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ABSTRACT

MECHANISMS FOR EXTRACELLULAR ELECTRON EXCHANGE BY
GEOBACTER SPECIES
FEBRUARY 2015
JESSICA AMBER SMITH
B.S., WESTERN NEW ENGLAND UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Derek R. Lovley

Understanding the mechanisms for microbial extracellular electron exchange are
of interest because these processes play an important role in the biogeochemical cycles of
both modern and ancient environments, development of bioenergy strategies, as well as
for bioremediation applications. Only a handful of microorganisms are capable of
extracellular electron exchange, one of the most thoroughly studied being the Geobacter
species. Geobacter species are often the predominant Fe(l11) reducing microorganisms in
many soils and sediments, can exchange electrons directly via interspecies electron
transfer, and can both donate or accept electrons with a wide variety of extracellular
substrates including the electrode of a microbial fuel cell.

This dissertation describes three research projects that aim to further understand
these mechanisms and identify novel components involved in extracellular electron
exchange by Geobacter species. The first uncovers components involved in extracellular
electron transfer to insoluble Fe(ll1) oxides by Geobacter metallireducens. This project

identified six c-type cytochromes, a NHL-repeat containing protein, and a gene



potentially involved in pili glycosylation that were essential for reduction of insoluble
Fe(l11) oxide, but not for soluble Fe(ll1) citrate.

The second research project serves to reveal and examine PilA-pili independent
mechanisms for extracellular electron transfer to Fe(l11) oxides by Geobacter
sulfurreducens. During the course of this study a pilA-deficient strain of G.
sulfurreducens adapted to reduce Fe(l11) oxide via production of the c-type cytochrome
PgcA, which was released into the culture medium, and was required for the newly
adapted mechanism of Fe(l11) oxide reduction.

The third research project investigates the mechanism(s) utilized by G.
sulfurreducens for extracellular electron exchange into the cell via the oxidation of the
humic substance analog anthrahydroquinone-2,6-disulfonate (AHQDS) in cocultures with
G. metallireducens. Cocultures initiated with strains of G. sulfurreducens deficient in
genes for proteins previously identified to be important in extracellular electron exchange
grew as well as the wild type strain, suggesting that mechanisms for exchanging electrons
with extracellular electron donors are substantially different than for reduction of

extracellular electron acceptors.
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CHAPTER 1

INTRODUCTION
1.1 Central Objective and Goals

Understanding the mechanisms for microbial extracellular electron exchange are
of interest because these processes play an important role in the biogeochemical cycles of
both modern and ancient environments, development of bioenergy strategies, as well as
for bioremediation applications (Lovley et al., 2004). In one form of extracellular
electron exchange microorganisms may transfer electrons from the inner to outer cell
surface in order to reduce a terminal insoluble electron acceptor such as Fe(l11) oxide, an
electrode of a current- producing microbial fuel cell, or to a neighboring microorganism.
Extracellular electron exchange can also happen in the reverse direction, in which case
electrons are transferred into the cell from an electron donor, for example during direct
interspecies electron transfer (DIET) or from a current consuming electrode. Only a
handful of microorganisms are capable of extracellular electron exchange, including the
thoroughly studied Geobacter sulfurreducens. G. sulfurreducens forms highly conductive
networks of PilA-pili filaments that transfer electrons directly onto extracellular electron
acceptors (Malvankar et al., 2011; Reguera et al., 2005; Vargas et al., 2013), however
these filaments do not appear to be important for electron transfer into the cell by G.
sulfurreducens and the mechanisms for this type of extracellular electron exchange
remain unclear (Strycharz et al., 2011). Additionally, other lesser studied Geobacter
species such as G. metallireducens are more effective at extracellular electron transfer
than G. sulfurreducens and have other environmentally significant physiological

properties not found in G. sulfurreducens, such as the ability to anaerobically oxidize



aromatic hydrocarbons (Butler et al., 2007; Lovley et al., 1993b; Zhang et al., 2012;
Zhang et al., 2013; Zhang et al., 2014). G. metallireducens can also directly transfer
electrons to methanogenic species such as Methanosaeta (Rotaru et al., 2014b) and

Methanosarcina barkeri (Rotaru et al., 2014a).

The main goal of this dissertation is to uncover components involved in
extracellular electron transfer in the lesser characterized Fe(l11) oxide reducer Geobacter
metallireducens, and to develop insights into the mechanisms used by Geobacter

sulfurreducens for PilA-pili independent extracellular electron exchange.
1.2 Organization of the Dissertation

This dissertation is divided into three independent research chapters; each one
corