The outer 

membrane c-type cytochrome OmcB is important for the reduction of Fe(III)-citrate (Leang, 

Coppi, & Lovley, 2003), and a number of additional mutations have been demonstrated to 

adversely affect OmcB production (Kim & Lovley, 2008; Kim, Qian, Leang, Coppi, & Lovley, 2006), 

perhaps suggesting an important or central role for this protein in electron transfer to chelated 

Fe(III). Notably, omcB exists in a gene cluster encoding a trans-membrane c-type cytochrome 

conduit not unlike that of S. oneidensis (Liu et al., 2014), and the genome of G. sulfurreducens 

encodes other putative trans-membrane conduits which could serve a similar function (Methé 

et al., 2003). Some mutants deficient in OmcB can adapt to this disruption in extracellular 

electron transfer capacity (Leang et al., 2005), and have altered transcriptional profiles for 

additional genes encoding c-type cytochromes involved in extracellular reduction (Krushkal et 

al., 2009). One of these additional c-type cytochromes, OmcS, has been localized along the 

length of pili, where it is proposed that this protein serves to facilitate electron transfer from pili 

to extracellular electron acceptors such as Fe(III)-oxides (Leang, Qian, Mester, & Lovley, 2010). 
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Replacement of omcS with an antibiotic resistance cassette yields a mutant unable to reduce 

Fe(III)-oxide (Mehta et al., 2005), and an omcS omcT double mutant is deficient in electrode 

reduction (Holmes et al., 2006). Other surface exposed or extracellular c-type cytochromes 

(Aklujkar et al., 2013; Liu et al., 2014), secreted multicopper oxidases (Holmes et al., 2008; 

Mehta, Childers, Glaven, Lovley, & Mester, 2006), and atypical protein secretion systems (Mehta 

et al., 2006) have also been implicated in the reduction of extracellular electron acceptors by G. 

sulfurreducens. Taken together, the literature suggests that an array of surface exposed and/or 

extracellular c-type cytochromes, pili, and extracellular polysaccharides make up a complex 

extracellular matrix required for the reduction of chelated Fe(III), Fe(III)-oxides, and poised 

electrodes in electrochemical devices (Figure 1.1B). 

This brief review of G. sulfurreducens literature highlights the fact that the bulk of 

research has focused on the final steps of electron transfer from the cell to external electron 

acceptors (ie, from the outer face of the outer membrane to the terminal electron acceptor), 

and has largely disregarded electron transfer internal to the outer membrane. As such, there 

exist obvious gaps in our understanding of the physiology of this organism. Demonstrating this 

fact is the continued inclusion MacA in models or cartoons of electron flow from the inner 

membrane to the outer membrane of G. sulfurreducens (Bensaid, Ruggeri, & Saracco, 2015; 

Radhakrishnan Mahadevan, Palsson, & Lovley, 2011; Santos, Silva, Morgado, Dantas, & 

Salgueiro, 2015; Weber et al., 2006). Early work suggested a direct role for MacA in electron 

transfer out of the cell (Butler, Kaufmann, Coppi, Nunez, & Lovley, 2004), but more recently 

macA has been shown to encode a cytochrome c peroxidase (Seidel et al., 2012) with no direct 

involvement in electron transfer (Kim & Lovley, 2008). This example serves to stress the lack of 

information regarding electron transfer during this key step in extracellular reduction, and 

emphasizes a need for careful examination of putative electron transfer proteins in G. 
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sulfurreducens. While understanding the mechanisms by which long range extracellular electron 

transfer is facilitated may allow for the development of applied technologies in biosensors 

(Tront, Fortner, Plötze, Hughes, & Puzrin, 2008), renewable energy devices, or wastewater 

treatment strategies (Balat, 2009), energy conservation occurs at the level of the inner 

membrane and understanding these important steps is essential to a more complete 

understanding of the physiology of G. sulfurreducens and its potential impact on the 

environments in which it exists. 
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1.4 Fe(III)-oxides represent a diverse and abundant set of electron acceptors used by 

Geobacter spp. 

Geobacter spp. were first isolated due in part to the realization that a sufficient ΔG to 

support life existed in the oxidation of acetate coupled to the reduction of certain Fe(III)-oxides 

(Lovley & Phillips, 1986, 1988). Iron is the fourth most abundant element in the crust of planet 

Earth and represents over 3.5% of crustal rocks, and its oxide forms represent a vast store of 

energy available for organisms able to couple the oxidation of a carbon and electron source with 

the reduction of one or more Fe(III)-oxide (Lovley & Phillips, 1986, 1988; Thamdrup, 2000). 

Fe(III)-oxides exist in at least 15 different mineral forms (Cornell & Schwertmann, 2003; 

Schwertmann & Cornell, 2000), and have varied physical and chemical properties, ranging from 

particle size, crystallinity, surface area, and predicted redox potential (Majzlan, 2012; Navrotsky, 

Mazeina, & Majzlan, 2008; Thamdrup, 2000). Of these variables, the redox potential range 

represented by the metal oxides used by G. sulfurreducens as terminal electron acceptors raises 

the most interesting questions (Figure 1.3).  
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Figure 1.3  

 

Redox potential range of extracellular electron acceptors used by G. sulfurreducens: (Figure adapted from 
Majzlan, 2012). For simplicity a discrete value is shown for each electron acceptor, when in reality the 
electron acceptors shown may exist over a range of redox potentials and are dependent upon particle 

size, crystallinity, concentrations of products and reactants (including H
+
). Accurate determination of the 

exact redox potential of these minerals is difficult, but the range of potentials represented by these 
electron acceptors is in excess of 0.5 V.  

 
G. sulfurreducens has the ability to utilize the Fe(III)-oxide goethite, with a predicted 

midpoint potential as low as -0.170 V vs the Standard Hydrogen Electrode (SHE) (Orsetti, Laskov, 

& Haderlein, 2013), and rapidly reduces amorphous/poorly crystalline ferrihydrite (Caccavo et 

al., 1994), predicted to exist near 0 V vs. SHE (Boland, Collins, Glover, & David Waite, 2013; 

Majzlan, 2012; B Thamdrup, 2000), and Mn(IV)-oxides (Lovley & Phillips, 1988; Lovley et al., 

2004), with redox potentials as high as +0.5 V vs SHE (Majzlan, 2012; Thamdrup, 2000). The 

redox potentials given here are primarily estimates based largely on free energies of formation 

(Majzlan, 2012; Straub, Benz, & Schink, 2001; Thamdrup, 2000), as direct measurement of the 

redox potential of insoluble metal oxides is difficult for a variety of reasons (Boland et al., 2013; 

Orsetti et al., 2013; Sander, Hofstetter, & Gorski, 2015), though some strategies have shown 

recent promise. This difference represents a significant amount of energy that could be 

conserved for growth (Thauer, Jungermann, Decker, & Pi, 1977) if an organism had the ability to 
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alter its respiratory strategy in response to the available electron acceptor. Due to the large 

redox potential window over which G. sulfurreducens is able to couple the internal oxidation of 

acetate with the external reduction of various metal oxides, it would be prudent for this 

organism to have some level of respiratory flexibility which would allow G. sulfurreducens to 

most efficiently take advantage of the available energy.  Many other bacteria alter their 

respiratory strategy in response to the energy represented by the available electron acceptors. 

For example, Escherichia coli has the ability to respire a variety of soluble electron acceptors 

ranging from oxygen to fumarate, which represents a redox potential range of nearly 0.8 V. A 

complex regulatory and respiratory scheme (Green & Paget, 2004; Unden & Bongaerts, 1997) 

ensures that electron acceptors are utilized from most favorable to least favorable, such that 

the electron acceptor leading to the fastest growth rate and ATP yield is utilized first. Proton 

translocation during this process can vary from 0H+/e- to 4H+/e- depending on the electron 

acceptor being used (Unden & Bongaerts, 1997), demonstrating the possible versatility of 

respiratory strategies in response to the energy available. A similar pattern of utilization in order 

of thermodynamic favorability is also observed for subsurface environments as a whole, where 

oxygen is first depleted, followed by nitrate, Mn(IV)-oxides, Fe(III)-oxides and finally sulfate 

(Nealson & Saffarini, 1994). Despite this precedence and the obvious physiological and 

ecological implications of the redox potentials of the electron acceptors utilized by G. 

sulfurreducens, no respiratory versatility or extracellular electron acceptor discrimination in 

response to redox potential has been. 

A number of studies did suggest that respiratory versatility may occur in G. 

sulfurreducens in response to the available energy represented by different electron acceptors. 

For example, it was known that the initial rate of Fe(III)-oxide reduction by G. sulfurreducens 

was dependent on the mineral form provided as the sole terminal electron acceptor for growth 
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(Cutting, Coker, Fellowes, Lloyd, & Vaughan, 2009; Roden & Urrutia, 2002; Roden, 2003, 2006). 

Both mineral crystallinity  and mineral surface area have been proposed as explanations for the 

observed differences in both initial rates and final extents of Fe(III)-oxide reduction (Cutting et 

al., 2009; Roden & Urrutia, 2002; Roden & Zachara, 1996; Roden, 2006). However, a 

parsimonious explanation for these data may exist, as both crystallinity (Majzlan, Navrotsky, & 

Schwertmann, 2004) and surface area (Majzlan, 2012; Navrotsky et al., 2008) are predicted to 

lead to changes in the thermodynamic stabilities and the redox potentials of the minerals in 

question. Providing additional support for respiratory flexibility are electrochemical studies of G. 

sulfurreducens that have demonstrated electron transfer to electrodes at rates supporting 

growth occurs over a wide range of applied potentials (Bosch et al., 2014; Marsili et al., 2010). 

Marsili et al. indicated that G. sulfurreducens grown at -0.16 V vs SHE (similar to that of the 

Fe(III)-oxide goethite (Orsetti et al., 2013)) had a slower growth rate than at +0.24 V vs SHE, and 

the voltammetry of G. sulfurreducens biofilms grown at the lower potential was altered from 

those grown at the higher potential, perhaps indicating an alteration in the electron transfer 

mechanism(s) used by G. sulfurreducens to reduce the electrode at these different potentials 

(Marsili et al., 2010). These data are seemingly in contrast with a more recent study of G. 

sulfurreducens grown at different anode potentials, where altered electron transfer kinetics and 

decreasing metabolic efficiency in response to higher anode potentials were invoked as an 

explanation for the consistent biomass yields observed (Bosch et al., 2014), though direct 

comparison of these data may not be possible due to methodological differences and unusual 

columbic efficiencies (Bond & Lovley, 2003; K. P. Nevin et al., 2008). Careful electrochemical 

measurements of G. sulfurreducens electroactive biofilms have also suggested that this 

organism has the ability to respond to the imposed anode potential (Yoho et al., 2014), though a 

mechanistic explanation for this phenomenon was not provided. In addition to electrochemical 
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studies with wild type G. sulfurreducens, a number of mutant studies have also suggested the 

presence of alternative respiratory strategies that could be responsive to redox potential. First, 

adaptation of an OmcB deficient strain unable to reduce Fe(III)-citrate lead to suppressor strains 

with growth yields ~60% that of wild type (Leang et al., 2005). This lower yield may indicate that 

electron transfer through the adapted strain proceeds via a secondary pathway which conserves 

less energy than does the wild type electron transfer pathway. Second, removal of genes 

implicated in electron transfer to extracellular metal oxides often results in mutant strains with 

intermediate phenotypes, suggesting that multiple pathways to the terminal electron acceptor 

may exist (Aklujkar et al., 2013; Liu et al., 2014). The majority of these mutants are deficient in 

proteins predicted or demonstrated to be localized to the outer membrane or beyond, but a 

similar type of flexibility could also exist at the level of the inner membrane.  

 With these observations in mind, the primary aim of this thesis was to determine if G. 

sulfurreducens has the ability to respond to, and take advantage of, the thermodynamic 

differences represented by electron acceptors with different redox potentials. Put very simply: 

Does G. sulfurreducens have respiratory flexibility? The research presented here addresses 

fundamental questions about G. sulfurreducens physiology and environmental significance, and 

provides evidence that the redox potential of the provided electron acceptor alters the 

respiratory strategy of this organism. 
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Chapter 2- An inner membrane cytochrome only required for reduction of high redox 

potential extracellular electron acceptors 

 

 

Caleb E. Levar, Chi Ho Chan, Misha G. Mehta-Kolte, Daniel R. Bond 

(Modified from Levar, et al. 2014, mBio) 
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2.1 Summary: 

Dissimilatory metal-reducing bacteria such as Geobacter sulfurreducens transfer 

electrons beyond their outer membranes to Fe(III)- and Mn(IV)-oxides, heavy metals, and 

electrodes in electrochemical devices. In the environment, metal acceptors exist in multiple 

chelated and insoluble forms that span a range of redox potentials and offer different amounts 

of available energy. Despite this, metal reducing bacteria have not been shown to alter their 

electron transfer strategies to take advantage of these energy differences. Disruption of imcH, 

encoding an inner membrane c-type cytochrome, eliminated the ability of G. sulfurreducens to 

reduce Fe(III)-citrate, Fe(III)-EDTA, and insoluble Mn(IV)-oxides, electron acceptors with 

potentials greater than 0.1 V vs. the Standard Hydrogen Electrode (SHE), but the imcH mutant 

retained the ability to reduce Fe(III)-oxides with potentials ≤ -0.1 V vs. SHE. The imcH mutant 

failed to grow on electrodes poised at +0.24 V vs. SHE, but switching electrodes to -0.1 V vs. SHE 

triggered exponential growth. At potentials ≤ -0.1 V vs. SHE, both wild type and ∆imcH doubled 

60% slower than at higher potentials. Electrodes poised even 100 mV higher (0.0 V vs SHE) could 

not trigger imcH mutant growth. These results demonstrate that G. sulfurreducens possesses 

multiple respiratory pathways, that some of these pathways are only in operation after 

exposure to low redox potentials, and that electron flow can be coupled to generation of 

different amounts of energy for growth. The redox potentials that trigger these behaviors mirror 

those of metal acceptors common in subsurface environments where Geobacter is found.  
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2.2 Introduction: 

Geobacter sulfurreducens is a model dissimilatory metal-reducing anaerobe able to 

completely oxidize organic compounds inside the cell and transfer the resulting electrons to 

terminal acceptors beyond the outer membrane (Caccavo et al., 1994; Lovley et al., 2004). 

Extracellular electron acceptors utilized by G. sulfurreducens include chelated transition metals, 

particulate Fe(III)- and Mn(IV)-oxides (Caccavo et al., 1994), and electrodes poised at oxidizing 

redox potentials (Bond & Lovley, 2003). Geobacter representatives are abundant in anoxic 

metal-reducing habitats, including aquatic sediments (Caccavo et al., 1994), Fe(III)-rich 

petroleum contaminated sites (Snoeyenbos-West, Nevin, Anderson, & Lovley, 2000), zones 

where U(VI) reduction is stimulated by organic acid addition (Anderson et al., 2003), subsurface 

aquifers where Fe(III) reduction releases arsenic into drinking water (Islam et al., 2004; Tadanier, 

Schreiber, & Roller, 2005), and on electrodes used to produce electrical energy (Bond, Holmes, 

Tender, & Lovley, 2002; Holmes et al., 2004). Despite their contribution to global 

biogeochemical processes and emerging biotechnological applications, the molecular 

mechanism for electron transfer across the inner membrane of Geobacter is not known, and 

there is no respiratory protein-based marker for monitoring the activity of these ubiquitous 

metal-reducing bacteria in their natural environment.  

Part of the difficulty in studying Geobacter stems from the diversity of redox proteins 

potentially utilized by these organisms for respiration. Geobacter genomes typically encode 60-

90 multiheme c-type cytochromes, few of which are conserved between all species (Butler, 

Young, & Lovley, 2010). This is in stark contrast to another well studied metal-reducing family, 

the Shewanellaceae. This group of facultative anaerobes encodes a single inner membrane 

NapC/NirT family tetraheme cytochrome (CymA) (Myers & Myers, 2000) that passes electrons to 

outer membrane conduits comprised of two decaheme c-type cytochromes (Clarke et al., 2011; 
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Coursolle et al., 2010; Ross et al., 2007). Synthesis of all proteins involved in the Shewanella 

pathway is simply induced by a shift to anaerobic conditions, rather than the presence of 

metals, and deletion of the CymA inner membrane cytochrome eliminates growth with all 

extracellular electron acceptors (Myers & Myers, 2000; Saffarini, Schultz, & Beliaev, 2003). In 

contrast, G. sulfurreducens exhibits a complex transcriptional response to different extracellular 

electron acceptors (Ding et al., 2006, 2008; Holmes et al., 2006;  Nevin et al., 2009), and no 

single deletion eliminates electron transfer to all electron acceptors (Aklujkar et al., 2013; 

Rollefson et al., 2009).  

Despite this evidence for complexity, published models of the Geobacter electron 

transport chain invoke a single Shewanella-like route from the quinone pool to an array of outer 

surface proteins able to interact with soluble compounds, which then are suggested to pass 

electrons further to extracellular proteins interacting with larger acceptors (Lovley, 2006; 

Radhakrishnan Mahadevan et al., 2011; Shi et al., 2007). If such models are true, mutants 

defective in reduction of soluble metals such as Fe(III)-citrate should also be defective in 

utilization of all insoluble acceptors such as Fe(III)-oxides. Such a hypothesis is challenged by 

directed mutant (Aklujkar et al., 2013; Liu et al., 2014) and transposon mutagenesis studies 

(Rollefson et al., 2009) that continue to find G. sulfurreducens mutants defective in electron 

transfer to only a subset of extracellular acceptors. The array of Geobacter mutant phenotypes 

argues against a simple single pathway, as well as models where different proteins are required 

based on solubility (chelates vs. oxides) or metal content (Fe vs. Mn) of the acceptor.   

In this report we describe how redox potential explains many of these discrepancies, 

through discovery of ImcH, an inner membrane c-type cytochrome in G. sulfurreducens. The 

imcH mutant reduced insoluble Fe(III)-oxides, yet could not reduce insoluble Mn(IV)-oxides or 

chelated Fe(III). Because of the low electron accepting potential of Fe(III)-oxides relative to these 
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other compounds, poised electrodes were used to investigate the role of redox potential. A 

switch from high to low potential induced respiration of the imcH mutant, but only when 

electrodes were poised at a sufficiently low redox potential of -0.1 V (vs. Standard Hydrogen 

Electrode). These experiments are consistent with different pathways being used by G. 

sulfurreducens for transfer of electrons out of the quinone pool to low vs. high potential 

acceptors, and suggests a mechanism for sensing the redox potential of extracellular objects. 

These findings also provide a molecular explanation for recent electrochemical evidence 

supporting at least two separate electron transfer pathways out of Geobacter electrode-grown 

cells (Yoho et al., 2014). As Fe(III) naturally occurs in up to fifteen different oxide or 

oxyhydroxide forms (Cornell & Schwertmann, 2003), spanning over half a volt of redox potential 

(Majzlan, 2012; Thamdrup, 2000), multiple electron transfer pathways could be utilized by 

Geobacteraceae in response to the energy available in environmentally relevant metals, and 

provide an explanation for cytochrome diversity in these organisms.  
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2.3 Materials and Methods: 

Strains and growth conditions: Geobacter sulfurreducens PCA (ATCC 51573) was 

cultivated for each experiment from colony picks grown from freezer stocks in anaerobic 

minimal medium (NB salts as in (Rollefson et al., 2009)) with acetate as the electron donor, pH 

6.8. When ferrihydrite (~70mM) or goethite (~20mM) was added as the electron acceptor, 0.69 

g/l NaH2PO4∙H2O stabilized synthesized minerals. Birnessite (20 mM) was added after 

autoclaving. All media was buffered with 2 g/liter NaHCO3, made anaerobic by flushing with 

oxygen-free N2:CO2 (80:20 vol/vol), and sealed with butyl rubber stoppers. All strains used in this 

study can be found in Table 2.1. 
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Table 2.1-Strains, plasmids, and primers used in this study 

 

 

Deletion of imcH: imcH (GSU3259) was replaced with a kanamycin resistance cassette 

(Kovach et al., 1995) using primers 3259KP1/3259KP2 and 3259KP3/3259KP4 to generate 

Name Relevant characteristic  or sequence Source or usage

Geobacter 

sulfurreducens 

Wild Type ATCC 51573 Caccavo et al, 1994

∆imcH:: Kan
r Replacement of GSU3259 with a kanamycin 

resistance cassette This study

imcH-Hisx6 C-terminal polyhistadine tagged ImcH This study

Escherichia coli

DH5α Host for cloning Invitrogen

WM3064 Donor strain for conjugation: thrB1004 pro thi 

rpsL hsdS lacZ∆M15  RP4-1360 ∆(araBAD )567 

∆dapA1341 ::[erm pir (wt)]

Saltikov and Newman, 2003

Plasmids

pSRKGm Empty vector for complementation Kahn et al, 2008

pimcH Complementation vector- imcH  in pSRKGm This study

pBBR1MCS-2 Source of kanamycin resistance cassette Kovach et al, 1995

Primers
*

3259K1 CGTCTGGGGGGTCGGTTCGC Upstream fragment for gene replacement

3259K2 AGCTGGCAATTCCGGTTCGCTT TCTCCTCCA

CTTTGAAACGC

Upstream fragment for gene replacement, 

homology to Kan
r 
in italics

3259K3 GCCTTCTTGACGAGTTCTTCTGA AAGCACTG

ACACGGCCTGCA

Downstream fragment for gene replacement, 

homology to Kan
r
 in italics

3259K4 GTCCGACACACGGGGGGACT Downstream fragment for gene replacement

KanF AAGCGAACCGGAATTGCCAGCT Kanamycin cassette from pBBR1MCS-2

KanR TCAGAAGAACTCGTCAAGAAGGC Kanamycin cassette from pBBR1MCS-2

3259CompF CGCGTCTAGAGGTAAAAAAGCGTTTCAAAGT

GGAG

GSU3259 for complementation, restriction site 

underlined

3259CompR TAGAGGATCCTCAGTGCTTGCCGGGGC GSU3259 for complementation, restriction site 

underlined

3259KHis1 CCCCGGATGAAGGTCACCTG 3' end of GSU3259 for C-terminal polyhistadine 

tag

3259KHis2 GCTCAGTGATGGTGATGGTGATG TCCGCCT

CCGTGCTTGCCGG

3' end of GSU3259 for C-terminal polyhistadine 

tag, polyhistadine tag in italics

3259KHis3 CATCACCATCACCATCAC TGAGCAAGCGAAC

CGGAATTGCCAGCT

Kanamycin resistance cassette, polyhistadine 

tag in italics

3259KHis4 CGGGGGGCTTGCTGCTGCAGGCCGTGTCAG

AAGAACTCGTCAAGAAGGC

Kanamycin resistance cassette

3259KHis5 GCCTTCTTGACGAGTTCTTCTGACACGGCCT

GCAGCAGCAAGCCCCCCG

Downstream region of GSU3259 for C-terminal 

polyhistadine tag

3259KHis6 CGGAAGATCATCGACACCAA Downstream region of GSU3259 for C-terminal 

polyhistadine tag
* Primers are used to amplify the product listed, and are used as described in the Materials and Methods
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fragments with homology to regions up- and downstream of imcH. Primer-less fusion with a 

kanamycin resistance cassette yielded a fragment that was electroporated into wild type G. 

sulfurreducens (Lloyd et al., 2003). Integration was verified by PCR amplification across the 

region. All primers used in this study can be found in Table 2.1. 

Generation of imcH Complement: Primers 3259CompF and 3259CompR were used to 

amplify imcH from wild type DNA. The resulting fragment was digested with XbaI + BamHI, 

ligated into pSRKGm (Khan, Gaines, Roop, & Farrand, 2008), and transformed into E. coli  DH5α. 

Purified plasmid was used to transform E. coli WM3064 (Saltikov & Newman, 2003), which was 

mated on a 0.2µm filter with ∆imcH::kanR and recovered as previously described (Rollefson et 

al., 2011).  

Generation of chromosomal C-terminal polyhistadine tagged ImcH (ImcH-Hisx6): 

Primers 3259KHis1 and 3259KHis2 amplified a ~300 bp fragment of the 3’ end imcH. Primers 

3259KHis5 and 3259KHis6 were used to amplify genomic DNA downstream of imcH, and 

3259KHis3 and 3259KHis4 were used to amplify a kanamycin resistance cassette with ends 

homologous to the amplified products described above. Gel purified products were fused using 

primerless PCR, and the linear fragment electroporated into G. sulfurreducens cells (Lloyd et al., 

2003). Integration of the fragment was assessed by PCR amplification across the region. Cells 

containing the genomic poly-His fusion were verified to retain the ability to reduce Fe(III)-citrate 

using the methods described below. 

Sucrose Gradient Separation of Membrane Fractions:  Late log phase cells grown under 

fumarate reducing conditions were harvested at 3,700 x g for 15 minutes, washed with 50 mM 

Tris-HCl (pH 8.0) + 1 mM MgSO4, 0.2 mM CaCl2, and 1 mM EDTA. Cell pellets were resuspended 

in 50 mM Tris-HCl (pH 7.5) + 1 mM MgSO4 and 0.2 mM CaCl2 and subjected to three passes 

through a French pressure cell. Unlysed cells were removed at 12,000 x g for 20 minutes, and 
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the supernatant centrifuged at 100,000 x g for 1 h to pellet membranes. Membranes were 

resuspended in the Tris-Mg-Ca buffer, loaded on a 70/50/30% (w/v) sucrose gradient, and 

centrifuged at 113,000 x g in a swinging basket rotor for 20 hours. Fractions were diluted 

extensively, and filter-concentrated through centrifugation.  

Protein was quantified using the bicinchoninic acid (BCA) assay (Thermo Scientific 

Pierce, Waltham MA). Succinate dehydrogenase activity was assessed anaerobically in the 

presence of the PMS (40 µM) and DCPIP (50 µM) by monitoring the absorbance at 600 nm, after 

addition of succinate. Protein fractions were resolved on 12% polyacrylamide gels and 

transferred to PVDF membranes at 100V for 90 minutes. Membranes were allowed to incubate 

overnight at 4 degrees with a mouse anti-His primary antibody (Thermo Scientific Pierce, 

Waltham MA) in 2% casein, followed by goat anti-mouse secondary antibody conjugated to 

alkaline phosphatase (Sigma-Aldrich, St. Louis MO) and visualization with NBT/BCIP (Thermo 

Scientific Pierce, Waltham MA). 

Reduction of Fe(III) and Mn(IV):  For soluble Fe(III) growth assays, late log phase cells 

were inoculated to OD600 of 0.005 into medium containing 55 mM Fe(III)-citrate and 20 mM 

acetate. Fe(II) was measured in samples kept in 0.5 N HCl using a modified FerroZine assay 

(Lovley & Phillips, 1987). For washed-cell assays, cells were washed 3x via centrifugation at 

3,700 x g for 10 min using an anaerobic minimal medium lacking ammonium, phosphate, and 

sulfate, with 100 mM NaCl to maintain osmotic pressure. Wild type and mutant cells were 

incubated at an OD600
 of 0.05 with Fe(III)-citrate (50 mM), at 30°C using 10 mM acetate as the 

electron donor and monitored using a modified FerroZine assay (Lovley & Phillips, 1987).  

For Fe(III)-oxide reduction, late log growth phase cells were inoculated to an OD600 of 

0.005 into medium containing 70 mM ferrihydrite (Lovley & Phillips, 1986) as the electron 

acceptor and 20 mM acetate as the electron donor. Samples were dissolved in 0.5 N HCl 
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overnight, and Fe(II) concentrations measured via a modified FerroZine assay (Lovley & Phillips, 

1987).  

Birnessite (Mn(IV)-oxide) (Lovley & Phillips, 1986) reduction was monitored by a 

modified FerroZine assay based on Fe(II) reduction of residual Mn(IV). Late log growth phase 

cells were inoculated to an OD600 of 0.005 into medium containing 10mM acetate and ~20mM 

birnessite. Samples were diluted into 2N HCl containing 4 mM FeSO4 and allowed to incubate 

overnight in the dark. The quantity of Fe(II) remaining in solution was determined using the 

FerroZine assay (Lovley & Phillips, 1987).  

Electrochemical Analysis: Three-electrode bioreactors were prepared using working 

graphite electrodes polished with 1500 grit wet/dry sandpaper (Ali Industries Inc, Fairborn, OH) 

and sonicated for 1 h in DI water with multiple water exchanges to remove particulates. 

Reactors contained Pt counter electrodes and calibrated Calomel reference electrodes (Marsili, 

Rollefson, et al., 2008). Sterile anaerobic reactors were poised at the shown potentials using a 

VMP3 multichannel potentiostat, and a 50% v/v volume of OD600=0.50 cells entering acceptor 

limitation was used to initiate experiments with 20 mM acetate as the electron donor. Reactors 

were purged with humidified 80%:20% N2:CO2 passed over a heated copper column to remove 

trace oxygen. 
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2.4 Results: 

ImcH is an inner membrane multiheme c-type cytochrome. In a modified transposon 

mutagenesis protocol (Rollefson et al., 2009), 18 independent mutants containing insertions in 

the locus GSU3259 were found which were unable to grow with soluble Fe(III)-citrate as the 

electron acceptor (Figure 2.1A). The protein disrupted in these mutants was predicted to 

contain up to three transmembrane helices (depending on processing of a putative signal-

anchor), a region of NapC/NirT homology, and up to 7 c-type heme binding motifs (Figure 2.1B). 

As NapC/NirT-family proteins typically transfer electrons from the quinone pool to periplasmic 

acceptors (Myers & Myers, 2000; Simon et al., 2000), and no such enzyme has been described in 

Geobacter spp., this protein was targeted for further study. By fusing a C-terminal polyhistidine 

tag to genomic GSU3259, we confirmed the protein was expressed even during growth with the 

non-metal acceptor fumarate, and co-localized with succinate dehydrogenase in membranes 

separated via sucrose gradient centrifugation (Figure 2.1C). This was consistent with proteomic 

surveys which reported the native protein is localized to the inner membrane (Ding et al., 2006), 

as well as software predictions (PSORTb, v3.0.2)(Yu et al., 2010). Based on these results, 

GSU3259 was named imcH (Inner Membrane Cytochrome H).  

  



30 
 

Figure 2.1 

 

Domain structure and inner membrane localization of ImcH: (A) The monocistronic imcH gene was 

interrupted 18 times using transposon mutagenesis (black triangles).  All transposon mutants in this gene 

failed to reduce soluble Fe(III)-citrate. (B) ImcH has three putative transmembrane helices (grey bars), 

seven putative c-type heme motifs (black bars), and a region of homology to NapC/NirT-like quinone 

oxioreductases (grey box). The first putative c-type heme motif is CXXXCH. (C) Sucrose-gradient separated 

membrane fractions from ImcH-HisX6, tested for succinate dehydrogenase (SDH) activity as a marker of 

inner membranes, and probed using an anti-6XHis antibody.  ImcH was only detected in fractions with 

SDH activity. 

 

Deletion of imcH eliminates electron transfer to soluble Fe(III). When the monocistronic imcH 

gene was replaced with a kanamycin resistance cassette, growth with fumarate as the electron 

acceptor was unaffected (Figure 2.2A). The ∆imcH::kanR mutant retained the ability to attach to 

polystyrene plates in crystal violet biofilm assays (92% +/- 10.3 of wild type (n=4)), and 

fumarate-grown mutant cells did not show differences in major c-type cytochromes commonly 

visualized by staining with 3,3’,5,5’-tetramethylbenzidine.  

Consistent with the transposon mutagenesis findings, ∆imcH::kanR was unable to grow 

with chelated Fe(III) as the electron acceptor (Figure 2.2B) and could not reduce Fe(III)-citrate in 
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washed cell assays (Figure 2.2C). Complementation with imcH in trans restored the mutant's 

ability to reduce Fe(III)-citrate (Figure 2.2C).  

Experiments were performed to test if the inability to reduce Fe(III)-citrate was due to 

toxicity, rather than a defect in electron transfer. Both wild type and ∆imcH::kanR cells using 

fumarate as the electron acceptor grew at identical rates after addition of Fe(III)-citrate. Wild 

type cells immediately reduced added Fe(III), (further supporting constitutive expression of 

imcH), while mutants lacking imcH failed to reduce Fe(III), even after hours of incubation. 

Further assays demonstrated that ∆imcH::kanR mutants could also not reduce Fe(III)-EDTA, 

consistent with a defect in electron transfer rather than toxicity due to iron or a specific 

chelator. 
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Figure 2.2: 

 

ImcH is required for electron transfer to soluble Fe(III): (A) Optical density of the wild type vs. imcH 

deletion mutant during growth with fumarate as the electron acceptor (+/- SD, n=5). (B) Production of 

Fe(II) for wild type vs. imcH deletion mutant during growth using Fe(III)-citrate as the electron acceptor 

(+/- SD, n=3). (C) Washed-cell assays showing complementation of Fe(III)-citrate reduction phenotype by 

expressing imcH in trans. Open circles represent strains carrying the empty vector, closed circles indicate 

strains carrying the complementation vector (pimcH) (+/- SD, n=3). 

 

Deletion of imcH eliminates electron transfer to extracellular Mn(IV) oxides, but not Fe(III) 

oxides. In addition to their inability to transfer electrons to soluble acceptors, ∆imcH::kanR also 

could not reduce laboratory synthesized Mn(IV)-oxides (Birnessite) (Figure 2.3A). This lack of 
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reduction was observed using Mn(IV)-oxide concentrations between 5 and 50 mM, with 

inoculation sizes ranging from an OD600 of 0.005 to 0.05, suggesting this was again related to 

electron transfer and not due to Mn(IV) toxicity or growth inhibition by the metal.  

Based upon the general defect with chelated Fe(III) and insoluble Mn(IV), it was 

expected that the imcH mutant would also not reduce insoluble Fe(III)-oxides. Unexpectedly, 

laboratory synthesized Fe(III)-oxides were reduced by ∆imcH::kanR (Figure 2.3B). Using the 

freshly precipitated Fe(III)-oxide ferrihydrite, a minor lag was observed in the first days of Fe(III) 

reduction by the mutant, but rates and extents converged within one week (n=4). The same 

phenotype of wild-type Fe(III) reduction by ∆imcH::kanR was observed using goethite, a more 

crystalline form of Fe(III)-oxide (Figure 2.3C). The observation that deletion of a cytochrome 

prevented reduction of insoluble Mn(IV)-oxides, but not insoluble Fe(III)-oxides, contradicted a 

model where electron acceptors beyond the outer membrane are reduced by similar machinery. 

As mutant cultures reduced some forms of Fe(III) (oxides) but not others (chelates), the 

phenotype also did not support a model where soluble metal reductases handed off electrons to 

more distant proteins able to interact with insoluble metals.   
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Figure 2.3 

 

ImcH is essential for electron transfer to insoluble Mn(IV)-oxide, but not reduction of insoluble Fe(III)-oxide: 

(A) Reduction of insoluble Mn(IV)-oxide (birnessite) to soluble Mn(II) by wild type vs. the imcH deletion 

mutant (+/- SD, n=3). (B) Reduction of insoluble Fe(III)-oxide (ferrihydrite) to Fe(II) by wild type vs. the 

imcH deletion mutant (+/- SD, n=3). (C) Examples of solubility and mineral form changes accompanying 

incubation with metal oxides by G. sulfurreducens. Birnessite (Mn(IV)-oxide), reduction is accompanied by 

a clearing of the medium by wild type only.  For ferrihydrite and goethite (Fe(III)-oxides), reduction by 

both mutant and wild type cultures is accompanied by blackening/greening of the insoluble iron. 

Brightness and contrast of each oxide image was adjusted in an identical manner. 

 

In these experiments, a trend did emerge; the imcH mutant could not reduce electron 

acceptors with high redox potentials, such as Fe(III)-EDTA (+0.1 V), Fe(III)-citrate (+0.37 V) and 

Mn(IV)-oxides (>+0.4 V). The two Fe(III)-oxides still reduced by the mutant represented much 
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lower redox potentials, reported to be in the range of -0.2 to 0 V (Boland et al., 2013; Majzlan, 

2012; Thamdrup, 2000). With less energy available per electron to pump protons or drive 

reduction, we hypothesized that Fe(III)-oxides might require a different electron transfer chain, 

and that ImcH was not essential with these low-potential acceptors. The ability to alter 

electrode potentials in electrochemical reactors while other variables remain constant allowed 

for the direct testing of this hypothesis. 

 

Mutants lacking imcH can only transfer electrons to electrodes poised to mimic low-potential 

extracellular electron acceptors. To examine the effect of redox potential on ∆imcH::kanR, 

poised electrodes were used as electron acceptors. The redox potential typically chosen for 

bioelectrochemical experiments is relatively high (+0.2 to +0.4 V) (Marsili, Rollefson, et al., 2008; 

Richter et al., 2009; Speers & Reguera, 2012), as electrode-based studies are often aimed at 

providing an unlimited electron sink for bacteria (Marsili, Rollefson, et al., 2008; Marsili et al., 

2010). The ∆imcH::kanR mutant was unable to transfer electrons to an electrode held at this 

standard potential (+0.24 V), while the wild type grew with a maximum doubling time of ~6 

hours to a value of 400 µA/cm2 within 3 days (Figure 2.4A).  

  



36 
 

Figure 2.4 

 

ImcH is required for electron transfer to high potential electrodes, but not for low-potential electrodes: 

Current at a working graphite electrode is positive (anodic) when Geobacter oxidizes acetate and transfers 

electrons to the surface. (A) Wild type vs. imcH deletion mutant exposed to a working electrode poised at 

a potential of +0.24 V vs SHE. (B) Wild type vs. imcH deletion mutant exposed to a working electrode 

poised at a potential of -0.1 V vs. SHE. (C) The specific effect of electrode potential on growth of the 

mutant lacking imcH. Electrodes were poised at +0.24 V vs. SHE for 12 hours, then changed to the 

potential indicated.  All experiments were performed in triplicate, representative traces are shown. 

 

In contrast, when electrodes were poised at a lower redox potential (-0.1 V vs. SHE), 

growth of the ∆imcH::kanR mutant occurred. Mutant cells grew at rates identical to wild type 

controls exposed to the same low redox potential. However, at this lower potential, the 
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exponential growth rate of both mutant and wild type was slower, with current doubling every 

~9 hours, and both cultures achieved a similar current density of ~150 µA/cm2  within 3 days 

(Figure 2.4B). Even when imcH mutants were exposed to low potentials to establish a biofilm 

capable of the slower growth rate, and then switched to high potentials, only the slow growth 

rate persisted (Figure 2.5).  
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Figure 2.5 

 

Increasing electrode potentials after exposure to -0.1 V vs. SHE does not increase growth rates. (A) Short 

term exposure to -0.1 V vs. SHE, followed by switching to high potential does not support growth of the 

imcH mutant. In this experiment, imcH mutant cells were inoculated into 3-electrode bioreactors with the 

working electrode poised at the permissive potential of -0.1 V vs. SHE.  After 12 hours of growth, the 

potential was changed to the non-permissive potential of +0.24 V vs. SHE in a subset of the reactors. The 

rate of current increase after this potential change was significantly slower than that of the imcH mutant 

allowed to remain at low potential, with current doubling every 20 hours compared to the characteristic 9 

hour doubling time for the low potential imcH mutant control. (B) Biofilms of the imcH mutant allowed to 

establish and grow at -0.1 V vs SHE will continue to respire after a switch to 0.24 V vs. SHE, but at the 

slower rate characteristic of low-potential growth.  In this experiment, imcH mutant cells were inoculated 

into 3-electrode bioreactors where the working electrode was poised at the non-permissive potential of 

+.24 V vs. SHE. After 12 hours, the working electrode potential was shifted down to -0.1 V vs. SHE, the 

permissive potential for growth of this mutant.  The rate of current increase after this change was 

characteristic of the imcH mutant exposed only to low potential. Approximately 24 hours later, the 

potential was changed back to the non-permissive potential of +.24 V vs. SHE for a subset of the 

bioreactors.  The rate of current increase was nearly identical to that of control reactors which had 

remained at -0.1 V vs. SHE.  All experiments above were conducted in triplicate, representative data are 

shown. 
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Additional experiments provided evidence that only specific redox potentials triggered 

respiration. First, the precision of electrodes allowed testing of whether growth gradually 

improved as potential was lowered, or if there was a threshold required to induce growth of 

cells lacking imcH. External potentials of +0.24 V, +0.1 V and 0 V did not support growth of imcH 

mutants (Figure 2.4A and C). In contrast, lowering the redox potential by only 100 mV further, to 

-0.1 V, triggered growth (Figure 2.4C).  

Failure to grow on electrodes could hypothetically be caused by an inability of cells to 

attach to surfaces (Rollefson et al., 2011). To test if attachment played a role, imcH mutants 

were incubated with high potential (+ 0.24 V) electrodes, and planktonic cells washed from the 

chamber prior to a switch to lower potential (-0.1 V). Growth of imcH mutants was again 

triggered after the potential switch, and produced responses similar to data shown in Figure 

2.4C, showing that cells attached during the high potential phase. Additionally, electrodes 

harvested after 12 h incubations had similar levels of attached protein at both permissive (-0.1 

V, 18.9 ± 0.4 µg/electrode, n=2) and non-permissive potentials (0.0 and 0.1 V, 22.40 ± 3.4 and 

15.11 ± 3.9 µg/electrode, respectively, n=2). These data confirmed that the mutation did not 

affect binding of cells to electrodes, and indicated that the redox potential of a solid electron 

acceptor could be the sole signal causing G. sulfurreducens to alter its electron transfer pathway. 
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2.5 Discussion: 

These results show that G. sulfurreducens cannot transfer electrons to high redox 

potential electron acceptors without the inner membrane multiheme c-type cytochrome ImcH. 

However, after exposure to low redox potentials, either in the form of certain Fe(III)-oxides or 

poised electrodes, imcH mutants are able to utilize an alternative pathway that enables 

respiration and growth. The growth rate of wild type and mutant cultures at lower redox 

potentials is slower, supporting the hypotheses that these strategies are distinct, and that cells 

generate less ATP per electron when using lower-energy strategies. Based on these data, G. 

sulfurreducens has electron transfer pathways which can be differentially utilized in response to 

the redox potential of an extracellular electron acceptor, such as metal oxides or electrodes. As 

the potentials of many environmentally relevant metals lie on opposite sides of the threshold 

able to trigger this choice, these findings help explain conflicting Geobacter mutant phenotypes, 

suggest genetic markers may exist for monitoring subsurface redox conditions, and imply that 

bacteria can sense the redox potential of terminal electron acceptors.  

With its transmembrane helices, N-terminal NapC/NirT homology, and c-type hemes, 

ImcH represents a new family of bacterial redox proteins implicated in extracellular electron 

transfer. Homologs of ImcH are present in all Geobacteraceae isolated for a metal-reducing 

phenotype, as well as related metal-reducing Anaeromyxobacter spp., but are notably absent in 

fermentative (Pelobacter spp.) and chlororespiratory (G. lovleyi) members of this cluster (Figure 

2.6). Homologs of imcH are found in the Acidobacteria and Planctomyces-Verrumicobia-

Chlorobium phyla, which contain Fe(III)-reducing genera (Geothrix and Melioribacter, 

respectively) (Coates, Ellis, Gaw, & Lovley, 1999; Podosokorskaya et al., 2013), suggesting that 

other relatives should be reinvestigated for their respiratory abilities (Figure 2.6). With the 

increasing availability of single-cell and metagenomic sequences, imcH may serve as an aid for 
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prediction of respiratory strategies, but discovery of what proteins interact with ImcH will 

greatly improve sequence-based predictions.  

Figure 2.6 

 

ImcH homologues are widely distributed: Only proteins with at least 75% total of the sequence length of 

Geobacter sulfurreducens’ ImcH were included.  Alignment was performed using the default settings in 

ClustalO, with FigTree v1.4.0 used to generate the graphical representation of the alignment. Clusters 

with 50% or greater identity were collapsed.  Clusters in which pure culture based evidence for 

extracellular electron transfer has been found are shown in red, with the representative species/strain 

names also shown in red. 

 

In the laboratory, electrochemical systems are routinely used to study electron transfer 

kinetics (Bond & Lovley, 2003; Marsili et al., 2010), biofilm development (Renslow et al., 2013; 

Rollefson et al., 2009, 2011), and long range electron flow between metal-reducing bacteria 

(Bond et al., 2012; Renslow et al., 2013; Snider et al., 2012), with the justification that these 

insights help explain reduction of environmentally relevant metal oxides. These data show that 

most electrodes are not poised at the proper potential to mimic electron transfer to poorly 

crystalline Fe(III) oxides such as ferrihydrite (Figure 2.7), typically the largest reservoir of 
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reducible Fe(III) in sediments and aquifers (Cornell & Schwertmann, 2003). Based on recent 

measurements, the redox potential of laboratory goethite is -0.17 V vs. SHE (Orsetti et al., 2013), 

and ferrihydrite/Fe(II) mixtures begin at ~0.0 V vs. SHE but decrease rapidly to -0.1 V or lower as 

Fe(II) accumulates in the medium (Boland et al., 2013; Majzlan, 2012; Schwertmann & Cornell, 

2000). The difference between high potential laboratory electrode experiments and 

environmental Fe(III)-oxide electron acceptors may explain how outer membrane cytochromes 

such as OmcS or OmcB can appear to be important to reduction of Fe(III)-oxides, but not 

electrodes, and lead to confusion when proposing electron transfer models (Leang et al., 2003; 

Mehta et al., 2005; Richter et al., 2009). 

Figure 2.7 

 

Summary of reduction potentials tested and general model for inner membrane electron transfer 

pathways: Reduction potentials vs. Standard Hydrogen Electrode (SHE) for all metal oxides, chelates, and 

electrodes tested as electron acceptors for wild type and ∆imcH::kan
R
 strains in this study.  Due to the 

heterogeneity of metal oxides, a range of potentials from literature values are shown.  Reduction of the 

electron acceptor by a given strain is indicated as “+”, whereas lack of reduction is indicated as “-“. 

According to this model, cells typically route electron flux out of the quinone pool via an ImcH dependent 

pathway for reduction of high potential acceptors, while an as-yet undiscovered pathway is used for low-

potential acceptors. 

 

Looking forward, the observation that growth at low redox potential acceptors requires 

different proteins and induces a characteristically slower growth rate produces a number of 
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hypotheses which can be tested in Geobacter. First, multiple inner membrane quinone 

oxioreductases must exist in G. sulfurreducens, with at least one that is essential for low 

potential respiration. These low-potential pathways should demonstrate a lower midpoint 

potential for electron transfer, and result in a lower H+/e- stoichiometry than the ImcH-

dependent pathway. At least five candidates for alternative quinone oxidoreductases exist in the 

G. sulfurreducens genome, most containing b-type cytochromes fused to periplasmic c-type 

cytochromes. These 'cbc-family' proteins are among the most conserved within metal reducing 

Geobacteraceae (Butler et al., 2010). Unlike ImcH, which proteomic studies show to be 

abundant under all conditions (Ding et al., 2006, 2008), cbc-family protein levels are often 

altered in the presence of different metals (Aklujkar et al., 2013), and mutants lacking these 

proteins yield intermediate phenotypes depending on the metal acceptor (Rollefson et al., 

2009). It is possible that studies attempting to uncover the role of cbc family proteins were 

confounded by the presence of other electron transfer pathways, such as the ImcH-dependent 

pathway, and the need to control redox potentials more precisely to observe phenotypes.  

A second hypothesis is that each inner membrane cytochrome interacts with separate 

periplasmic and/or outer membrane redox proteins to create independent conduits out of the 

cell, based on external redox potential. This could explain why different acceptors induce 

differential expression of the five periplasmic triheme c-type cytochromes (PpcA-E), why there 

are many outer membrane cytochromes of G. sulfurreducens, and why strains evolved to 

overcome some cytochrome deletions only regain 60% of the wild type growth rate after 

mutations that lead to expression of repressed or cryptic cytochromes (Leang et al., 2003). With 

the identification of ImcH, it may be possible to construct strains lacking one or more routes out 

of the Geobacter cell, and study electron transfer pathways independently of each other.  
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In nearly every microbial respiration, separate strategies are utilized in response to 

thermodynamic constraints. Oxygen is reduced by multiple terminal oxidases, depending on 

available concentrations (Green & Paget, 2004). Nitrate reductases exist in the periplasm or 

cytoplasm, leading to differences in energy conservation (Jörg Simon, van Spanning, & 

Richardson, 2008). Different methanogens compete at distinct thermodynamic thresholds of 

hydrogen and acetate (Thauer, Kaster, Seedorf, Buckel, & Hedderich, 2008). Since their 

discovery, metal-reducing bacteria have been outliers, despite the fact that for every 0.5 V 

difference in redox potential (such as Mn(IV)-oxides vs. Fe(III)-oxides), enough energy is 

available to make at least one extra ATP/2e-. These new findings show that Geobacter also has a 

response to this thermodynamic challenge. By sensing and responding to the energy available in 

external surfaces, Geobacter's respiratory strategy may provide a competitive advantage in 

subsurface and syntrophic habitats where redox potential, rather than substrate concentration, 

can be the dominant environmental variable.  
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Chapter 3- Redox potential is a master variable controlling Fe(III)-oxide reduction by 

Geobacter sulfurreducens.  

 

 

Caleb E. Levar, Colleen L. Hoffman, Aubrey J. Dunshee, Brandy M. Toner, Daniel R. Bond 

(Manuscript in preparation for submission) 
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3.1 Summary: 

Geobacter sulfurreducens uses two or more electron transfer pathways to reduce 

extracellular electron acceptors of different redox potentials. Support for multiple pathways of 

electron transfer has primarily been through the use of electrochemical devices poised at 

different oxidizing potentials. Here, we provide evidence that G. sulfurreducens also uses 

distinct electron transfer pathways to reduce environmentally relevant metal oxides. The redox 

potentials governing the utilization of the different electron transfer pathways on poised 

electrodes are spanned by these minerals, and modifications to media preparation alter the iron 

reduction phenotypes of characterized G. sulfurreducens mutants. Changing pH and ageing 

through autoclaving or freeze drying yielded mineral forms which altered the way in which 

characterized G. sulfurreducens mutants interact with Fe(III)-oxides despite a number of these 

minerals having identical X-ray diffraction patterns. Notably, mutants deficient in a single 

electron transfer pathway had different growth yields, consistent with an ability to utilize 

different electron transfer pathways in response to the energy available in an environment. 

These results support a scenario in which G. sulfurreducens utilizes distinct electron transfer 

pathways for the reduction of relatively high and low potential electron acceptors in the 

environment. These results provide a cautionary tale for the use of Fe(III)-oxides to assess 

extracellular reduction phenotypes of G. sulfurreducens mutants and other putative metal 

reducing organisms, and demonstrate that redox potential is a master variable governing the 

reduction of metal oxides by G. sulfurreducens.  
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3.2 Introduction 

The Fe(III)-oxides exist in at least 15 insoluble mineral forms (Schwertmann & Cornell, 

2000) with redox potentials spanning a wide range of predicted redox potentials (Majzlan et al., 

2004; Majzlan, 2011, 2012; Nealson & Saffarini, 1994; Thamdrup, 2000). These differences in 

redox potential represent a large difference in the energy that could be conserved for the 

growth of bacteria able to couple the oxidation of a carbon and electron donor to the reduction 

of these metal oxides (Thauer et al., 1977). Because of these differences, it has been 

hypothesized that organisms able to reduce metals on both ends of this redox spectrum should 

be able to discriminate between different electron acceptors and utilize different electron 

transfer pathways in response to the available energy for growth. One well studied dissimilatory 

metal reducing organism, Geobacter sulfurreducens, is known to reduce metal oxides ranging in 

redox potential from  ≥+0.35 V vs the Standard Hydrogen Electrode (SHE) (Mn(IV)-oxides, eg. 

birnessite) to -0.17 V vs SHE (goethite) (Caccavo et al., 1994; Majzlan et al., 2004; Majzlan, 2012; 

Bo Thamdrup, 2000). Some hints at multiple electron transfer pathways have existed in the 

literature, but have lacked any mechanistic explanation.  For example, growth of wild type G. 

sulfurreducens  at -0.16 V vs SHE yielded biofilms demonstrating slower growth rates and 

different catalytic cyclic voltamagrams than did biofilms grown at +0.24 V vs SHE (Marsili et al., 

2010). Suppression of certain mutant phenotypes through enrichment on previously 

nonpermissive electron acceptors has yielded suppressor strains recovering only ~60% of wild 

type growth rate and yield (Leang et al., 2005). Many mutants in genes whose products are 

believed to be involved in extracellular electron transfer have intermediate reduction 

phenotypes (Aklujkar et al., 2013) as opposed to a complete cessation of extracellular electron 

transfer as is seen for CymA deficient Shewanella oneidensis, a dissimilatory metal reducing 

organism known to have a single primary mechanism for the movement of electrons across the 
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inner membrane (Myers & Myers, 2000). Despite this knowledge, little indication of differential 

electron transfer in response to redox potential has been demonstrated (Levar, Rollefson, & 

Bond, 2012). Indeed, recent reports of G. sulfurreducens growth on electrodes poised at 

different redox potentials came to the conclusion that this organism does not discriminate 

between redox potentials due to the yields observed, though these studies may be hindered by 

lower than typical columbic efficiencies, long lag times, and fumarate adaptation of the 

inoculum used (Bosch et al., 2014). The recent discovery of cbcL and imcH (Chan, et al., 2015; 

Levar et al., 2014; Zacharoff, et al., 2015), two previously unrecognized genes encoding inner 

membrane cytochromes, demonstrated that G. sulfurreducens has multiple electron transfer 

pathways across the inner membrane for the reduction of extracellular electron acceptors at 

different redox potentials, and posed interesting questions regarding aspects of this organisms 

physiology. 

Here, we demonstrate that G. sulfurreducens requires both the CbcL and the ImcH 

dependent electron transfer pathways for the reduction of a variety of metal oxides, and show 

that variation in mineral preparation predicted to alter the redox potential of these minerals  

changes the extracellular reduction strategy used by this organism. 
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3.3 Materials and methods  

Bacterial strains and culture conditions: Strains of Geobacter sulfurreducens used in this 

study are described in Table 3.1. All strains were routinely cultured from freezer stocks stored at 

-80 degrees Celsius and single colony picks from agar plates were used to initiate all 

experiments. Strains were cultured in NB minimal medium composed of 0.38 g/L KCl, 0.2 g/L 

NH4Cl, 0.069 g/L NaH2PO4∙H2O, 0.04 g/L CaCl2∙2H2O, and 0.2 g/L MgSO4∙7H2O. 10 ml/L of a 

chelated mineral mix containing 1.5g/L NTA, 0.1 g/L MnCl2∙4H2O, 0.3 g/L FeSO4∙7H2O, 0.17 g/L 

CoCl2∙6H2O, 0.1 g/L ZnCl2, 0.04 g/L CuSO4∙5H2O, 0.005 g/L AlK(SO4)2∙12H2O, 0.005g/L H3BO3, 

0.09 g/L Na2MoO4, 0.12 g/L NiCl2, 0.02 g/L NaWO4∙2H2O, and 0.10 g/L Na2SeO4 was also added. 

Fumarate (40mM) was used as an electron acceptor for routine growth, and acetate (20mM) 

was used as the sole electron and carbon source. Unless otherwise noted, the pH of the medium 

was adjusted to 6.8 and buffered with 2g/L NaHCO3, purged with N2:CO2 gas (80%/20%) passed 

over a heated copper column to remove trace oxygen, and autoclaved for 20 minutes at 121 

degrees Celsius.  

Table 3.1-Strains used in this study 

 

Preparation of Fe(III)-oxides Poorly crystalline FeO(OH) was produced after Lovley and 

Phillips (D R Lovley & Phillips, 1986) by slowly adding 25% NaOH dropwise to a rapidly stirring 

0.4M solution of FeCl3 until the pH was 7.0. The solution was held at pH 7.0 for one hour, and 

6.3 6.8

Wild Type (ATCC 51573) Caccavo et al., 1994 6.5±0.2 5.6±0.2

ΔcbcL Zacharoff et al., 2015 5.6±0.2 6.4±0.1

ΔimcH Chi Ho Chan et al., 2015 5.7±0.1 6.0±0.2

Geobacter sulfurreducens

* Doubling times are the mean and standard deviation of at least two idependent experiments of triplicate cultures

at different pH (hours)*
Source

Growth rate in minimal medium
Strain
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the resulting gel was washed with one volume of MiliQ water and used immediately (≤24 after 

synthesis) as rapid aging of poorly crystalline Fe(III)-oxide to more crystalline Fe(III)-oxides (eg. 

goethite) has been observed even when kept in the dark at 4 degrees Celsius (Raven, Jain, & 

Loeppert, 1998). The untreated mineral was identified as β-FeO(OH). Washing the mineral 

sample with up to three volumes of MiliQ water did not change the XRD pattern of the mineral.  

Goethite and 2-line ferrihydrite were synthesized after Schwertmann and Cornell 

(Schwertmann & Cornell, 2000) with some modifications. For goethite, a solution of FeCl3 was 

precipitated through neutralization with 5N KOH, and the resulting alkaline mineral suspension 

was aged at 70 degrees Celsius for 60 hours to facilitate goethite formation. The suspension was 

then centrifuged, decanted, and washed with MiliQ water prior to freeze drying. For 2-line 

ferrihydrite, a solution of FeCl3 was neutralized with KOH until the pH was approximately 7.0. 

Suspensions were then rinsed with MiliQ water and either freeze dried or centrifuged and 

suspended in a small volume of MiliQ water to concentrate the final product. Freeze dried 

samples were stored at -80 degrees Celsius prior to use, while hydrated samples were used 

within 24 hours of synthesis. 

Schwertmannite was synthesized using a rapid precipitation method involving the 

addition of a 30% solution of H2O2 to a solution of FeSO4 (Regenspurg, Brand, & Peiffer, 2004). 

The mixture was stirred rapidly for at least 12 hours until the pH was stable, ~2.35.  The solids 

were allowed to settle for 1 hour, and the supernatant was carefully decanted.  Solids were 

washed by centrifuging at 3,700xg and suspending in ~1 volume of MiliQ water.  The product 

was concentrated by a final centrifugation at 3,700xg for 5 minutes and resuspension in 1/20 

the initial volume.  XRD identified this initial product as schwertmannite, though treatment with 

media or autoclaving rapidly altered the mineral form. 
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Iron reduction assays: Basal media were prepared as above with some modifications.  

Fumarate was omitted as the Fe(III)-oxides were desired as the sole electron acceptor. NTA free 

mineral mix (in which all minerals were first dissolved in a small volume of HCl) was used in 

order to eliminate exogenous chelating compounds from the media. All media were purged with 

N2:CO2 gas (80%/20%) passed over a heated copper column to remove trace oxygen. Where 

indicated, media were autoclaved for 20 minutes at 121 degrees Celsius on a gravity cycle, and 

were immediately removed to cool at room temperature in the dark. As is standard for G. 

sulfurreducens FeO(OH) medium (Caccavo et al., 1994), additional NaH2PO4∙H2O (to a final 

concentration of 0.69g/L) was added prior to autoclaving, as more recalcitrant and less reducible 

forms of Fe(III)-oxide are expected to form when autoclaved without additional phosphate. For 

freshly precipitated β-FeO(OH) and 2-line ferrihydrite, 1ml of the iron oxide suspension was 

added to 9 ml of basal medium. The pH was adjusted by altering the pH of the basal medium 

and altering the concentration of NaHCO3 used prior to purging with anaerobic N2:CO2 gas 

(80%/20%). For goethite, an 88g/L suspension was made in MiliQ water and 1 ml of this 

suspension was added to 9 ml of basal medium. The resulting medium had an effective Fetotal 

concentration of ~20mM as determined by a modified fully reducing an acidified sample with 

hydroxylamine and measuring the resulting Fe(II) using a modified FerroZine assay (Lovley & 

Phillips, 1987) . Because the synthesis of schwertmannite results in an acidic product below the 

pH at which G. sulfurreducens grows optimally (Caccavo et al., 1994; Regenspurg et al., 2004), 

the mineral suspension was added to the basal medium (1:9) prior to adjusting the pH with HCl 

and bicarbonate. For freeze dried 2-line ferrihydrite, 0.2 grams of freeze dried sample was 

added per 10 ml of basal medium.  

In all cases, 100μl of acceptor limited stationary phase cells (OD600 = 0.55) grown in 

acetate and fumarate containing NB basal medium were used to inoculate the iron oxide 
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containing media, with acetate provided as the electron and carbon donor and the Fe(III)-oxide 

as the sole electron acceptor. 

For all Fe(III)-oxide incubations except those involving goethite, a small sample was 

removed at regular intervals and dissolved in 0.5N HCl for at least 24 hours at 23-25 degrees 

Celsius in the dark before the acid extractable Fe(II) present in the sample was measured using a 

modified FerroZine assay (D R Lovley & Phillips, 1987). For incubations with goethite, samples 

were incubated in 1N HCl at 65 degrees Celsius for at least 24 hours in the dark, followed by 

centrifugation at 13,000 x g for 10 minutes to remove solids. Fe(II) in the supernatant was then 

measured using a modified FerroZine assay (D R Lovley & Phillips, 1987). 

X-ray diffraction (XRD) measurements: 0.5ml of untreated bulk mineral sample or 2.5ml 

of mineral suspension in basal medium prior to inoculation with G. sulfurreducens was filtered 

onto a 0.22 μM filter using a syringe filter cassette.  All samples from basal media were collected 

anaerobically in an anaerobic chamber (Coy Laboratory Products, Grass Lake MI) under a 

N2:CO2:H2  (75%:20%:5%) atmosphere and were stored in sealed mylar bags at -20 degrees 

Celsius prior to preparation. Acetone mounts on glass slides were used for all samples. Results 

were normalized to characteristic peaks for each mineral type.  
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3.4 Results  

ImcH and CbcL, two proteins localized to the inner membrane of G. sulfurreducens, are 

implicated in the reduction of electron acceptors that fall within different redox potential 

windows (Levar et al., 2014; Zacharoff et al., 2015). ΔimcH is able to reduce poised electrodes 

with redox potentials ≤-100mV vs the Standard Hydrogen Electrode (SHE) but is deficient in the 

reduction of electrodes at redox potentials ≥0mV vs. SHE (Levar et al., 2014). ΔcbcL is able to 

reduce electrodes with relatively high redox potentials (+240mV vs. SHE), but has a deficiency in 

the reduction of acceptors at or below -100 mV vs SHE, a phenotype highlighted by its shifted 

cyclic voltammetry (Marsili, Rollefson, et al., 2008), where the maximum rate of electron 

transfer to electrodes requires an additional 50 mV of driving force compared to wild type G. 

sulfurreducens (Zacharoff et al., 2015). These electrode phenotypes indicated that G. 

sulfurreducens has multiple pathways for electron transfer to acceptors at either “low” or “high” 

redox potentials, but the environmental relevance of these multiple pathways has not been 

studied in detail. 

Preliminary studies examining electron acceptors in addition to poised electrodes, such 

as some laboratory synthesized Fe(III)-oxides and Mn(IV)-oxide as “low” and “high” redox 

potential acceptors respectively, supported a model in which ImcH- and CbcL-dependent 

electron transfer pathways were required for the reduction of high and low potential electron 

acceptors, respectively (Figure 3.1). ΔimcH retains the ability to reduce goethite, with a redox 

potential of ~-0.170 V vs. SHE (Orsetti et al., 2013) but cannot reduce Mn(IV)-oxide, with a redox 

potentials reported to be at least +0.35 vs. SHE (Majzlan, 2012; Nealson & Myers, 1992; 

Thamdrup, 2000; Thauer et al., 1977), respectively. The addition of the soluble electron shuttle 

riboflavin accelerates the rate of wild type birnessite reduction but does not recover the ΔimcH 
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reduction phenotype, supporting a defect in electron transfer rather than physical interaction 

with the mineral as observed for other G. sulfurreducens mutants (Rollefson et al., 2011). This 

lack of rescue occurs even though the electron shuttle provided has a midpoint potential within 

the permissive potential window of ΔimcH (Levar et al., 2014; Marsili, Baron, et al., 2008), and 

ΔimcH is able to reduce a solution of riboflavin, albeit at a rate slower than that of wild type 

(Data not shown). Together, these data indicate that the bulk mineral, rather than any 

intermediate electron shuttle, is the primary driver of reduction permissibility. In contrast, ΔcbcL 

reduces birnessite nearly as well as wild type, but is unable to reduce the low potential Fe(III)-

oxide goethite (Figure 3.1). These observations are consistent with redox potential 

discrimination similar to that seen on electrodes poised at +0.24 or -0.10 V vs. SHE (Chan et al., 

2015; Levar et al., 2014; Zacharoff et al., 2015), but studies comparing electrodes, Mn(IV)-

oxides, Fe(III)-oxides, and Fe(III)-chelates are hindered by fundamental differences between the 

electron acceptors provided (eg. solubility, metal type, etc). 
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Figure 3.1 

 

G. sulfurreducens requires at least two distinct electron transfer pathways for the reduction of metal 

oxides: Wild type G. sulfurreducens has the ability to reduce extracellular electron acceptors ranging from 

the low potential Fe(III)-oxide goethite to the high potential Mn(IV)-oxide birnessite. Mutants deficient in 

CbcL or ImcH show reduction phenotypes on these minerals consistent with redox potential 

discrimination. ΔcbcL reduces Mn(IV)-oxide as well as wild type, but fails to reduce goethite after 14 days 

of incubation. ΔimcH reduces goethite as well as wild type, but is unable to reduce Mn(IV)-oxide. The 

addition of a soluble electron shuttle (RF, riboflavin) does not rescue the inability of ΔimcH to reduce the 

provided Mn(IV)-oxide. Data shown are the mean and standard deviation of triplication cultures. 

 

In order to more thoroughly test the hypothesis that G. sulfurreducens utilizes ImcH and 

CbcL dependent pathways to reduce metal oxides on the basis of redox potential rather than 

solubility or metal type, we generated a range of insoluble Fe(III)-oxides thought to span the 

redox potentials driving the transition between the CbcL and ImcH dependent reduction 

pathways. A number of laboratory synthesized Fe(III)-oxides exist near the redox potential 

(Majzlan et al., 2004; Majzlan, 2012; Thamdrup, 2000) that induces a transition from the ImcH-

dependent to the CbcL-dependent reduction pathway on electrodes.  Small changes in the redox 

potential of these poised electrodes (As little as 50-100mV) alters the reduction phenotypes of 
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the ΔimcH and ΔcbcL mutants (Levar et al., 2014; Zacharoff et al., 2015) as G. sulfurreducens 

transitions between the utilization of the ImcH- and CbcL-dependent electron transfer 

pathways. There are a number of variables that will predictably change the redox potential of 

Fe(III)-oxides over a similar magnitude. Aging associated with autoclaving and/or freeze drying 

freshly precipitated minerals is expected to lower the redox potential as changes to particle size 

and crystallinity occur (Navrotsky et al., 2008; Roden, Urrutia, & Mann, 2000; Roden & Zachara, 

1996; Roden, 2006; Thamdrup, 2000). Changes in pH will also alter the effective redox potential 

of the iron mineral provided due to the nature of Fe(III)-oxide reduction as a proton consuming 

reaction (Kostka & Nealson, 1995; Majzlan, 2012; Thamdrup, 2000). For each unit decrease in 

pH, the redox potential of the Fe(III)/Fe(II) redox couple is expected to increase by ~59 mV per 

the Nernst equation (Bonneville, Van Cappellen, & Behrends, 2004).  

Fe(III)-oxide was synthesized after Lovley and Phillips 1986, and the synthetic mineral 

was characterized using X-ray diffraction (XRD). While the resulting mineral has previously been 

described as “poorly crystalline” or “amorphous” Fe(III)-oxide (Lovley & Phillips, 1986), the slow 

precipitation of FeCl3 with NaOH repeatedly yielded a mineral with an XRD signature most 

similar to that of akaganite (β-FeO(OH)) (Figure 3.2E). The XRD pattern of the mineral did not 

change in response to washing with additional volumes of MiliQ water. Because the β-

FeO(OH)/Fe(II) redox couple is thought to have a midpoint potential near -0.1 V vs. SHE 

(Majzlan, 2012), a nearly fully oxidized suspension of  β-FeO(OH) likely has a redox potential 

near 0.0 V vs SHE. As such, alterations in media preparation that lower the redox potential by 50 

mV or more are predicted to allow ΔimcH to fully reduce the provided mineral.  

To test this hypothesis, wild type, ΔimcH, and ΔcbcL were incubated with freshly 

precipitated β-FeO(OH). Wild type rapidly reduced the provided Fe(III)-oxide, as indicated by an 
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accumulation in Fe(II) as measured by a modified FerroZine assay. ΔcbcL also rapidly reduced 

the provided electron acceptor, but the final extent of reduction was lower than that of wild 

type. ΔimcH also reduced the mineral, and nearly to the extent of wild type, but only after a 

substantial lag in reduction was observed (Figure 3.2A). No reduction was observed in cell free 

controls.  

There are a number of possible explanations for the lag in Fe(II) accumulation observed 

for ΔimcH when fresh β-FeO(OH) was used (Figure 3.2A). One possibility is that the redox 

potential of the mineral provided is higher than can be efficiently utilized by ΔimcH, but that 

some slow rate of extracellular electron transfer to this presumably “high” potential electron 

acceptor still occurs. When sufficient Fe(II) is present, the overall redox potential of the medium 

will be lowered into the permissive range for ΔimcH (≤-0.1 mV vs SHE), triggering an increased 

rate of Fe(II) accumulation. Alternatively, the mineral provided may be heterogeneous to some 

extent, with some small amount of a “low” potential mineral serving as the initial electron 

acceptor, the reduction of which leads to an accumulation of Fe(II) and subsequent lowering of 

the redox potential of the bulk mineral. In addition to the presumptive accumulation of Fe(II), 

abiotic factors could also drive the increased rate of reduction as the mineral aged to more 

recalcitrant and lower potential minerals. To test this hypothesis, medium containing β-FeO(OH) 

was autoclaved to accelerate aging processes.  

When β-FeO(OH) containing medium was autoclaved, both ΔimcH and ΔcbcL performed 

as previously reported (Levar et al., 2014; Zacharoff et al., 2015), with ΔimcH reducing the 

Fe(III)-oxide at nearly the same rate and to nearly the same extent as wild type, and ΔcbcL 

rapidly reducing the β-FeO(OH), but to ~40% of the extent of wild type (Figure 3.2B). A much 

shorter but consistent lag was observed for ΔimcH. Despite the substantial change in ΔimcH 
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Fe(III)-oxide reduction phenotype, the minerals were nearly identical at the level of their XRD 

pattern before and after autoclaving (Figure 3.2E). This relative lack of alteration in response to 

autoclaving has been previously noted (Hansel et al., 2015), and indicates that different 

analytical techniques are likely needed to determine what, if any, mineralogical differences may 

drive the phenotypic changes observed. 

The influence of pH on the redox potential of Fe(III)-oxide was used to further test the 

hypothesis that small changes in β-FeO(OH) preparation would change the reduction phenotype 

of ΔimcH. Because Fe(III)-oxide reduction is a proton consuming reaction, increasing the 

concentration of H+ in the medium (i.e., decreasing the pH) will increase the redox potential of 

the medium by 59mV for every unit decrease in pH (Majzlan, 2012; Thamdrup, 2000). The 

effective increase in redox potential in response to decreasing pH has been used to explain 

magnetite reduction by another dissimilatory metal reducing organism, Shewanella oneidensis 

(Kostka & Nealson, 1995). When the pH of basal medium was adjusted to 6.3 and buffered 

accordingly with a lower amount of sodium bicarbonate, a near complete cessation of Fe(III)-

oxide reduction by ΔimcH was observed (Figure 3.2C). Autoclaving this medium was not 

sufficient to restore the reduction phenotype of ΔimcH, though both wild type and ΔcbcL 

reduced the provided mineral to a greater extent (Figure 3.2D), perhaps indicating that 

structural changes resulting from autoclaving made the mineral more accessible for microbial 

reduction. As with medium at pH 6.8, autoclaving did not substantially alter the XRD pattern of 

the mineral provided (Figure 3.2E). 
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Figure 3.2 

 

Altering the preparation of β-FeO(OH) containing medium changes the reduction phenotypes of 

characterized mutants: Stationary phase cells were used to inoculate media to an initial calculated optical 

density (600nm) of ~0.005. In all cases, wild type is represented by black circles, ΔcbcL by downward 

pointing blue triangles, and ΔimcH by upward pointing red triangles. (A) A long lag is observed for ΔimcH 

inoculated into medium with no autoclaving. (B) The lag observed for ΔimcH is decreased when the 

medium is aged through autoclaving. (C) Decreasing the pH by 0.5 units eliminated β-FeO(OH) reduction 

by ΔimcH . (D). Aging pH 6.3 medium through autoclaving is not sufficient to decrease the redox potential 

enough to allow for complete reduction my ΔimcH . For all media types, samples were taken at regular 

intervals and dissolved in 0.5N HCl in the dark for at least 24 hours. Fe(II) was measured using a modified 
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FerroZine assay.  All data shown are the mean and standard deviation for triplicate cultures, and are 

representative of at least duplicate incubations.  (E) XRD patterns of the mineral used in panels A-D. The 

XRD pattern for the freshly precipitated mineral is also shown. No changes in XRD patterns were observed 

between multiple batches of synthesis and media preparation 

To further explore the relationship between medium pH and the iron reduction 

phenotypes of the imcH mutant, a range of pHs from 6.3 to 6.8 were used and the acid 

extractable Fe(II) concentration was measured after 7 days of incubation using a modified 

FerroZine assay (Lovley & Phillips, 1986, 1987). A decrease in the ability of ΔimcH to reduce 

Fe(III) was observed as the pH decreased, corresponding with an inability to reduce “high” 

potential electron acceptors (Figure 3.3). Importantly, wild type, ΔimcH, and ΔcbcL grew without 

significant defects at the pH extremes of 6.3 or 6.8 in minimal medium containing fumarate as 

the sole terminal electron acceptor (Table 3.1), indicating that the failure of ΔimcH to reduce the 

provided iron oxide at pH 6.3 was not due to a gross growth defect at low pH.  

Figure 3.3 

 

Decreasing the pH inhibits β-FeO(OH) reduction by ΔimcH. Wild type G. sulfurreducens (black circles) 

reduces β-FeO(OH) across a range of pH values, but reduction by ΔimcH (red triangles) is rapidly inhibited 

by decreasing the pH by as little as 0.3 units. Reduction by ΔcbcL (blue triangles) remains at a relatively 

constant level across pH values, and never reaches the extent of wild type reduction. Data are the mean 

and standard deviation from triplicate cultures. 
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These two experiments provided evidence that G. sulfurreducens can discriminate 

between different extracellular electron acceptors in a manner independent of solubility (e.g. 

ferric citrate vs. Fe(III)-oxides) or metal type (e.g. Fe(III)-oxides vs. Mn(IV)-oxides), and provided 

key insights into best practices for data collection, in that a seven day time point provided a 

reasonable estimate of the initial ability of a G. sulfurreducens strain to reduce a given Fe(III)-

oxide.  

A variety of Fe(III)-oxide minerals were then synthesized and the reduction of the 

provided electron acceptor by the two mutants relative to that of wild type G. sulfurreducens 

was assessed.  2-line ferhihyrdite was synthesized and provided to G. sulfurreducens wild type, 

ΔcbcL, and ΔimcH strains as the sole terminal electron acceptor. Freshly precipitated 2-line 

ferrihydrite was reduced by ΔimcH as well as wild type, and ΔcbcL was able to reduce the 

provide mineral to ~67% that of wild type after seven days.  When 2-line ferrihydrite was freeze 

dried and provided as the sole electron acceptor, ΔimcH retained the ability to reduce the 

mineral as well as wild type, but the reduction capacity of ΔcbcL was reduced to <30% of wild 

type, consistent with freeze drying lowering the redox potential of the provided mineral. 

Altering the pH of medium containing freeze dried 2-line ferrihydrite was not sufficient to 

substantially alter the reduction phenotypes of either ΔimcH or ΔcbcL, suggesting that the 

freeze drying process is the dominant variable effecting reduction. 

Next, schwertmannite was synthesized using a rapid precipitation method after 

Regenspurg et al., 2004. Schwertmannite is an Fe(III)-oxide which forms most favorably at pH 

values less than 4.0 when sufficient sulfate is present (~10mM), as is often the case in 

freshwater ecosystems impacted by acid mine drainage (Regenspurg et al., 2004). This Fe(III)-

oxide is predicted to have a redox potential at or above 0.0 V vs SHE (Majzlan, 2012), placing a 
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fully oxidized mineral suspension well above the redox potential window in which ΔimcH can 

reduce a poised graphite electrode (Levar et al., 2014). However, this simplistic view of 

schwertmannite reduction is complicated by a number of factors. The reduction of 

schwertmannite at pH 6.0 in batch culture has previously been reported to lead to an increase in 

the pH of the medium through the consumption of protons (Blodau & Knorr, 2006).  This 

increase in pH should lower the effective redox potential of the medium, and when combined 

with the concomitant increase in Fe(II) and the formation of more crystalline mineral forms 

likely generates conditions in which the ΔimcH mutant would be able to reduce the provided 

mineral to nearly 100% that of the wild type. Abiotic transformation of schwertmannite to other 

mineral forms is also accelerated at pH values greater than 4.5 (Blodau & Knorr, 2006), and 

could lead to favorable reduction conditions for ΔimcH.  Indeed, analysis of the XRD patterns of 

the provided mineral after treatment with growth medium indicated transformation to 

ferrihydrite-like minerals (Figure 3.4E). Despite this complication, a pattern of reduction 

phenotypes similar to that of β-FeO(OH) was observed, in that reduction by ΔimcH was best 

when the mineral was added to medium at pH 6.8  and autoclaved (Figure 3.4B) and worst when 

the medium was buffered to pH 6.3 and no autoclaving was performed (Figure 3.4C). 
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Figure 3.4 

 

Treatment of schwertmannite with growth medium at pH 6.3 or pH 6.8 alters gross mineralogy: Rapid 

precipitation of an iron sulfide solution with hydrogen peroxide yields XRD pure schwertmannite 

(“untreated”), but when this mineral suspension is added to growth medium at circumneutral pH values 

abiotic transformation to other mineral forms is observed. Autoclaving these media lead to further 

mineral transformation 
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A general trend emerged during these experiments - When reduction by ΔimcH was 

near wild type levels at seven days, ΔcbcL reduction was often at its lowest, and when reduction 

by ΔcbcL was near wild type, ΔimcH failed to reduce the provided electron acceptor (Figure 3.5). 

Notably, a lower bound of ~20% of wild type reduction extent was observed for ΔcbcL. This 

result is similar to previous studies assessing growth on poised graphite electrodes, where ΔcbcL 

was noted to have a very slow but non-zero growth rate on electrodes poised at -0.1 V vs. SHE 

(Zacharoff et al., 2015). 
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Figure 3.5 

 

 

G. sulfurreducens requires both ImcH and CbcL for the complete reduction of a range of metal oxides: 
Cultures of ΔimcH (red triangles) and ΔcbcL (blue triangles) were incubated with Fe(III)-oxides as the sole 

terminal electron acceptor, and the extent of Fe(II) accumulation after seven days of incubation were 
measured relative to that of wild type G. sulfurreducens. Conditions 2-16 are ranked in order of ΔimcH 

reduction, from best to worst. Goethite and birnessite are shown as the outer bounds  

 

# Starting mineral* Freeze dried (Y/N) Autoclaved (Y/N) pH

1 Goethite Y N 6.8

2 Schwertmannite N Y 6.8

3 2-line Fh Y N 6.3

4 2-line Fh N N 6.8

5 2-line Fh Y N 6.8

6 2-line Fh Y Y 6.3

7 β-FeO(OH) N Y 6.8

8 Schwertmannite N N 6.8

9 β-FeO(OH) N Y 6.6

10 β-FeO(OH) N Y 6.5

11 2-line Fh Y Y 6.8

12 β-FeO(OH) N N 6.8

13 β-FeO(OH) N Y 6.3

14 Schwertmannite N Y 6.3

15 β-FeO(OH) N N 6.3

16 Schwertmannite N N 6.3

17 Birnessite N N 6.8
*Listed mineral is mineral identity prior to treatment with media or 

autoclaving.
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It is possible that the results reported here could also be largely explained by 

crystallinity, particle surface area, and/or Fe(III)-oxide solubility (Cutting et al., 2009; Majzlan et 

al., 2004; Navrotsky et al., 2008; Roden, 2006). However, because these factors will change the 

effective redox potential of the metal oxide in question, we propose that redox potential be 

recognized as a master variable controlling the reduction of extracellular electron acceptors by 

G. sulfurreducens.  

A key question stemming from this work relates to the ecological rational for encoding 

multiple electron transfer pathways across the inner membrane. As ΔimcH cells are often able 

to completely reduce the provided metal oxide after an initial lag, might it not be advantageous 

to only encode a single, CbcL-dependent electron transfer pathway? One proposed hypothesis is 

that G. sulfurreducens encodes multiple pathways in order to take advantage of the different 

amounts of energy represented by different metal oxides differences (Levar et al., 2014). To test 

this hypothesis, the yield of G. sulfurreducens strains in which one pathway was removed was 

tested. Because both ΔimcH and ΔcbcL had the ability to reduce β-FeO(OH) (albeit to different 

extents), a low inoculum was added to medium containing this mineral (autoclaved and at pH 

6.8, as in Figure 3.2B) and allowed to incubate until reduction was complete. Samples were then 

removed for measurement of Fe(II) and for direct plate counts on solid minimal medium with 

fumarate as the electron acceptor. Plate counts showed that that ΔcbcL generated more colony 

forming units per unit Fe(II) produced than did either wild type G. sulfurreducens or ΔimcH. For 

each mM of Fe(III) reduced, ΔcbcL produced 2.5 ± 0.3 x 106 CFU, while wild type and ΔimcH 

produced 0.8 ± 0.1 and 1.6 ± 0.1 x 106 CFU (n=5 for each strain). However, this experiment is 

limited by possible error due to cell attachment to mineral particles. Indeed, when wild type 

CFU were tracked over the course of β-FeO(OH) reduction, a marked decrease was seen for the 

time points corresponding to the most active reduction (Data not shown), perhaps suggesting a 
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tight association of cells to FeO(OH) particles when Fe(III) reduction is actively occurring. In 

order to allow for all cells attached to FeO(OH) particles to have equal opportunity for growth, 

minimal medium containing acetate and fumarate was inoculated with a 2% v/v inoculum from 

fully reduced β-FeO(OH) cultures. When equivalent growth rates were assumed for all cultures 

(as previously demonstrated, see Table 3.1) and the optical density of the fumarate grown 

culture was normalized to the amount of Fe(III) reduced,  ΔcbcL was found to produce 

significantly more cells per unit Fe(III) reduced than did wild type G. sulfurreducens or ΔimcH 

(Figure 3.6). These fumarate outgrowth experiments are in agreement with direct plate counts 

from β-FeO(OH) cultures, which showed that ΔcbcL generated more colony forming units per 

unit Fe(III) reduced than did either wild type G. sulfurreducens or ΔimcH. Together, these 

experiments demonstrate that G. sulfurreducens alters its growth yield in response to the 

energy available in external electron acceptors, and provide one explanation for encoding 

multiple pathways of electron transfer across the inner membrane.  

Figure 3.6 

 

The CbcL deficient strain generates more biomass per mM Fe(II) produced: After 14 days of incubation 

with β-FeO(OH), the acid extractable (0.5 N HCl) Fe(II) was measured and a small inoculum was 

transferred to fumarate containing minimal medium and allowed to outgrow with intermittent agitation 

at 30 degrees Celsius. ΔcbcL outgrew much more rapidly than did wild type or ΔimcH, indicating that cells 

lacking the CbcL-dependent electron transfer pathway had an increased growth yield. Data are the mean 

and standard deviation of triplicate experiments involving triplicate cultures.  
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3.5 Discussion 

Wild type G. sulfurreducens reduces a wide array of Fe(III)-oxides quickly, leading to a 

rapid accumulation of significant amount of Fe(II) in the medium. This phenomena has been a 

defining characteristic of G. sulfurreducens since it was first isolated (Caccavo et al., 1994).  

However, the data reported here demonstrate that G. sulfurreducens is likely utilizing multiple 

electron transfer pathways to accomplish the extent of Fe(III)-oxide reduction observed. The 

redox potential of the medium decreases as Fe(II) accumulates due to reduction by G. 

sulfurreducens, which in turn triggers the utilization of electron transfer pathways adapted to 

electron transfer at low redox potentials. The ability of G. sulfurreducens to respond to the 

changing redox potential of its environment allows this organism to make the most efficient use 

of the provided mineral, ensuring that the greatest possible yield is achieved.  

The genome of G. sulfurreducens encodes 78 expressed multiheme c-type cytochromes, 

a number of which have been implicated in electron transfer to a variety of extracellular 

electron acceptors (Aklujkar et al., 2013; Leang et al., 2003, 2010; Rollefson et al., 2009, 2011; 

Shi et al., 2007). It is now known that the complexity of extracellular electron transfer pathways 

also extends to the level of the inner membrane, where preferential utilization of specific 

electron transfer proteins likely contributes to efficient growth under rapidly changing redox 

potential regimes. Combined with the ability to completely oxidize acetate, the ability of G. 

sulfurreducens to alter its respiratory strategy in response to redox potential may help to explain 

its dominance in subsurface environments replete with these types of extracellular electron 

acceptors. 

These results suggest that a battery of extracellular electron acceptors should therefore 

be considered required in order to accurately assess extracellular electron transfer in 
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dissimilatory metal reducing organisms such as G. sulfurreducens. Poorly crystalline FeO(OH) 

synthesized after Lovley and Phillips may often be sufficient, but care must be taken to not 

extend the results of these experiments to all other forms of Fe(III)-oxide. One key insight from 

this study is the need for a distinction between initial rates of Fe(III)-oxide reduction and final 

extent of Fe(III)-oxide reduction. Using G. sulfurreducens as a model, it is obvious that rapid 

transition from an ImcH dependent electron transfer pathway to a CbcL dependent pathway 

occurs when many commonly used Fe(III)-oxides are provided as sole terminal electron 

acceptors. The prevalence of imcH and cbcL in other dissimilatory metal reducing organisms and 

in metagenomics samples from sites undergoing active metal reduction indicates that this type 

of redox discrimination may occur in diverse organisms and ecosystems (Levar et al., 2014; 

Zacharoff et al., 2015). The initial rate and total extent of Fe(III)-oxide reduction may therefore 

provide insight into two different redox potential dependent processes, both in pure cultures 

and in environmental samples. The initial rate of Fe(III)-oxide reduction is likely  more relevant 

to the starting mineral and conditions, but both biotic and abiotic factors will influence the final 

extent of reduction as conditions change during incubation experiments, and total extent of 

reduction may then be representative of the ability to reduce electron acceptors with relatively 

low redox potentials. 
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Chapter 4- Tn-seq in G. sulfurreducens identifies redox potential dependent and electron 

acceptor specific gene products 
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4.1 Summary: 

Saturating transposon mutant libraries coupled to next generation sequencing (Tn-seq) 

has emerged as a powerful tool to rapidly asses the phenotypes of tens of thousands of mutants 

in a single experiment. Here, a G. sulfurreducens mutant library consisting of nearly 45,000 

random transposon mutants was generated, and the ability of each mutant to reduce poised 

graphite electrodes was tested.  Because redox potential dependent phenotypes have recently 

been observed using two different G. sulfurreducens mutants, electrodes were poised at either 

+0.24 V or -0.10V vs the Standard Hydrogen Electrode (SHE).  This technique confirmed the 

electrode reduction phenotypes of a number of previously studied mutants, namely mutations 

in the genes encoding the inner membrane cytochromes ImcH and CbcL, and suggested a role in 

electrode reduction for a number of previously unstudied proteins.  Interestingly, directed 

mutagenesis of a number of genes identified here support a scenario in which different cellular 

machinery is required for the reduction of electrodes as opposed to Fe(III)-oxide, raising new 

questions about the environmental and ecological relevance of extracellular electron transfer to 

poised electrodes. The results reported here validate the use of Tn-seq in G. sulfurreducens, and 

open new avenues for further research in this organism. 
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4.2 Introduction: 

Geobacter sulfurreducens is a model electrode reducing organism that was first isolated 

based upon its ability to transfer electrons to extracellular electron acceptors such as soluble 

chelated Fe(III)-citrate and insoluble Fe(III)- and Mn(IV)-oxides (Caccavo et al., 1994). G. 

sulfurreducens possesses the fairly unique ability to produce multilayer biofilms on electrode 

surfaces poised at accepting potentials (Bond & Lovley, 2003), and Geobacter spp. are often 

enriched in subsurface environments undergoing active metal reduction (Anderson et al., 2003). 

In laboratory settings, the ability of G. sulfurreducens to transfer electrons to 

extracellular acceptors allows for the use of three electrode bioreactors to accurately quantify 

respiration rates (Bond & Lovley, 2003; Marsili, Rollefson, et al., 2008; Richter et al., 2009).  

Classical genetics, transcriptional analysis, and differential proteomics have begun to describe 

the suite of proteins required for the reduction of electrodes and other extracellular electron 

acceptors by G. sulfurreducens (Aklujkar et al., 2013; Ding et al., 2008; Franks, Nevin, Glaven, & 

Lovley, 2010; Richter et al., 2009), but it is likely that additional, yet unrecognized gene products 

are also required.  

These studies are limited by the inherent biases imposed by the criteria used to identify 

genes of interest. In the case of transposon mutagenesis, a rapid and high throughput screen or 

selection is necessary, eliminating growth on poised electrodes as the primary screen or 

selection.  Instead, mutants of interest are first identified on the basis of biofilm and/or Fe(III)-

oxide and Fe(III)-citrate reduction phenotypes, after which the ability of selected mutants may 

be tested for growth in electrochemical devices (Rollefson et al., 2009). While directed 

mutagenesis studies do not suffer from this particular bottleneck, an additional set of problems 

arise, stemming from the need to select genes to disrupt on the basis of some previous finding 

or bias. Finally, transcriptomic and proteomic studies typically target genes for mutational 
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analysis on the basis of expression and protein production changes. However, protein 

abundance and/or changes in expression patterns in response to different electron acceptors or 

growth conditions do not necessarily mean that the proteins identified are required for the 

phenotype of interest. Concern regarding these biases is sometimes unfounded, as a number of 

abundant proteins involved in the extracellular reduction of metal oxides and/or chelates are 

also involved in the reduction of poised electrodes. As such, a common assumption then made 

when using electrodes to study extracellular electron transfer is that the electrode serves as an 

analogue to environmentally relevant electron acceptors such as Fe(III)- and Mn(IV)-oxides. 

While electrodes do provide an opportunity to study electron transfer carefully under a more 

constant set of conditions than occur with insoluble metal oxides, recent work has identified 

that complexity exists at the level of inner membrane electron transfer pathways. This 

complexity seems to be largely rooted in the redox potential at which the electrode is poised 

(Levar et al., 2014; Zacharoff et al., 2015), but raises questions regarding additional unknown 

differences between poised electrodes and insoluble metal oxides as electron acceptors 

supporting the growth of G. sulfurreducens. 

Here, a library consisting of nearly 45,000 G. sulfurreducens transposon mutants was 

subjected to selective growth conditions on poised graphite electrodes.  In contrast to previous 

work, mutants were identified in this study without any a priori knowledge or biases. 
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4.3 Materials and Methods: 

Strains and culture conditions: All G. sulfurreducens strains were cultivated for each 

experiment from single colony picks grown from our laboratory freezer stocks. The minimal 

medium used for routine cultivation of G. sulfurreducens strains is composed of 0.38 g/L KCl, 0.2 

g/L NH4Cl, 0.069 g/L NaH2PO4∙H2O, 0.04 g/L CaCl2∙2H2O, and 0.2 g/L MgSO4∙7H2O, and was 

buffered with 2g/L NaHCO3 to pH 6.8. 10 ml/L of a chelated mineral mix (composed of 1.5 g 

nitrilotriacetic acid (NTA), 0.1 g/L MnCl2∙4H2O, 0.5 g/L FeSO4∙7H2O, 0.17 g/L CoCl2∙6H2O, 0.1 g/L 

ZnCl2, 0.03 g/L CuSO4∙5H2O, 0.005 g/L AlK(SO4)2∙12H2O, 0.005g/L H3BO3, 0.09 g/L Na2MoO4, 0.05 

g/L NiCl2, 0.02 g/L NaWO4∙2H2O, and 0.10 g/L Na2SeO4). For routine growth, minimal medium 

with acetate (20mM) as the electron donor and fumarate (40mM) as the electron acceptor was 

used (NBFA). When electrodes served as the sole electron acceptor for growth, fumarate was 

omitted and an additional 50 mM NaCl was added to account for changes in osmolality. When 

Fe(III)-oxide served as the electron acceptor, fumarate was omitted and non-chelated mineral 

mix (in which all components were dissolved in a small volume of 1N HCl and NTA was omitted) 

was used. In all cases, the pH of the medium was adjusted to 6.8, buffered with 2 g/L NaHCO3 

and purged with N2:CO2 gas (80:20) passed over a heated copper column to remove trace 

oxygen. Basal medium was autoclaved for 30 minutes at 121 degrees Celsius on a liquid cycle. 

Solid medium was prepared as above with the addition of 1.5g/L of agar powder prior to 

autoclaving. Iron containing media were autoclaved for 20 minutes on a gravity cycle to limit 

exposure to heat. 

Escherichia coli was cultivated in lysogeny broth (LB) containing diaminopimelic acid 

(DAP) and kanamycin when needed as previously described (Brutinel & Gralnick, 2012).  

Deletion plasmids and scarless G. sulfurreducens deletion strains were generated as 

previously described (Chan et al., 2015). All strains used in this study can be found in Table 4.1. 
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Table 4.1-Strains, plasmids, and primers used in this study 

 

Tn-seq Library Generation: Equal volumes of wild type G. sulfurreducens grown to mid-

log growth phase (OD600 ~0.35) and an overnight culture of E. coli strain WM3064 carrying 

pEB001 grown in LB with kanamycin and DAP were mixed aerobically and 10ml of this mixture 

was applied to a nitrocellulose filter (0.4 μm pore size) using vacuum pressure. Three volumes of 

minimal medium were then used to wash the filter and cells free of antibiotic and medium 

components. The filter was transferred to an antibiotic free minimal medium agar plate with 

20mM acetate and 40mM fumarate as the carbon source and electron acceptor, respectively, 

and conjugation was allowed to occur at 30o Celsius for 4 hours in a 5%H2:20%CO2:75%N2 

anaerobic environment. After conjugation, 1ml of NBFA + Kanamycin (200µg/ml) was applied 

Name Relevant characteristic or sequence Source or usage

Geobacter sulfurreducens 

Wild Type ATCC 51573 Caccavo et al, 1994

ΔomcBC Clean deletion of ombB--> omcC This study

ΔextABCD Clean deletion of GSU2642-45 This study

ΔGSU2222 Clean deletion of GSU2222 This study

ΔGSU2220 Clean deletion of GSU2220 This study

ΔGSU1704 Clean deletion of GSU1704 This study

Escherichia coli

WM3064 Donor strain for conjugation Saltikov and Newman, 2003

Plasmids

pEB001 pMiniHimar RB-1 with MmeI sites Brutinel and Gralnick, 2012

Primers and barcoded adaptors*

P1_M6_Mme1 CAAGCAGAAGACGGCATACGAAGACCGGGGACTTATCATCC

AACCTGT

Amplification of Tn/gDNA junction

Gex AATGATACGGCGACCACCGACAGGTTCAGAGTTCCTACAAGT

CCGA

Amplification of Tn/gDNA junction

AP-A-bc-ACTG+ GTTCAGAGTTCTACAGTCCGACGATCACTGNN ACTG barcoded adaptor, A

AP-B-bc-ACTG 5’Pho/CAGTGATCGTCGGACTGTAGAACTCTGAACCTGTC/3’

Pho

ACTG barcoded adaptor, B

AP-A-bc-AGTC GTTCAGAGTTCTACAGTCCGACGATCAGTCNN AGTC barcoded adaptor, A

AP-B-bc-AGTC 5’Pho/GACTGATCGTCGGACTGTAGAACTCTGAACCTGTC/3’

Pho

AGTC barcoded adaptor, B

AP-A-bc-ACAC GTTCAGAGTTCTACAGTCCGACGATCACACNN ACAC barcoded adaptor, A

AP-B-bc-ACAC 5’Pho/GTGTGATCGTCGGACTGTAGAACTCTGAACCTGTC/3’

Pho

ACAC barcoded adaptor, B

*For each barcoded adaptor pair (A and B), equal concentrations of each primer were mixed together and allowed to anneal by heating 

to 95 degrees Celsius and cooling slowly to 25 degrees Celsius

 + The underlined sequence in "A" adaptors is the unique 4 nt barcode, and the underlined sequence in "B" adaptors is the reverse 

complement of the unique barcode
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per filter and cells were scraped off using a glass spreader. The resulting suspension was shaken 

vigorously to break up any clumps of cells, and serial dilutions were plated on selective medium 

and incubated at 30o Celsius in a 5%H2:20%CO2:75%N2 environment until visible colonies 

formed. Colonies from all plates were scraped from the agar surface using minimal medium with 

20mM acetate and 10mM fumarate and pooled. After 4 hours of recovery in this medium, the 

cell suspension was frozen at -80o Celsius with the addition of 10% DMSO (v/v) as a 

cryoprotectant. 

Library outgrowth: For each experiment, an individual frozen aliquot was removed from 

the freezer and used to inoculate minimal medium with 20mM acetate and 40mM fumarate 

using a 1% inoculum volume.  Growth was monitored by measuring the optical density of the 

culture at 600 nm. After cultures reached exponential growth phase, fresh minimal medium was 

inoculated with a 5% v/v transfer.  This culture was then grown to early stationary phase (OD600 

~0.5) and used to initiate electrode experiments and fumarate outgrowth controls. 

Bioreactor Growth: Three electrode bioreactors were assembled as previously 

described (Marsili, Rollefson, et al., 2008).  Briefly, graphite electrodes were polished using 1500 

grit wet/dry sandpaper (Ali Industries Inc, Fairborn, OH) and attached to platinum wire to serve 

as the working electrode.  A bare platinum wire served as the counter electrode. The potential 

of the working electrode was maintained at either +0.24 V or -0.10 V vs SHE using a saturated 

calomel reference electrode.  Reactor headspace was degassed using N2:CO2 for at least twelve 

hours prior to inoculation. Current was measured as an average over two minutes. For all Tn-seq 

experiments, a 50% inoculum with acceptor limited cultures (OD600=0.50-0.55) was used. The 

total volume of each reactor was 15ml, and the working electrode surface area was 6 cm2 . For 

all pure culture experiments, a 25% inoculum with acceptor limited cultures (OD600=0.50-0.55) 



77 
 

was used. The total volume of each reactor was 15ml, and the working electrode surface area 

was 3 cm2. 

Tn-seq Electrode Harvesting: In all cases, electrodes were harvested after ~6 doublings 

had occurred. The slower growth rate at -0.1 V vs SHE (compared to that at +0.24 V vs SHE) was 

taken into account in order to ensure that data were comparable across redox potentials (Levar 

et al., 2014; Zacharoff et al., 2015). All electrodes were harvested in a 5%H2:20%CO2:75%N2 

atmosphere, washed once in minimal medium lacking a carbon source or electron acceptor and 

vortexed vigorously in minimal medium with acetate (20mM) and fumarate (40 mM). A total of 

17ml of medium was used per square centimeter of electrode surface area. This cell suspension 

was incubated at 30o Celsius for ~6 doublings (mid-exponential growth). Cells were pelleted by 

centrifugation at 3,700 x g for 10 minutes at 4o Celsius and frozen at -20o Celsius until gDNA 

extraction.  

Tn-seq Library Preparation: Tn-seq libraries were prepared as previously described 

(Brutinel & Gralnick, 2012) with some modifications. Genomic DNA was isolated using the 

Wizard genomic DNA purification kit (Promega, Madison, WI). 6μg of gDNA was digested for 2 

hours at 37 degrees Celsius using Mme1 in CutSmart buffer (New England Biolabs). Increased 

digestion times (2.5+ hours) yielded spurious digestion products and were avoided. To decrease 

concatenated gDNA products, Antarctic phosphatase (New England Biolabs) was added for an 

additional hour at 37 degrees Celsius. Enzymes were heat deactivated for 15 minutes at 65 

degrees Celsius, followed by phenol/chloroform/isoamyl acetate (25:24:1) extraction and 

ethanol precipitation at -20 degrees Celsius overnight. Digested gDNA was rehydrated in 

nuclease free water, and a uniquely barcoded adaptor (Brutinel & Gralnick, 2012) was added 

using Epicenter FastLink DNA ligase for 1 hour at 25 degrees Celsius. After using PCR to verifying 

the successful ligation using primers “P1_M6_Mme1” and “Gex” (See Table 4.1), a separate PCR 
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reaction using Phusion High GC master mix (Containing a high fidelity polymerase) and the same 

primers as above was used to amplify the junction between the transposon and gDNA. Care was 

taken to ensure that the reaction was terminated at a cycle while the amplification was still 

increasing exponentially (van Opijnen, Bodi, & Camilli, 2009). The resulting 120 nucleotide 

amplicon was gel purified, and yielded 1.25-3 ng/μl of product per 50 μl PCR reaction when 

eluted in 35 μl of nuclease free water. A tenfold dilution of this product was sequenced using 

Sanger sequencing technology (University of Minnesota Genomics Center) to verify the presence 

of the unique barcode prior to Illumina sequencing.  After Sanger verification, the product was 

diluted as appropriate and 30 μl of a >1 ng/μl solution was submitted for sequencing using 50bp 

single read Illumina technology (University of Minnesota Genomics Center). Up to three samples 

with unique barcodes were pooled for sequencing in a single Illumina lane, resulting in 

~30,000,000 quality passing reads per sample. Primers and barcoded adaptors used in this study 

are listed in Table 4.1. 

Illumina read alignment: For each barcoded Tn-seq library, Illumina adaptors were 

removed from all sequences and reads were split into separate pools on the basis of the unique 

barcode annealed to each gDNA fragment. Barcodes were removed by trimming, and all reads 

were further trimmed to 15 nucleotides to ensure uniformity. The resulting sequence was 

aligned to a highly polished G. sulfurreducens reference genome (Chan et al., 2015) using Bowtie 

(Version 1.1.2).  The entire 15 nucleotide sequence was used as the seed sequence and no 

mismatches were allowed.  Reads mapping to more than one location (“Suppressed reads”) 

were not used for data analysis but were included for total read normalization between 

barcoded libraries. “Unmapped reads” that did not fit the criteria imposed by Bowtie were 

discarded.   
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Fe(III)-oxide reduction: Late exponential growth phase cultures (OD600=0.5-0.55) of G. 

sulfurreducens wild type and mutant strains were used to inoculate minimal medium containing 

20 mM acetate as the electron and carbon donor and freshly precipitated β-FeO(OH) as the sole 

electron acceptor. All cultures were inoculated to an initial calculated OD600 of 0.005. A small 

sample of the medium was removed at regular intervals and dissolved in 0.5 N HCl for at least 

24 hours in the dark. The acid extractable Fe(II) was measured using a modified FerroZine assay 

(D R Lovley & Phillips, 1987). 
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4.4 Results: 

Validation of Tn-seq in G. sulfurreducens: Transposon mutagenesis has been successfully 

applied to G. sulfurreducens in the past, and has identified a number of genes whose products 

are required for the reduction of extracellular electron acceptors such as Fe(III)-oxide, Fe(III)-

citrate, and graphite electrodes poised at +0.24 V vs SHE (Rollefson et al., 2009, 2011). However, 

these techniques are hindered by the laborious nature of screening individual mutants, and are 

often aimed at identifying mutants with severe phenotypes (ie, mutants with growth rates or 

substrate utilization rates near zero).  Screening for electrode reduction phenotypes presents 

additional challenges, as no high throughput electrochemical device analogous to the 96 well 

plates used for standard transposon mutant screens exists. As a result, identification of mutants 

deficient in electrode reduction are first identified due to mutant phenotypes using electron 

acceptors such as Fe(III)-oxides or Fe(III)-citrate (Rollefson et al., 2009). While this approach has 

identified a number of mutants with electrode phenotypes, it is inherently biased due to the 

initial identification on a different electron acceptor.  

In order to overcome the limitations to finding genes whose products are involved in 

electrode reduction, a random transposon library generated and pooled.  Poised graphite 

electrodes could then be used as the sole terminal electron acceptor for growth in order to 

determine the relative growth rate of each mutant in the pooled library in a single experiment. 

pMiniHimar RB-1 has been successfully used to conjugate a non-replicating plasmid 

carrying a transposon into G. sulfurreducens in order to generate random transposon mutants 

with high efficiency (Rollefson et al., 2009). A modified version of this system was used to 

generate the transposon library used in this study (Brutinel & Gralnick, 2012). A precipitous 

decrease in transposition efficiency was observed (~100x worse) when using this modified 

transposon, likely due to modification in the inverted repeats flanking the kanamycin resistance 
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cassette to accommodate Mme1 restriction enzyme recognition sites needed for downstream 

processing of Tn-seq libraries. Despite this decrease, a library of ~74,000 antibiotic resistant 

colonies was successfully generated, pooled, and frozen at -80 degrees Celsius.  

Direct sequencing of gDNA extracted from frozen vials of the transposon mutant library 

yielded reads mapping to 43,106 independent insertion sites within the genome of G. 

sulfurreducens. Of these insertions, 34,154 mapped within annotated genome features. As 

expected, over 95% of all insertions were located at TA sites (Lampe, Grant, & Robertson, 1998, 

Yang et al., 2014). 

The reproducibility of Tn-seq in G. sulfurreducens was tested by comparing the 

normalized reads mapped to annotated genome features. As is often convention, only insertions 

within the first 95% of a genome feature were considered (Yang et al., 2014). A processed DNA 

sample (complete with barcodes and Illumina sequencing adaptor) was sequenced twice to 

determine the level of concordance between individual sequencing runs. Comparison of these 

two data sets indicated that less than one percent of any deviation between replicate 

experiments was due to sequencing errors (Figure 4.1A). Next, error due to sample processing 

was analyzed by digesting and labeling the same initial gDNA sample with different barcodes. 

Less than three percent deviation was observed (Figure 4.1B). Finally, normalized reads from 

duplicate electrode experiments (in which the library is grown on electrodes and outgrown in 

liquid medium, gDNA extracted, digested, and barcoded prior to sequencing) showed less than 

five percent deviation (Figure 4.1C). 
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Figure 4.1 

 

Tn-seq sample processing is highly reproducible in G. sulfurreducens: (A) Less than 1% sequencing error 
was observed when the same processed sample was sequenced on duplicate lanes. (B) Up to 3% of the 
disagreement between replicates is due to sample processing. After outgrowth on poised electrodes, 
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electrode outgrowth in fumarate containing medium, gDNA extraction, and Tn-seq library processing, less 
than 5% deviation between replicates was observed (C).  In all cases, data shown represent the reads 

mapped to a particular gene normalized to the total number of reads (mapped + suppressed reads) from 
a given sequencing sample. 

 

Fumarate outgrowth defines an essential gene set for G. sulfurreducens: Because sufficient 

gDNA for downstream processing could not be recovered directly from electrodes, outgrowth of 

electrode attached cells in liquid medium containing fumarate as the electron acceptor was 

used. This extended outgrowth in fumarate as a control provided an opportunity to assess the 

agreement between Tn-seq and model predictions regarding essential gene products for 

growth.  

The average number of insertion sites with mapped reads in the first 95% of each 

annotated genome feature was normalized to the gene length (in kilobase pairs). The average 

number of insertions per kilobase pair was 10.7. Genes with values below 5 insertion sites per 

kilobase pair were assumed to represent features which were likely essential for extended 

outgrowth in liquid medium with fumarate as the sole electron acceptor. Because these data 

could be biased by insertions sites with a very small number of reads mapped (ie, 5 insertion 

sites in a 1 kilobase pair gene, each with only 5 reads mapped), any genome feature with less 

than 300 reads mapped to sites in the first 95% of the gene was discarded from further analysis. 

These liberal cutoff values for both the number of sites (>5 per genome feature) and the 

number of mapped reads (>300 per genome feature) were chosen to ensure that as many 

putative essential genes were identified as possible.  

A previous study using constraint based modeling identified 140 genes that were 

predicted to be essential for growth in liquid medium using fumarate as the sole electron 

acceptor (Mahadevan et al., 2006). When analyzed using the parameters described above, the 

agreement between Tn-seq data and these model-based predictions was good (Figure 4.2).  
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Figure 4.2 

 

Tn-seq largely agrees with model predictions regarding essentiality: The number of insertion sites/kb for 
genes predicted to be essential by Mahadevan et al., 2006 (red bars and y-axis) were compared to the 

number of insertions sites/kb for every other annotated feature in the G. sulfurreducens genome (black 
bars and y-axis). 1 site/kb windows centered on whole integer numbers were used to develop a 

percentage based histogram for each data set. Approximately 90% of the genes predicted to be essential 
by constraint based modeling had 5 or fewer insertion sites/kb, whereas approximately 29% of all 

annotated genes fell below this arbitrary threshold.  
 

 
Fourteen genes predicted to be essential by the constraint based model had reads 

mapped to multiple insertions sites in the Tn-seq data (Table 4.2). The ability to recover reads 

mapping to these genes after extended fumarate outgrowth suggests that these genes were not 

essential for growth under these conditions. 
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Table 4.2- Comparison of Tn-Seq with constraint based modeling

 

One limitation of Tn-seq experiments is the ability of shared goods to rescue mutants 

with insertions in genes that would otherwise be essential in pure culture.  One example of this 

can be seen in the case of GSU0994, encoding fumarate hydratase. Insertions in GSU0994 

indicated that the function of this gene was not required for growth under the conditions 

imposed in these Tn-seq experiments (Table 4.2). Up to 5mM malate has been shown to 

accumulate in G. sulfurreducens cultures grown with acetate as the carbon and electron donor 

and fumarate as the sole electron acceptor (Galushko & Schink, 2000). At these levels the 

malate produced by G. sulfurreducens mutants sufficient for fumarate hydratase could serve to 

rescue mutants with transposon insertions in this gene, emphasizing that care must be taken 

when extrapolating these types of mixed culture data to pure culture studies. 

Despite being predicted to be essential for growth in acetate and fumarate containing 

minimal medium (Mahadevan et al., 2006), transposon insertions in GSU0490, encoding acetyl-

CoA transferase (ATO1), did not appear to be detrimental to growth in the Tn-seq experiments 

(Table 4.2). G. sulfurreducens encodes two separate acetyl-CoA transferases, and analysis of 

either single mutant indicated that a growth defect was only present when grown in medium 

containing pyruvate alone or pyruvate and hydrogen as the carbon and/or electron donors  

Interupted Gene Locus  Tag* Reaction Names Sites/kb Reads

GSU0490 succinyl:acetate coenzyme A transferase 16.9 19510

GSU1953 asparagine synthase, glutamine-hydrolyzing 31.6 10760

GSU2084 D-glycero-D-mannoheptose-1,7-bisphosphate phosphatase 19.1 7595

GSU2157 ribonucleoside diphosphate reductase 32.2 7031

GSU2351 cation-translocating P-type ATPase 12.3 19854

GSU2379 tryptophan synthase subunit beta 15.5 5199

GSU1245 ketose-1,6-bisphosphate aldolase 7.3 3959

GSU0818 glyceraldehyde-3-phosphate dehydrogenase 11.7 9602

GSU0611 5-carboxyamino-1-(5-phosphoribosyl)imidazole carboxymutase 19.6 2748

GSU3408 L-threonine aldolase 13.3 14123

GSU0994 fumarate hydratase 7.4 349

GSU1532 ribonucleoside diphosphate reductase 8.8 551

GSU0458 (3R)-hydroxyacyl-(acyl carrier protein) dehydratase 12.9 1244

GSU0486 threonine dehydratase 7.5 8250

*Disruption of all genes listed were previously predicted to have normalized growth rates of 0
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(Segura, Mahadevan, Juárez, & Lovley, 2008). No growth defect was reported for growth with 

acetate alone as the carbon and electron donor, in good agreement with the Tn-seq data 

reported here. 

Growth of Tn-seq library on poised graphite electrodes validates potential dependent 

phenotypes and identifies previously unrecognized genes involved in electrode respiration: 

After verifying the reproducibility of Tn-seq in G. sulfurreducens, the transposon library was 

subjected to selective growth conditions using poised graphite electrodes as the sole electron 

acceptor. Redox potentials of both -0.1 or +0.24 V vs SHE were used due to the ability of G. 

sulfurreducens to alter its respiratory strategy in response to the redox potential of the provided 

electron acceptor (Chan et al., 2015; Levar et al., 2014; Zacharoff et al., 2015). The transposon 

library grew similar to pure cultures of wild type G. sulfurreducens at both potentials, with 

exponential doubling times of 6.0±0.1 hours at +0.24 V vs SHE and 8.1±0.0 hours at -0.1 V vs SHE 

(n=2 at each potential) (Figure 4.3). 

Figure 4.3 

 

Reproducible growth of a G. sulfurreducens Tn-seq library on poised graphite electrodes: Growth rates and 
extents with less than 5% variability were observed between duplicate bioreactors inoculated with a Tn-

seq library consisting of greater than 40,000 G. sulfurreducens transposon mutants.  Data shown are 
current production traces from duplicate experiments (data from both experiments are overlayed) on 

electrodes poised at either +0.24 V (black traces) or -0.10 V vs SHE (red traces). Electrodes poised at -0.10 
V vs SHE were harvested at a later time point due to the slower growth rate of G. sulfurreducens at this 

potential. 
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One way to assess the relative growth rate of transposon mutants within these types of 

experiments is through the use of Log2 ratios comparing the normalized reads mapped to each 

gene under two different conditions (Brutinel & Gralnick, 2012; van Opijnen et al., 2009).  A 

large negative Log2 ratio for a specific gene indicates that insertions in that gene yielded a 

mutant with a relatively slower growth rate, and suggests that the gene product is important for 

growth in the tested condition.  The normalized read number for each gene after electrode and 

fumarate outgrowth was compared to the normalized read number for the electrode inoculum 

to predict which genes were most important for growth using the electrode at either +0.24 V or 

-0.10 V vs SHE. Because these data could be skewed by the fumarate outgrowth required to 

recover sufficient gDNA, normalized reads from a fumarate outgrown culture without any 

electrode growth were also compared to the normalized read number from the electrode 

inoculum. 

Previous work indicated that imcH and cbcL, two genes encoding inner membrane c-

type cytochromes, were important for growth on electrodes at +0.24 and -0.10 V vs SHE, 

respectively (Levar et al., 2014; Zacharoff et al., 2015). These redox potential dependent 

phenotypes for both imcH and cbcL were also seen in the Tn-seq data, where insertions in these 

genes yielded some of the strongest phenotypes predicted (Table 4.3). These results suggested 

that growth on poised electrodes followed by fumarate outgrowth was sufficient to identify 

genes involved in electrode respiration. In addition to these inner membrane cytochromes, the 

role of extracellular polysaccharides (Rollefson et al., 2011) and Type IV pili (Reguera et al., 

2005) in attachment to and reduction of the poised electrode was also verified (Data not 

shown).  

Two previously unrecognized sets of genes were also identified and chosen for further 

study. GSU2222, GSU2220, and GSU1704, predicted to encode components of a transmembrane 
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sensory and regulatory pathway, had significant and negative Log2 ratios when the Tn-seq 

library was grown at either +0.24 V or -0.10 V vs SHE. Positive Log2 ratios comparing extended 

fumarate outgrowth with the initial electrode inoculum indicated that the predicted phenotypes 

on poised electrodes was not due to an inability to outgrow from the electrode (Table 4.3). 

Another gene, GSU2645, had a negative Log2 ratio when growth at -0.10 V vs SHE was compared 

to the inoculum. This predicted phenotype could be partially explained by a slight growth 

deficiency in fumarate, but the data from the electrode experiments was strong enough to 

support targeting the gene cluster containing GSU2645 for deletion and phenotypic analysis. 

GSU2645 is predicted to encode a c-type cytochrome, and exists in a gene cluster encoding a 

putative trans-membrane electron conduit not dissimilar to that of OmcB and associated 

proteins (Liu et al., 2014). The gene cluster containing GSU2645 is hereafter referred to as 

extABCD, for “extracellular electron transfer conduit ABCD”.  In contrast to these and other 

genes, Tn-seq predicted that macA and omcB, two genes previously implicated in extracellular 

electron transfer (Kim & Lovley, 2008; Leang et al., 2003), were not required for growth on 

electrodes poised at either +0.24 or -0.10 V vs SHE.  

Table 4.3-Log2 ratios for selected genes of interest 

 

Gene  +0.24 V vs SHE  -0.10 V vs SHE Fumarate

cbcL -1.18 -3.32 -1.48

imcH -3.88 -0.35 -0.62

GSU2645 0.25 -2.5 -0.82

GSU2220 -1.57 -2.41 2.24

GSU2222 -1.21 -2.82 1.02

GSU1704 -0.95 -2.37 0.47

omcB -0.04 -0.02 -0.32

macA -0.13 -0.05 -0.04

Log2 Ratio*

* All Log2 ratios are the average of duplicate experiments compared to the initial 

electrode inoculum 
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Strains with GSU2222, GSU2220, GSU1704, omcBC, or extABCD cleanly removed (Chan 

et al., 2015) were generated to test the hypotheses generated by these Tn-seq experiments. 

Cultures of each of these mutants were inoculated into electrochemical systems poised at either 

+0.24 or -0.10 V vs SHE and their ability to reduce the electrode was compared to that of wild 

type G. sulfurreducens. Mutants were also inoculated into medium containing β-FeO(OH) as the 

sole terminal electron acceptor to determine if any of the reduction phenotypes observed in 

poised electrochemical systems translated to Fe(III)-oxide reduction phenotypes. 

As predicted by Tn-seq, ΔGSU2222, ΔGSU2220, ΔGSU1704, and ΔextABCD all had 

deficiencies in electrode reduction at either +0.24 or -0.10 V vs SHE (Figure 4.4A, 4.4B). ΔomcBC 

did not have a significant phenotype when grown at either +0.24 or -0.10 V vs SHE, in line with 

previous measurements of extracellular electron transfer from OmcB deficient strains to 

electrode surfaces (Richter et al., 2009). When these strains were inoculated into medium 

containing β-FeO(OH) as the sole electron acceptor the strains deficient in electrode reduction 

were able to reduce the provided Fe(III)-oxide as well as wild type, leading to the accumulation 

of Fe(II) at levels nearly identical to wild type after seven days (Figure 4.4C). Consistent with 

previous reports analyzing an antibiotic cassette replacement of omcB (Leang et al., 2003) and 

an antibiotic cassette replacement of the gene clusters containing omcB and omcC (Liu et al., 

2014), the ΔomcBC strain did have a slight β-FeO(OH) reduction phenotype, though this defect 

was not as severe as previous reports (Figure 4.4C). Taken together, these data suggest that 

reduction of Fe(III)-oxides and poised electrodes require fundamentally different electron 

transfer mechanisms. 
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Figure 4.4 

 

G. sulfurreducens requires different electron transfer mechanisms for the reduction of electrodes and 
Fe(III)-oxides: Tn-seq accurately predicted a number of electrode reduction phenotypes at both +0.24 (A) 
and -0.10 (B) V vs SHE. These electron transfer deficiencies were not positively correlated with β-FeO(OH) 
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reduction phenotypes (C). Each data point in panels A and B represents an individual bioreactor 
experiment, with current densities recorded at 60 hours for reactors poised at +0.24 V vs SHE, and 80 

hours for reactors poised at -0.10 V vs SHE. Error bars are the standard deviation from the mean of the 
shown points. 
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4.5 Discussion: 
 

Here, we demonstrate that Tn-seq in G. sulfurreducens yields reproducible results 

consistent with previous literature reports. Tn-seq on electrodes accurately identified imcH and 

cbcL as being required for the reduction of electrodes poised at +0.24 and -0.10 V vs SHE 

respectively, and allowed for the identification of previously unrecognized genes whose 

products are required for wild type levels of electron transfer to poised electrodes but not 

insoluble Fe(III)-oxide. Importantly, mutants with electrode phenotypes were identified without 

first being subject to the biases inherent to previous studies. 

The genome of G. sulfurreducens encodes an array of sensory and regulatory proteins 

without defined function that may be used to discriminate between, and respond to, the wide 

variety of extracellular electron acceptors used by this organism (Methé et al., 2003; Tran, 

Krushkal, Antommattei, Lovley, & Weis, 2008). GSU2222, GSU2220 (part of a δ-proteobacteria 

specific che cluster) (Tran et al., 2008), and GSU1704 (a methyl-accepting chemotaxis sensory 

transducer) are needed for the reduction of poised electrodes but not β-FeO(OH) by G. 

sulfurreducens. This class of regulatory proteins have been shown to have diverse sensory and 

regulatory roles in bacteria in addition to the common chemotactic examples (Kirby, 2009). 

These results may suggest that one or more of the other five chemotaxis-like regulatory systems 

are responsible for sensing and responding to other extracellular electron acceptors utilized by 

this organism, and that different sets of electron transfer proteins regulated by these pathways 

may be required for the reduction of different extracellular electron acceptors. Indeed, recent 

reports have hypothesized that dissimilatory metal reducing microorganisms may have separate 

strategies for the reduction of metal oxides versus poised electrodes or participation in 

syntrophic communities (Pierra et al., 2015; Rotaru et al., 2015). The data presented here lend 

support to this hypothesis, and suggest that different regulatory mechanisms and outer 
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membrane conduits may be required for the reduction of different extracellular substrates (eg. 

poised electrodes vs Fe(III)-oxide). An interesting question is raised by this finding; If growth on 

electrodes does not mimic the reduction of Fe(III)-oxides as previously assumed, what 

environmentally relevant lifestyle does electrode growth provide insight into? One possibility is 

that growth as a multilayer biofilm reducing a poised electrode is most similar to the conditions 

found within syntrophic communities directly sharing electrons generated by one partner 

(Rotaru et al., 2015). If this is the case, it is expected that mutants deficient in GSU2222, 

GSU2220, GSU1704, or extABCD would be unable to participate in the direct exchange of 

electrons with other cells (Summers et al., 2010). Future studies will be required to address this 

possibility and will lend insight into the evolutionary rationale for the complexity of extracellular 

respiration pathways encoded by the G. sulfurreducens genome. 
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Chapter 5- Thesis conclusions and future directions 
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5.1 Thesis conclusions:  

G. sulfurreducens has the ability to tune its respiratory strategy in response to the 

energy available in a provided electron acceptor. Respiratory flexibility of this type had been 

proposed for some time, but no concrete evidence in support of this hypothesis had been 

discovered.  

Chapter 2 of this thesis reveals the existence multiple extracellular electron transfer 

pathways in G. sulfurreducens in response to redox potential, and suggests that G. 

sulfurreducens must have the ability to discriminate between electron acceptors of different 

potentials. 

Chapter 3 of this thesis demonstrates that the redox discrimination first observed using 

electrochemical systems extends to environmentally relevant electron acceptors such as Fe(III)-

oxides and Mn(IV)-oxides. The reduction phenotypes of ΔimcH and ΔcbcL on a wide variety of 

Fe(III)-oxides commonly used for the cultivation of G. sulfurreducens and other dissimilatory 

metal reducing organisms suggests that both ImcH and CbcL are required for wild type G. 

sulfurreducens to reduce extracellular metal oxides. 

Chapter 4 of this thesis utilizes Tn-seq to directly address questions regarding 

extracellular electron transfer from G. sulfurreducens to poised graphite electrodes. Previous 

studies attempting to define to the cellular components required for electrode reduction have 

been biased by the screens or selections used to initially identify genes of interest. che-like 

regulatory proteins and trans-membrane electron transfer protein conduits were identified as 

being required for wild type rates of electron transfer to poised electrodes. Moreover, Tn-seq 

validated previous results with ΔimcH and ΔcbcL, and suggested a dominant role for these genes 

in response to electrodes poised at different accepting potentials.  
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Together, the data reported here suggest that the complexity of extracellular electron 

transfer mechanisms observed for the G. sulfurreducens extracellular space extends inwards to 

the level of the inner membrane (Figure 5.1), where two or more electron transfer mechanisms 

could be utilized to efficiently take advantage of the different amounts of energy represented by 

electron acceptors of different redox potentials.  

Figure 5.1 

 

G. sulfurreducens has two or more inner membrane electron transfer pathways: The data presented in 
this thesis demonstrate that G. sulfurreducens must have the ability to alter its electron transfer strategy 
at the level of the inner membrane. Cells sufficient for ImcH are able to reduce “high” potential electron 
acceptors and couple this reduction to increased growth yield (see Appendix I). Cells sufficient for CbcL 
are able to reduce “low” potential electron acceptors, and CbcL is required for complete reduction of a 

variety of metal oxides and chelates. The identification of CbcL and ImcH as key components of 
extracellular electron transfer in G. sulfurreducens extends the complexity that is known to exist at the 

outer membrane and beyond to the inner membrane and the energy conservation steps contained there. 
Here, ImcH and CbcL are shown to directly facilitate the movement of electrons from the inner membrane 

to the periplasmic space; Additional studies will be required to conclusively demonstrate the direct 
involvement of either of these proteins in extracellular electron transfer. Additional, yet undiscovered 

electron transfer proteins may further complicate electron transfer at the level of the inner membrane. 
Discrete electron pathways from the inner membrane to different extracellular electron acceptors may 

also exist. 
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5.2 Future directions: 

Regulation of respiratory flexibility suggested by ΔimcH and ΔcbcL: The mechanisms by 

which G. sulfurreducens senses and responds to the redox potential of an extracellular electron 

acceptor are currently unknown and may represent a unique class of sensing and regulation.The 

data presented in this thesis suggest that G. sulfurreducens may have the ability to rapidly 

transition between utilization of the ImcH- and CbcL-dependent respiratory pathways as the 

redox potential of an extracellular electron acceptor changes in response to both biotic and 

abiotic factors. imcH and cbcL transcript levels do not change substantially in response to 

electrodes poised at either +0.24 or -0.10 V vs SHE (Zacharoff et al., 2015), perhaps indicating 

that factors distinct from gene expression and protein production are responsible for the redox 

discrimination observed. 

Voltammetry based investigations into electron transfer to poised electrodes: Yoho et 

al., recently used advanced electrochemical techniques to suggest the presence of multiple 

electron transfer pathways in G. sulfurreducens, though no mechanistic explanation for the 

features observed were provided (ie, electrochemical signatures were not assigned to specific 

electron transfer proteins) (Yoho et al., 2014). The deletion strains characterized in this thesis 

represent a unique opportunity to more thoroughly investigate the characteristics of electron 

transfer from G. sulfurreducens to poised graphite electrode in cultures lacking one or more 

electron transfer pathway.  

Catalytic and single turnover voltamagrams of ImcH deficient mutants have thus far not 

been reported. Carful characterization of the electron transfer signatures of electroactive 

biofilms of strains lacking ImcH would be a valuable tool for comparison with previously 

collected data, such as those reported in Yoho et al., 2014, and Zacharoff et al., 2015. Cyclic 
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voltammetry of ΔimcH biofilms grown at -0.10 V vs SHE to different growth stages could help to 

define the electron transfer kinetics through the remaining electron transfer pathways and to 

the poised electrode surface. 

Investigating the yield of ΔimcH and ΔcbcL grown on poised graphite electrodes: Direct 

plate counts and fumarate outgrowth from β-FeO(OH) containing medium reduced by ΔimcH 

and ΔcbcL suggest that ΔcbcL couples extracellular electron transfer to additional proton motive 

events (and therefore additional ATP generation and cell yield) when compared to wild type G. 

sulfurreducens or ΔimcH (Chapter 3, Figure 3.6). Additional investigation of the growth yield of 

ΔcbcL grown using Fe(III)-citrate as the sole electron acceptor provides support to the 

hypothesis that ΔcbcL has the ability to generate more ATP/e- transferred to extracellular 

electron acceptors than does wild type G. sulfurreducens (See Appendix 1). These types of data 

could be supported through additional electrochemical analysis of both ΔimcH and ΔcbcL.  

Poised electrodes in bioelectrochemical systems provide a unique opportunity to assess 

the columbic efficiency and yield of these strains while growing using the electrode as the sole 

electron acceptor poised at an unchanged redox potential. The slow but non-zero growth rate 

observed for ΔcbcL on electrodes poised at -0.10 V vs SHE allows for the opportunity to assess 

the columbic efficiency of this strain compared to wild type at both +0.24 and -0.10 V vs SHE, 

and ΔimcH grown at -0.10 V vs SHE. Measurements of acetate consumption, current production, 

and biomass accumulation at the electrode would help resolve questions relating to the yields 

of G. sulfurreducens strains lacking either the ImcH- or CbcL-dependent electron transfer 

pathways. 

Suppression of the ΔimcH and ΔcbcL phenotypes to identify additional factors 

involved in extracellular electron transfer: Preliminary experiments have identified a number of 
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ΔimcH suppressor strains in which the ability to reduce Fe(III)-citrate has been recovered (See 

Appendix III). Some of these strains have single nucleotide polymorphisms leading to non-

synonymous amino acid changes in CbcL, which may indicate that conformational changes in 

CbcL allow for aberrant activity and electron transfer out of the cell under conditions not 

normally associated with electron transfer through the CbcL-dependent electron transfer 

pathway. Isolation of additional ΔimcH suppressor strains could help identify factors required 

for extracellular reduction by G. sulfurreducens. Appendix II provides a number of suggestions to 

facilitate these types of studies.  Additionally, development of mutant cbcL alleles (identified by 

suppressor studies and/or through random mutagenesis of cbcL) may help to define the changes 

required for ΔimcH phenotype suppression.  

Reduction of extracellular electron acceptors by mixed cultures of strains lacking 

either ImcH or CbcL: Two or more possibilities exist when considering the activity of the ImcH- 

and CbcL- dependent electron transfer pathways. First, it is possible that both pathways are 

active at all times, such that electron flow out of the cell and the growth yields of wild type G. 

sulfurreducens is an average of the two pathways at all growth stages. Alternatively, it is 

possible that wild type G. sulfurreducens alters its respiratory pathway in response to the 

potential of the electron acceptor provided, such that growth yield may be different at different 

stages of growth when reducing an extracellular electron acceptor whose redox potential spans 

the window triggering a transition between utilization of the ImcH- and CbcL-dependent 

electron transfer pathway. Currently, all data collected are consistent with the second 

possibility.  

Appendix I provides evidence that the redox potential of Fe(III)-citrate containing 

medium commonly used for culturing G. sulfurreducens is much lower than previously reported.  
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This realization suggests that a mixed culture of ΔimcH and ΔcbcL could reduce Fe(III)-citrate to 

the same extent as wild type, as ΔcbcL could reduce the provided electron acceptor when the 

redox potential of the medium was “high” (ie, greater than -0.1 V vs SHE, see Appendix I), 

effectively lowering the redox potential of the medium to a level at which ΔimcH could rapidly 

reduce the remaining Fe(III)-citrate.  Additionally, the inability of ΔcbcL to achieve the same 

current density as wild type G. sulfurreducens on graphite electrodes poised at +0.24 V vs SHE 

may suggest that a redox gradient is established within an actively respiring biofilm, as has been 

previously suggested (Bond et al., 2012; Ying Liu, Kim, Franklin, & Bond, 2011; Snider et al., 

2012). If the distal portion of the biofilm has a redox potential at or below -0.10 V vs SHE, it is 

expected that a mixed culture of ΔimcH and ΔcbcL could achieve a higher current density at 

+0.24 V vs SHE than can ΔcbcL alone. 

Tn-seq in mutant backgrounds: While Tn-seq in wild type G. sulfurreducens did support 

previous studies examining redox potential dependent phenotypes, few new genes important 

for redox potential discrimination were identified.  Though it is possible that ImcH and CbcL are 

the only (or dominant) redox potential discriminating factors encoded by the genome of G. 

sulfurreducens, it is also possible that additional redox potential dependent phenotypes are 

obscured by the presence of imcH and cbcL. Tn-seq libraries have been generated in ΔimcH and 

ΔcbcL mutant backgrounds (facilitated by the ability to generate markerless deletions in G. 

sulfurreducens, see Chi Ho Chan et al., 2015), and future work will focus on identifying 

differences between these libraries when exposed to selective growth conditions using 

electrodes poised at different accepting potentials. 
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Appendix I: The growth yield of Geobacter sulfurreducens changes based on the electron 

transfer pathway used  
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I.1 Summary: 

G. sulfurreducens uses different electron transfer pathways in response to the redox potential of 

the provided electron acceptor. One proposed explanation for this redox potential 

discrimination invokes the thermodynamic difference represented by electron acceptors of 

different redox potentials and a possible ability to conserve those differences in energy.  In 

support of this hypothesis, studies using the insoluble Fe(III)-oxide akaganeite (β-FeO(OH)) 

demonstrated that G. sulfurreducens mutant strains deficient in the CbcL-dependent electron 

transfer pathway generated more cells per mmol Fe(II) produced.  However, these studies are 

complicated by the inability to accurately measure the redox potential of the insoluble electron 

acceptor used and possible cell attachment to iron particles in the medium.  Here, the soluble 

electron acceptor Fe(III)-citrate was used to accurately measure yield differences between wild 

type G. sulfurreducens and a CbcL- deficient strain.  The CbcL- deficient strain was unable to 

reduce Fe(III)-citrate to the same extent as wild type G. sulfurreducens despite a published 

midpoint potential (+0.37 V vs SHE) for the Fe(III)-citrate/Fe(II) redox couple that is sufficiently 

positive. The redox potential of Fe(III)-citrate containing growth medium was determined using 

electrochemical means, and the redox potential limiting reduction by the CbcL-deficient strain 

was identified. These data reconcile inconsistencies between previously published data and 

support the hypothesis that G. sulfurreducens takes advantage of the thermodynamic 

differences in terminal electron acceptors to achieve different growth yields. 
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I.2 Introduction:  

G. sulfurreducens has been shown to utilize different electron transfer pathways to cross the 

inner membrane in response to the redox potential of the terminal electron acceptor.  The 

ImcH-dependent electron transfer pathway is required for the reduction of electron acceptors 

with relatively “high” redox potentials (Levar et al., 2014), and the CbcL-dependent electron 

transfer pathway is required for the reduction of electron acceptors with relatively “low” redox 

potentials (Zacharoff et al., 2015). Determination of the exact redox potential at which the 

transition from ImcH- to CbcL-dependent electron transfer pathway occurs is difficult for a 

number of reasons, including an inability to easily measure the redox potential of insoluble 

metal oxides often used as terminal electron acceptors and the changing redox potential of a 

system as the provided electron acceptor is reduced (Boland et al., 2013; Orsetti et al., 2013; 

Sander et al., 2015; Straub et al., 2001).  The limitations of metal oxides as insoluble electron 

acceptors can be partially overcome through the use of three electrode bioreactor systems, 

where CbcL deficient strains are unable to reduce electrodes poised at or below -0.1 V vs SHE, 

and ImcH deficient strains are unable to reduce electrodes poised at or above -0.5 V vs SHE. 

Redox potential changes on the order of 50mV are sufficient to alter the electrode reduction 

phenotype of each of these mutants (Levar et al., 2014; Zacharoff et al., 2015) Small changes to 

the predicted redox potentials of insoluble metal oxides (Using pH, ageing, etc.) also alter the 

reduction phenotypes of these mutants in predictable ways when using these substrates as the 

sole terminal electron acceptor for growth. 

The accurate measurement of the redox potential of redox-active iron minerals has 

been a topic of study for some time.  Recent advances in electrochemical and spectrographic 

techniques have allowed for more accurate determination of the redox potential of a variety of 
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metal oxides than ever before, but limitations still exist.  Some of the techniques used will lead 

to the reductive dissolution of the mineral studied, leading to changes in mineralogy and the 

measured redox potential (Pedersen, Postma, Jakobsen, & Larsen, 2005), and the transfer of 

electrons through bulk mineral phases can also complicate measurements based on electron 

transfer at mineral surfaces (Yanina & Rosso, 2008). The use of redox active mediators to 

measure redox potential also carries limitations due to the ability of some of these compounds 

to complex with the mineral being studied (Sander et al., 2015). 

Many of the complicating variables are absent when chelated Fe(III) forms are utilized. 

The soluble nature of these compounds ensures that rapid diffusion can occur, facilitating 

interaction with the electrodes used to measure redox potential when electrochemical 

techniques are used. As such, there are accepted literature values for the midpoint potentials of 

the commonly used chelated Fe(III) forms (Straub et al., 2001; Thamdrup, 2000). Fe(III)-

citrate/Fe(II)-citrate couple is often listed with a midpoint potential of +0.372 V vs SHE when 

conditions are defined as: Temperature 25°C, pH = 7, [Fe(III)-citrate] = [Fe(II)-citrate] = 100μM 

(Straub et al., 2001; Bo Thamdrup, 2000). This relatively high redox indicates that G. 

sulfurreducens should not require CbcL, the protein required for reduction of “low” potential 

electron acceptors, to reduce 100% of the provided Fe(III)-citrate, as no practically measurable 

ratio of Fe(II)/Fe(III) would yield a redox potential lower than the potential known to require 

CbcL. Previously published results demonstrated that wild type and ΔcbcL G. sulfurreducens 

strains reduced Fe(III)-citrate equally well in no growth Fe(III)-reduction assays and in the early 

stages of Fe(III)-citrate reduction coupled to growth, but complexity may exist when considering 

the extent of Fe(III)-citrate reduction by the ΔcbcL strain (Zacharoff et al., 2015). If ΔcbcL cannot 

reduce the provided Fe(III)-citrate to the same extent as wild type G. sulfurreducens, the Fe(III)-

citrate/Fe(II)-citrate redox couple in the provided medium may be lower than the published 
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value. Alternatively, the redox potential of the medium could be controlled by redox couples in 

addition to that of Fe(III)-citrate/Fe(II)-citrate couple.  Careful examination of the extent of 

Fe(III)-citrate reduction by ΔcbcL was required to resolve these inconsistencies.  
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I.3 Materials and Methods 

Strains and culture conditions:  G. sulfurreducens wild type and mutant strains were routinely 

cultured from our laboratory freezer stocks in minimal medium containing 20mM acetate as the 

carbon and electron donor, and 40mM fumarate as the electron acceptor. All experiments were 

initiated with single colony picks from agar plates. The minimal medium used was composed of 

0.38 g/L KCl, 0.2 g/L NH4Cl, 0.069 g/L NaH2PO4∙H2O, 0.04 g/L CaCl2∙2H2O, and 0.2 g/L 

MgSO4∙7H2O, and was buffered with 2g/L NaHCO3 at pH 6.8. Additionally, 10 ml/L of a chelated 

mineral mix (composed of 1.5 g nitrilotriacetic acid (NTA), 0.1 g/L MnCl2∙4H2O, 0.5 g/L 

FeSO4∙7H2O, 0.17 g/L CoCl2∙6H2O, 0.1 g/L ZnCl2, 0.03 g/L CuSO4∙5H2O, 0.005 g/L AlK(SO4)2∙12H2O, 

0.005g/L H3BO3, 0.09 g/L Na2MoO4, 0.05 g/L NiCl2, 0.02 g/L NaWO4∙2H2O, and 0.10 g/L Na2SeO4) 

was added.  All media were purged with N2:CO2 (80%/20%) gas passed over a heated copper 

column to remove trace oxygen and autoclaved to ensure sterility. Iron containing media were 

autoclaved on a gravity cycle to limit exposure to heat. Solid media were created by adding 1.5% 

w/v agar prior to autoclaving. 

Fe(III)-citrate reduction and protein yield: Wild type and ΔcbcL G. sulfurreducens late 

exponential/early stationary phase cells were inoculated to a calculated OD600 of 0.005 into 

medium containing 20mM acetate as the carbon and electron donor and ~55mM Fe(III)-citrate 

as the sole electron acceptor and incubated at 30 degrees Celsius in the dark.  Samples were 

removed (1:10) into 0.5N HCl, and the [Fe(II)] was measured using a modified FerroZine assay (D 

R Lovley & Phillips, 1986, 1987). When reduction was complete, cells were centrifuged at 3,700 x 

g for 10 minutes, washed 3 times in anaerobic minimal medium lacking a carbon source or 

electron acceptor, and frozen.  Cell pellets were lysed by boiling in 0.2N NaOH for 10 minutes, 

and the total protein was measured using the bicinchoninic acid assay.  
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Electrochemical measurement of redox potential: Sterile minimal medium with 20 mM acetate 

and  ~80mM Fe(III)-citrate was added to a three electrode bioreactor in which a gold working 

electrode was provided. A bare platinum mesh (~0.5cm2) served as the counter electrode, and a 

3.5 M Ag/AgCl reference electrode was used. Electrochemical features were enhanced when 

fully reduced Fe(III)-citrate medium was sterile filtered and added to the bioreactors in an 

approximately 1:1 ratio with the fully oxidized medium. For cyclic voltammetry, a scan rate of 

100mV/s was used, scanning from -0.3 V to +0.7 V vs SHE.  The fourth cycle is reported.  For 

differential pulse voltammetry, the parameters were as follows: Pulse height, 50 mV. Pulse 

width, 25 ms. Step height, 1 mV. Step time, 150 ms. ΔI (μA) was averaged over the last 20 

percent of the step.  

Growth of G. sulfurreducens in three electrode bioreactors with Fe(III)-citrate: Minimal 

medium containing 20mM acetate as the carbon and electron donor and ~80mM Fe(III)-citrate 

as the electron acceptor was added to sterile three electrode bioreactors constructed as 

previously described with some modifications.  Both the working and counter electrodes were 

bare platinum wire approximately 2 cm in length. The headspace of each reactor was purged 

with anaerobic and humidified N2:CO2 (80%/20%) gas.  Calomel reference electrodes were used, 

and a solution of 0.1M NaSO4 stabilized with 1% agarose separated from the medium by a vycor 

frit provided a salt bridge between the reference electrode and the growth medium. The 

working volume of the bioreactors was 15ml in all cases.  A 16-channel potentiostat (VMP; Bio-

Logic, Knoxville, TN) using the EC-lab software (v9.41) was used to measure the open circuit 

voltage (OCV) was measured every 500 seconds. After the OCV was stable for at least 5 hours, 

stationary phase cells were added to each bioreactor at a 1:100 v/v inoculum size. After 

complete reduction had occurred (as evidenced by a lower and stable OCV reading), a sample of 
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the medium was acidified in 0.5N HCl and the [Fe(II)] was measured using a modified FerroZine 

assay . 
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I.4 Results and Discussion: 

ΔcbcL has an increased yield when compared to wild type G. sulfurreducens growing on Fe(III)-

citrate: Because ΔcbcL is deficient in the reduction of low potential electron acceptors such as 

graphite electrodes poised at -0.1 V vs SHE, goethite, and other Fe(III)-oxides, but still can 

reduce the relatively “high” potential electron acceptor Fe(III)-citrate, all electrons traveling to 

the provided extracellular electron acceptor likely must travel through the “high” potential 

electron transfer pathway (ie, the ImcH-dependent pathway, or some other, yet unrecognized 

high potential electron transfer pathway). If true, this implies that G. sulfurreducens grown using 

only the “high” potential electron transfer pathway would have a greater cell yield (in terms of 

protein produced per electron transferred) than wild type G. sulfurreducens, which presumably 

uses a combination of electron transfer pathways to fully reduce the provided electron 

acceptor. 

A small inoculum of wild type or ΔcbcL was allowed to reduce Fe(III)-citrate to 

completion, and the cells were harvested and washed free of all soluble iron (which can 

complicate protein determination using the BCA assay). The ΔcbcL cultures had a significantly 

increased amount of protein compared to wild type cultures when normalized to the amount of 

Fe(II) produced. The yield of ΔcbcL was 178.3±7.3% of wild type (Figure I.1C). These results 

support previous observations of increased cell yield for the ΔcbcL strain when Fe(III)-oxide was 

provided as the sole terminal electron acceptor for growth (C. Levar, unpublished data). 

ΔcbcL is unable to reduce Fe(III)-citrate to the same extent as wild type G. sulfurreducens: A 

pattern wasobserved when growing ΔcbcL for yield measurements; Despite wild type rates of 

Fe(III)-citrate reduction in a no-growth reduction assay (Figure I.1A), this mutant was unable to 

reduce Fe(III)-citrate to the extent of wild type G. sulfurreducens in an assay when growth was 
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required (Figure I.1B). The extent of reduction was 80.1±4.3% that of wild type (n=15), even 

when longer incubation times were used to facilitate complete reduction. These results 

suggested that some previously unrecognized variable was limiting Fe(III)-reduction by ΔcbcL. 

One possible explanation for the limitation in Fe(III)-citrate observed is a lower than published 

redox potential for the Fe(III)-citrate/Fe(II)-citrate couple in the medium used in this study. 

Electrochemical techniques were therefore used to determine the redox potential of the 

medium. 
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Figure I.1 

 

ΔcbcL is unable to reduce Fe(III)-citrate to the same extent as wild type G. sulfurreducens. (A) Fe(III)-citrate 
reduction by wild type and ΔcbcL demonstrates that ΔcbcL has the capacity to reduce Fe(III)-citrate in a 

manner nearly identical to wild type G. sulfurreducens when growth is not required. Each data point is the 
mean and standard deviation of triplicate reduction assays. (B) Despite the capacity to reduce Fe(III)-

citrate rapidly, ΔcbcL is unable to reduce Fe(III)-citrate to the same extent as wild type G. sulfurreducens. 
Data shown are the mean and standard deviation of triplicate experiments involving five replicate cultures 

each (n=15). When normalized to Fe(III)-citrate reduction, ΔcbcL has an increased growth yield when 
compared to wild type G. sulfurreducens. Data shown are the mean and standard deviation of triplicate 

experiments involving five replicate cultures each (n=15). 

 

Redox potential limits the extent of Fe(III)-citrate reduction by ΔcbcL: Because this medium 

uses a soluble extracellular electron acceptor electrochemical techniques can be used to 
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determine the redox potential of the medium before and after reduction by wild type or ΔcbcL 

G. sulfurreducens.   

First, sterile Fe(III)-citrate containing medium was subjected to both cyclic voltammetry 

and differential pulse voltammetry using a gold working electrode in order to determine if the 

basal medium contained features supporting a low redox potential lower than the oft cited 

+0.372 V vs SHE. When fully oxidized Fe(III)-citrate medium was used, no cathodic peak was 

visible regardless of the parameters used, though a distinct anodic peak was visible using both 

techniques. Fe(III)-citrate medium fully reduced by wild type G. sulfurreducens was then added 

to the reactor. A cathodic peak did become visible when Fe(II) was present, but these features 

were only quasi reversible in nature. Both cyclic voltammetry (Figure I.2A) and differential pulse 

voltammetry (Figure I.2B) identified an anodic peak with a potential of +0.050 and -0.061 V vs 

SHE, respectively. Even when correcting for peak offset (+.030 V), these values indicated that 

the redox potential of the Fe(III)-citrate containing medium was significantly lower than 

previously reported. When basal medium without Fe(III)-citrate was subjected to the same 

electrochemical techniques, the features attributed to the Fe(II)-citrate/Fe(III)-citrate redox 

couple disappeared completely (Data not shown). 
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Figure I.2 

 

Electrochemistry reveals a lower than expected midpoint potential for Fe(III)-citrate. Differential pulse 
voltammetry (A) and cyclic voltammetry (B) both suggest that the midpoint potential of the Fe(III)-

citrate/Fe(II)-citrate redox couple in the medium provided is near 0.0 V vs SHE. 

 

Next, the open current voltage (OCV) of the medium was measured. When anaerobic growth 

medium containing Fe(III)-citrate as the electron acceptor was placed in anaerobic three 

electrode bioreactors, the OCV stabilized at +0.041 ±0.008 V vs. SHE (n=6). Even if a significant 

amount of Fe(II) was present in the starting medium (though FerroZine measurements 

demonstrated that this was not the case), this value would lead to a midpoint potential 

significantly lower than the published value of +0.372 V vs. SHE (Straub et al., 2001; Thamdrup, 

2000). With the low starting redox potential suggested by the three electrochemical techniques 
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use, it is possible that the activity of ΔcbcL is limited by the redox potential of the medium as 

Fe(II) accumulates due to reduction of Fe(III)-citrate.  In order to test this hypothesis, bioreactors 

containing Fe(III)-citrate growth medium were inoculated with a 1% v/v inoculum of stationary 

phase wild type or ΔcbcL, and the OCV was measured over time. 

Figure I.3 

 

Redox potential limits Fe(III)-citrate reduction by ΔcbcL. (A) Wild type G. sulfurreducens (black trace) is 
able to reduce the redox potential of the medium to a much lower level than is ΔcbcL (blue trace). No 

decrease in redox potential is observed when ΔimcH (red trace) is used. When both mutant strains (green 
trace) are used to inoculate Fe(III)-citrate, the redox potential decreases to that of wild type. (B) The 

measured redox potential can be used to calculate the accumulation of Fe(II) in the medium over time. 
These calculated reduction curves are in good agreement with previously published reports. Small 

differences in Fe(II) concentration yield large differences in redox potential as the ration of Fe(II)/Fe(III) 
becomes large. Inoculation occurred after the OCV was stable for at least 5 hours. Representative traces 

from replicate bioreactors (n=4 for each culture condition) are shown. 
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As expected, the redox potential of the medium decreased for both the wild type and 

ΔcbcL containing bioreactors (Figure I.3A). While the initial rate of potential decrease was nearly 

identical for both strains, wild type was able to lower the potential of the medium further than 

was ΔcbcL. After 60 hours, bioreactors inoculated with wild type G. sulfurreducens cells 

stabilized at a redox potential of -0.253 ± 0.001 V vs SHE (n=4) and ΔcbcL inoculated bioreactors 

stabilized at -0.119 ± 0.001 V vs SHE (n=4). Measurements of the [Fe(II)] in the bioreactors after 

the redox potential had stabilized indicated that ΔcbcL did not produce as much Fe(II) as did wild 

type, confirming the observations using standard growth conditions (ie, in sealed anaerobic 

bottles as opposed to purged bioreactors)(Data not shown), providing an explanation for the 

higher final redox potential measured in ΔcbcL inoculated bioreactos. When bioreactors with 

Fe(III)-citrate were inoculated with a mixture of ΔcbcL and ΔimcH, a mutant unable to reduce 

Fe(III)-citrate in pure culture, the redox potential measured decreased to that of wild type G. 

sulfurreducens. These results indicated that both CbcL and ImcH were required to lower the 

redox potential fully, and that the CbcL dependent pathway was required for complete 

reduction of the provided Fe(III)-citrate.   
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I.5 Discussion: 

The discovery that ΔcbcL has a yield different than wild type when grown on Fe(III)-

citrate supports a scenario in which multiple electron transfer pathways are utilized to take 

advantage of the thermodynamic differences that exist between electron acceptors of different 

redox potentials. It is possible that wild type G. sulfurreducens phases through different electron 

transfer strategies rapidly in response to changing conditions, such as those found in the 

environment when active reduction of metal oxides is occurring. The diversity of electron 

transfer pathways utilized by G. sulfurreducens in response to changing redox potentials would 

provide a significant fitness advantage over another dissimilatory metal reducing organism 

unable to utilize low potential electron acceptors or unable to take advantage of the additional 

energy represented by high potential electron acceptors.  

When ΔcbcL has been grown on poised graphite electrodes and subjected to 

electrochemical analysis, a positively shifted cyclic voltamagram was observed, indicating that 

additional driving force was required for this strain to reduce the provided electron acceptor. 

These types of measurements can serve to set a lower bound for electron transfer out of the cell 

and to extracellular electron acceptors. Based on these measurements, electron transfer from 

ΔcbcL to extracellular electron acceptors should cease at redox values lower than ~-0.15 V vs 

SHE (Zacharoff et al., 2015). If the midpoint redox potential of the Fe(III)-citrate/Fe(II)-citrate 

redox couple in the growth medium used in these studies was indeed +0.372 V vs SHE (Straub et 

al., 2001;Thamdrup, 2000),  the extent of Fe(III)-citrate reduction by ΔcbcL should be identical to 

that of wild type, as there is no ratio of Fe(III)-citrate/Fe(II)-citrate that would lower the redox 

potential below the point at which electrochemical measurements have shown electron transfer 

to cease (Zacharoff et al., 2015). The electrochemical measurements reported here suggested 
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that the midpoint potential of the Fe(III)-citrate/Fe(II)-citrate redox couple in the medium 

provided was significantly lower, at or around 0.0 V vs SHE. In addition to direct electrochemical 

measurements such as cyclic voltammetry and differential pulse voltammetry, the redox 

potential of the medium can be calculated using the measurements of the open circuit voltage 

and a known ratio of Fe(II) to Fe(III). Using the Nernst equation; 

𝐸 = 𝐸𝑜 − 0.059𝑙𝑜𝑔
[𝐹𝑒(𝐼𝐼)]

[𝐹𝑒(𝐼𝐼𝐼)]
, where [Fe(II)], [Fe(III)], and 𝐸 can be directly measured 

the midpoint of the Fe(II)-citrate/Fe(II)-citrate couple in the medium provided would be 

-0.03 V (±0.005 V, n=4, calculated using different measured concentrations of Fe(II)/Fe(III) and 

the open current voltage) vs SHE, significantly lower than the published value of +0.372 V vs 

SHE, and much closer to the measured redox potential of mixed Fe(II)/Fe(III)-citrate systems in 

this study. This value is well in line with previous predictions of the redox potential of Fe(III)-

citrate using other chelating compounds (Gautier-Luneau et al., 2005; Parker Siburt et al., 2010; 

Pierre & Gautier-Luneau, 2000). Taken together with the direct electrochemical measurements, 

these data support a redox potential for the Fe(III)-citrate/Fe(II)-citrate redox couple that is 

much closer to 0.0 V vs SHE than previously assumed. Using the calculated midpoint potential of 

-0.03 volts vs. SHE , the accumulation of Fe(II) over time can be calculated for the different 

strains and/or co-cultures (Figure I.3B). These calculated results are in good agreement with 

previously measured Fe(III)-citrate reduction curves reported in Levar et al., 2014 and Zacharoff 

et al., 2015, indicating that direct measurement of the open current voltage experienced by G. 

sulfurreducens provides a good indirect measurement of the accumulation of Fe(II) in the 

system. These data also suggest that a decrease in redox potential achieved through the 

addition of Fe(II) would be sufficient to allow for reduction by ΔimcH, a G. sulfurreducens 

mutant unable to reduce fully oxidized Fe(III)-citrate containing medium but able to reduce 
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other low potential electron acceptors. Further studies testing this hypothesis are underway, 

but may be limited by the very small amount of Fe(III)-citrate remaining when the redox 

potential is lowered to a level sufficient for reduction by ΔimcH. 

The yield data reported here provide support to the hypothesis that G. sulfurreducens 

alters its electron transfer pathway to take advantage of the energy represented by electron 

acceptors of different redox potentials.  Further studies examining the yield of both ΔimcH and 

ΔcbcL on poised graphite electrodes would help to conclusively demonstrate different yields for 

these mutants, as graphite electrodes could be poised at potentials permissive for the growth of 

either ΔimcH or ΔcbcL, something not possible when using fully oxidized Fe(III)-citrate 

containing medium as the sole electron acceptor. It is likely that redox potential generalists such 

as G. sulfurreducens utilize electron transfer pathways in response to the available energy in the 

environment, which in turn could alter the yield and provide a fitness advantage to these 

organisms.  Further research into the mechanisms controlling the utilization of these different 

electron transfer pathways is an area of ongoing research. 
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Appendix II: Mutations in cbcL are associated with suppression of the ΔimcH phenotype 

 

 

 

Caleb E. Levar, Chi Ho Chan, Lori Zacharoff, Daniel R Bond 
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II.1 Summary: 

Deletion of imcH, encoding an inner membrane c-type cytochrome, yields a Geobacter 

sulfurreducens mutant unable to reduce high potential electron acceptors such as Fe(III)-citrate, 

Mn(IV)-oxide, and graphite electrodes poised above -0.1 V vs SHE. The ability of this mutant to 

reduce low potential electron acceptors suggested that more than one pathway for electron 

transfer out of G. sulfurreducens existed, and that these pathways may be utilized differentially 

in response to the redox potential of the provided electron acceptor. In order to identify 

alternative electron transfer pathways, G. sulfurreducens strains lacking imcH were subjected to 

selection pressure using conditions under which the parent ΔimcH strains could not grow.  Both 

Fe(III)-citrate and graphite electrodes poised at +0.24 V vs. the Standard Hydrogen Electrode 

(SHE) were used. A number of suppressor strains now able to utilize these previously non-

permissive electron acceptors were isolated, and potentially causative mutations were 

identified using short read sequencing and breseq. Of interest are three mutant strains with 

single nucleotide polymorphisms in the gene encoding CbcL, an inner membrane cytochrome bc 

previously shown to be required for the reduction of low potential electron acceptors such as β-

FeO(OH), α-FeO(OH), and graphite electrode poised at potentials ≤-0.1 V vs. SHE. Despite 

mutations in the same gene, the suppressor strains identified had different phenotypes, 

suggesting additional levels of regulatory or respiratory complexity, and may point to other gene 

products required for electron transfer out of the cell. Further studies will focus on generating 

mutant strains with variant forms of cbcL to identify other genes whose products are required 

for electron transfer to external electron acceptors at different potentials. 
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II.2 Introduction:  

The phenotype of the recently reported ΔimcH G. sulfurreducens mutant suggests that 

this organism has at least two ways for electrons to cross the inner membrane (Levar et al., 

2014). Indeed, mutant studies have identified additional genes whose products are presumably 

involved in electron transfer across the inner membrane (Rollefson et al., 2009; Zacharoff et al., 

2015). cbcL, encoding an inner membrane localized cytochrome bc with putative quinone 

oxidoreductase activity, has been shown to be essential for the reduction of low potential 

electron acceptors such as many Fe(III)-oxides and graphite electrodes poised at or below -0.1 V 

vs SHE (Zacharoff et al., 2015). Electrochemical characterization of ΔcbcL uncovered a previously 

unrecognized electrochemical feature typically masked by the main catalytic wave of G. 

sulfurreducens (Zacharoff et al., 2015), and may suggest that electron transfer across the inner 

membrane of G. sulfurreducens requires more than the ImcH-dependent and CbcL-dependent 

electron transfer pathways. While this feature does not necessarily correspond to another 

electron transfer pathway across the inner membrane, both the genome of G. sulfurreducens 

and the phenotype of ΔcbcL support additional electron transfer pathways. The genome of G. 

sulfurreducens encodes many additional proteins that could be involved in electron transfer 

across the inner membrane, including other proteins identified as cytochrome bc complexes 

(Butler et al., 2010). Moreover, the low levels of reduction of α-FeO(OH) and electrodes poised 

at -0.1 V vs. SHE by ΔcbcL (albeit at rates significantly decreased from that of wild type G. 

sulfurreducens or ΔimcH, see Chapter 3 of this thesis) may suggest that some further electron 

transfer pathway contributes to the reduction of these low potential electron acceptors.   

Electrochemical techniques cannot identify the gene product(s) leading to the 

electrochemical features observed, and neither directed nor transposon based mutagenesis has 

thus far identified any additional proteins involved in electron transfer across the inner 
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membrane of G. sulfurreducens. One possible way to identify additional important gene 

products or regulatory strategies governing the utilization of the different electron transfer 

pathways is through the enrichment of suppressor strains able to reduce previously non-

permissive electron acceptors.  Mutations possibly leading to the suppression of the phenotype 

of interest can then be identified. Similar suppressor strain identification strategies have been 

successfully applied to a variety of organisms and phenotypes (Kuchma et al., 2015), and the 

utility of such strategies has only increased with advances in short read sequencing technologies 

and read mapping techniques used to identify potentially causative mutations in the strains with 

suppressed phenotypes (Barrick et al., 2009, 2014).  

G. sulfurreducens mutants lacking imcH were subjected to selection on both Fe(III)-

citrate and graphite electrodes poised at +0.24 V vs SHE, two conditions that are non-permissive 

for this strain (Chan et al., 2015; Levar et al., 2014). Extended incubation times and enrichment 

through repeated transfer selected for strains able to reduce these electron acceptors and 

suggest interesting regulatory regimes governing the differential utilization of electron transfer 

pathways across the inner membrane of G. sulfurreducens.  
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II.3 Materials and Methods 

Strains and culture conditions: Wild type G. sulfurreducens, ΔimcH, and ΔimcH::kanR were 

cultured from our laboratory freezer stocks using minimal medium consisting of 0.38 g/L KCl, 0.2 

g/L NH4Cl, 0.069 g/L NaH2PO4∙H2O, 0.04 g/L CaCl2∙2H2O, and 0.2 g/L MgSO4∙7H2O, and was 

buffered with 2g/L NaHCO3 to pH 6.8. Additionally, 10 ml/L of a chelated mineral mix (composed 

of 1.5 g nitrilotriacetic acid (NTA), 0.1 g/L MnCl2∙4H2O, 0.5 g/L FeSO4∙7H2O, 0.17 g/L CoCl2∙6H2O, 

0.1 g/L ZnCl2, 0.03 g/L CuSO4∙5H2O, 0.005 g/L AlK(SO4)2∙12H2O, 0.005g/L H3BO3, 0.09 g/L 

Na2MoO4, 0.05 g/L NiCl2, 0.02 g/L NaWO4∙2H2O, and 0.10 g/L Na2SeO4) was added. For standard 

growth, 20mM acetate was provided as the electron and carbon donor and 40mM fumarate was 

provided as the electron acceptor. Fumarate was omitted and ~55mM Fe(III)-citrate was 

provided as the sole electron acceptor when iron reduction was studied. For growth in three 

electrode bioreactors, no soluble electron acceptor was provided and 50mM NaCl was provided 

to ensure proper osmolality. When solid medium was required, 15g/L agar powder was added 

to basal medium containing acetate and fumarate. All media were purged with anaerobic N2:CO2 

gas (80%:20%) passed over a heated copper column to remove trace oxygen and autoclaved for 

20 minutes at 121 degrees Celsius.  Fe(III)-citrate containing medium was autoclaved using a 

gravity cycle to limit exposure times to heat. All strains used in this study, including suppressor 

strains with mutant cbcL alleles, are listed in Table II.1.  

Table II.1- Strains used in this study 

 

Name Source 

Wild type Geobacter sulfurreducens Chi Ho Chan et al, 2015

ΔimcH Chi Ho Chan et al, 2015

ΔimcH::kan R
Levar et al, 2014

5A5 This study

5B2 This study

Electrode C This study

Relevant characteristics or features

CbcL V205A, GSU0758 R133W, 

CbcL F525Y

CbcL V205G, ΔomcB, ΔGSU0279

Strain MN1

Clean deletion of imcH

Kanamycin replacement of imcH

Fe(III)-citrate supressor strain, from ΔimcH

Fe(III)-citrate supressor strain, from ΔimcH::kan
R

Electrode supressor strain, from  ΔimcH::kan
R
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Enrichment using Fe(III)-citrate: Late exponential phase ΔimcH or ΔimcH::kanR were used to 

inoculate Fe(III)-citrate containing medium to a calculated OD600 of 0.05.  A smaller inoculum is 

typically used for Fe(III)-citrate reduction experiments (Chan et al., 2015; Levar et al., 2014; 

Rollefson et al., 2009), but this small inoculum made enrichment for suppressors less likely, due 

perhaps to the smaller starting population and the frequency at which permissive mutations 

were present in the starting population. After reduction in these initial cultures was observed 

(as evidenced by clearing of the Fe(III)-citrate containing medium and increased Fe(II) 

measurements using a modified FerroZine assay) cells were transferred to fresh Fe(III)-citrate 

containing medium. This was repeated for a total of five transfers. After this fifth transfer, 

cultures were streaked for isolation on acetate and fumarate containing agar plates and allowed 

to grow at 30 degrees Celsius in an anaerobic chamber with an atmosphere consisting of 75% 

N2, 20% CO2, and 5% H2. Isolated colonies were picked into 96-well plates with acetate and 

fumarate containing minimal medium, and when fully grown were transferred by stamping into 

Fe(III)-citrate containing medium. Wild type G. sulfurreducens and the parent mutant were also 

included as controls. Isolates leading to clearing of the medium significantly faster than that of 

the parent mutant were chosen for further studies.  

Electrochemical enrichment: Three electrode bioreactors were assembled as previously 

described (Marsili, Rollefson, et al., 2008). Briefly, 3cm2 graphite working electrodes were 

polished with 1500 grit wet/dry sandpaper (Ali Industries Inc, Fairborn, OH) and sonicated 

extensively in MiliQ water to remove graphite dust.  Graphite electrodes were attached to a 

platinum wire using a small nylon bolt and nut. A bare platinum wire served as the counter 

electrode, and a saturated calomel electrode served as the reference electrode.  The working 

electrode was poised at +0.24 V vs. SHE, and the current was recorded as the average over 120 

seconds. Late exponential phase cells entering electron acceptor limitation (OD600≈0.5) were 
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used to inoculate reactors with a 50% (v/v) inoculum size. After current densities of over 50 

μA/cm2 were achieved, electrodes were removed to an anaerobic chamber, rinsed once with 

growth medium to remove loosely attached cells, and placed in 10mL of acetate and fumarate 

containing growth medium. Tubes were vortexed vigorously to remove attached cells and were 

allowed to outgrow at 30 degrees Celsius until an OD600≈0.50 was reached. The electrode 

enrichment was repeated a total of three times, after which cells from the final electrode were 

streaked for isolation and incubated at 30 degrees Celsius in an anaerobic environment with a of 

75% N2, 20% CO2, and 5% H2 atmosphere. Five individual colonies were picked into minimal 

medium containing acetate and fumarate, and upon entering electron acceptor limitation 

(OD600≈0.5), these cultures were used to inoculate three electrode bioreactors poised at +0.24 V 

vs. SHE. 

Genomic DNA isolation and short read mapping: At least 50ml of stationary phase cells were 

harvested via centrifugation for ten minutes at 3,700 x g and frozen prior to genomic DNA 

extraction with the Wizard genomic DNA purification kit (Promega, Madison, WI). gDNA was 

sequenced using either 50bp single read or 250bp paired end reads using the Illumina platform 

(University of Minnesota Genomics Center). Reads were aligned to the G. sulfurreducens MN1 

reference genome (Chan et al., 2015) using breseq (version 0.24rc6; Barrick Lab – University of 

Texas at Austin 

[http://barricklab.org/twiki/bin/view/Lab/ToolsBacterialGenomeResequencing]), and mutations 

in addition to the imcH deletion or kanamycin replacement were noted. 

Real time Fe(III)-citrate reduction assay: Individual colonies were picked into 1ml of acetate and 

fumarate containing minimal medium and allowed to grow to stationary phase. The OD600 of 

these stationary phase cultures were measured for normalization purposes, and 30μl of the 

each culture was added to 270μl of a no-growth medium consisting of 5mM Fe(III)-citrate, 
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10mM acetate, 50mM HEPES, 50mM NaCl, 0.38 g/L KCl, 0.04 g/L CaCl2∙2H2O, 0.2 g/L 

MgSO4∙7H2O and 2g/L of the FerroZine reagent. 96-well plates containing these cultures were 

incubated in a 96-well plate reader located in an anaerobic chamber with a N2 atmosphere, and 

the OD625 was measured at regular intervals. Fe(II) standards were also included in the 96-well 

plate such that the OD625 of the medium could be correlated to the amount of Fe(II) produced by 

cells over time. 
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II.4 Results and Discussion 

Strains lacking imcH have a severe deficiency in their ability to reduce Fe(III)-citrate and 

graphite electrodes poised at +0.24 V vs SHE (Chan et al., 2015; Levar et al., 2014).  If G. 

sulfurreducens does indeed have multiple ways for electrons to cross the insulating inner 

membrane it should be possible for suppression of these phenotypes to occur.  Repeated 

transfer on a given electron acceptor was utilized to enrich for strains able to reduce either 

Fe(III)-citrate or poised electrodes. 

Enrichment on Fe(III)-citrate yields suppressor strains with varied phenotypes: First, while 

cultures inoculated with a small inoculum of ΔimcH very rarely reduced Fe(III)-citrate even when 

incubation times of over one week were used (Chan et al., 2015; Levar et al., 2014), some 

cultures inoculated with ΔimcH would eventually reduce the provided Fe(III)-citrate to the 

extent of wild type controls if a large inoculum was used (Figure II.1). With an initial inoculation 

to OD600 0.05, 7 of 10 cultures fully reduced the provided Fe(III)-citrate (ΔimcH B, representative 

trace), though 2 of 10 had slow rates of reduction. 3 of 10 cultures never reduced Fe(III)-citrate 

to the extent of wild type (ΔimcH A, representative trace). Notably, some of the cultures unable 

to reduce the provided Fe(III)-citrate were initiated using the same inoculum as other cultures 

able to fully reduce the extracellular electron acceptor (ie, only one of two duplicate cultures 

would reduce the provided Fe(III)-citrate after one week).  These results may indicate that even 

larger initial inoculum sizes to increase the odds of enriching for suppressor strains with rapid 

reduction rates may be desirable if the identification of many unique suppressor strains is the 

ultimate goal. 
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Figure II.1 

 
Some ΔimcH cultures reduce Fe(III)-citrate if given sufficient time. A large inoculum of ΔimcH would 

occasionally reduce Fe(III)-citrate to the same extent as wild type (ΔimcH B, red crosses). Cultures able to 

reduce Fe(III)-citrate were transferred to fresh medium with Fe(III)-citrate as the electron acceptor. Even 

with the large inoculum size, some cultures failed to reduce Fe(III)-citrate (ΔimcH A, red circles). Data 

shown are from single cultures, as replicate cultures inoculated with ΔimcH had different reduction 

phenotypes over the incubation times utilized. 

 

Two suppressor strains in particular were chose for further study due to identified 

mutations in cbcL. Despite having non-synonymous mutations affecting the same residue of 

CbcL, these two suppressor strains had unique phenotypes. Strain 5A5 did not reduce Fe(III)-

citrate in a real time reduction assay (Figure II.2A) and had a long lag in Fe(III)-citrate reduction 

ability when growth was required (Figure II.2B). Strain 5B2 was able to reduce Fe(III)-citrate in 

the real time reduction assay (Figure II.2A) and had a significantly shorter lag time when growth 

was required (Figure II.2B).  
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Figure II.2 

 

 
ΔimcH suppression on Fe(III)-citrate yields distinct phenotypes. In both a real time Fe(III)-citrate reduction 

assay (in which growth is not required) (A) and in a standard Fe(III)-citrate reduction assay where growth 

is required (B), suppressor strain 5A5 (red squares) had a suppression phenotype much different than did 

strain 5B2 (red crosses). A long lag was observed for strain 5A5, though the extent of reduction did reach 

that of wild type over a timescale where reduction by ΔimcH was nonexistent.  Data shown are the mean 

and standard deviation of triplicate cultures.  

 

These differences in phenotypes also extended to growth on electrodes, where strain 

5A5 had a long lag time before current onset and strain 5B2 was able to reduce the electrode 

nearly as well as wild type G. sulfurreducens after a much shorter lag time (Figure II.3). Cyclic 

voltamagrams of 5A5 and 5B2 biofilms were largely unchanged from that of wild type (Data not 

shown). Notably, biofilms of strain 5B2 produced more current per unit protein than did wild 

type biofilms at similar the same current densities and growth stage. Strain 5B2 produced 
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3.1±0.4 μA/μg attached protein (n=2), and wild type G. sulfurreducens produced 2.0±0.2 μA/μg 

attached protein (n=2) when entering stationary phase. More replicates at multiple growth 

stages will be required to conclusively address possible growth yield differences between these 

strains. 

Figure II.3 

 

 
Fe(III)-citrate selected suppressor strains 5A5 and 5B2 reduce the electrode better than ΔimcH. Both 5A5 

and 5B2 reduce the electrode with a significantly decreased lag and a significantly shortened doubling 

time than does the parent mutant. 5B2 (red dashed line) reduces the electrode nearly as well as wild type 

with a doubling time of 6.5 hours (compared to 5.7 hours for wild type), similar to its Fe(III)-reduction 

capability in a growth assay. Strain 5A5 (red dotted line) reduces the electrode with a doubling time of 8.4 

hours, but only after a lag of up 20 hours or more. Data shown are representative traces from duplicate 

experiments. 

 

 

Enrichment on poised electrodes leads to strains with poor capacities for Fe(III)-citrate 

reduction: Electrodes poised at +0.24 V vs. SHE were used as an alternative method for isolating 

suppressor strains of ΔimcH. First, late exponential phase (OD600=0.5-0.55) ΔimcH was added as 

a 50% v/v inoculum into a three electrode bioreactor as previously described (Marsili, Rollefson, 

et al., 2008). A lag of ~40 hours was observed as previously reported (Caleb E Levar et al., 2014), 

after which a minimum doubling time of 20.3 hours was observed. After 200 hours, current 

plateaued at ~100 μA/cm2, and the electrode was used to inoculate acetate and fumarate 

containing minimal medium. When this culture was used to initiate a second round of electrode 

enrichment, a shorter lag time was observed and a doubling time of 14.0 hours was achieved. A 
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final round of electrode enrichment yielded a culture able to reduce the electrode with no lag 

and a doubling time of 11.6 hours (Figure II.4A). This pattern of decreasing lag times and 

doubling times was a repeatable phenomenon, and independently initiated duplicate 

experiments converged on doubling times of 11.4±0.2 hours with lag times of approximately six 

hours. Despite the multiple rounds of enrichment single colony picks from the third electrode 

enrichment had a range of phenotypes. 2 of 5 cultures were unable to reduce an electrode 

poised at +0.24 V vs SHE, and only 2 of the 5 isolates reduced the electrode with doubling times 

as fast as the third enrichment (Figure II.4B).  

Figure II.4 

 
 

Electrode enrichment yields suppressor strains able to reduce the electrode better than the parent mutant. 

Multiple rounds of electrode enrichment decreased both the lag time and doubling time when compared 

to that of ΔimcH (A). Of the five single colony picks from the final enrichment, three reduced the 

electrode better than ΔimcH (B). One suppressor strain (“C”) carried a mutant allele of cbcL. Note that x- 

and y-axis scales are different in panels A and B. All data shown are representative traces from duplicate 

experiments.  
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One strain was of particular interest due to a single nucleotide polymorphism identified 

in cbcL. The identified mutation is predicted to lead to an amino acid substitution in a region 

distinct from that of identified Fe(III)-citrate suppressor strains carrying mutant cbcL alleles 

(Figure II.5). Interestingly, no electrode isolate reduced Fe(III)-citrate better than ΔimcH in either 

growth or no growth reduction assays (Data not shown). Recent analysis of organisms or 

enrichment cultures capable of reducing electrodes or Fe(III)-oxides, or those participating in 

syntrophic communities, suggests that the mechanisms responsible for the reduction of 

different extracellular substrates may be unique (Pierra et al., 2015; Rotaru et al., 2015), such 

that it is possible that the pathway(s) activated in the isolated suppressor strains now able to 

reduce the electrode are not capable of electron transfer to Fe(III)-citrate.  

The fact that few of the electrode enriched isolates were able to reduce the electrode, 

despite the enrichment itself demonstrating increased rates of respiration, suggests that the 

enrichment strategy used may be improved upon.  One possible explanation for the isolation of 

poor electrode reducers from the enrichment could be due to the growth of poor electrode 

reducers during the fumarate outgrowth steps. This may be avoided by directly inoculating 

subsequent bioreactors with electrode grown cells rather than outgrowing on fumarate prior to 

inoculation. Additionally, it is possible that growth on a surface (such as an electrode) may also 

select for strains that are able to attach to and persist on the electrode surface or within the 

biofilm without substantial growth, such that some percentage of the population does not have 

a suppressed electrode phenotype. This issue may be exacerbated by the relatively short 

electrode incubation times used (i.e. electrodes were harvested during mid-exponential growth, 

after only a few doublings had occurred). Supporting cell-cell attachment are sequencing results 

indicating that some single colonies isolated from electrodes contained two distinct alleles of 
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cbcL, despite well isolated and uniform colonies suggestive of a single colony forming unit.  

There exists precedence in the literature for recalcitrant mixed cultures stemming from single 

colonies of G. sulfurreducens, suggesting that this organism may be especially prone to forming 

cell-cell aggregates (Shrestha, Nevin, Shrestha, & Lovley, 2013). Retreaking cultures for isolation 

eliminated mixed sequencing results, indicating that with proper technique pure cultures could 

be attained. 
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II.5 Discussion: 

Three of the suppressor strains isolated on either Fe(III)-citrate or poised graphite 

electrodes had unique mutations in cbcL, a gene previously implicated in the reduction of low 

potential electron acceptors (Zacharoff et al., 2015). Two strains isolated using Fe(III)-citrate 

enrichment had unique and non-synonymous single nucleotide polymorphisms affecting the 

same residue of CbcL, and one strain isolated using electrode enrichment had a mutation 

affecting a different domain of CbcL (Figure II.5). Taken with the finding that cbcL is 

constitutively expressed in wild type G. sulfurreducens grown on electrodes poised at either -0.1 

or +0.24 V vs SHE (Zacharoff et al., 2015), these results may suggest that conformational 

changes to CbcL may alter its activity or its ability to interact with downstream electron transfer 

proteins. The mutations identified may then allow the CbcL variants to be active under 

conditions not normally requiring the activity of this protein, supporting electron flow through 

the CbcL-dependent electron transfer pathway under conditions where this electron flow may 

normally be suppressed. This system of enzymatic activation/inactivation in response to a 

particular redox potential window has precedence in other proteins such as the [FeFe]- or 

[NiFe]-hydrogenases, where reversible inactivation occurs at high redox potentials (Vincent et 

al., 2005). 
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Figure II.5 

 
Three CbcL mutations identified in ΔimcH suppressor strains adapted for growth on Fe(III)-citrate or 

electrodes poised at +0.24 V vs. SHE. The 619 aa protein encoded by cbcL has two distinct domains- A 

periplasmic c-type cytochrome domain with 9 putative heme binding motifs (red bars) located at the N-

terminus, and a region of transmembrane helices (black bars) with sequence similarity to cytochrome b 

(represented by a black box) located at the C-terminus. Single nucleotide polymorphisms leading to non-

synonymous amino acid changes (black triangles) were identified in the strains adapted for growth on 

Fe(III)-citrate (aa 205) and the electrode (aa 525).  

 

 

Preliminary experiments expressing the mutant cbcL alleles in a ΔimcH background have 

thus far not recapitulated the phenotypes of the suppressor strains. There are a number of 

possible reasons for this lack of suppression, including the presence of a wild type cbcL allele 

encoded on the genome, as well as additional mutations identified in the suppressor strains and 

not present in the ΔimcH strains expressing cbcL variants (see Table II.1 for details). Chi Ho Chan 

is currently conducting additional experiments in a ΔimcHΔcbcL strain in order to eliminate 

possible effects that the presence of a wild type allele of cbcL may have on electron transfer out 

of the cells. Introducing additional mutations identified using Fe(III)-citrate or electrode 

enrichment may also be required to recapitulate the phenotypes of the identified suppressor 

strains. 


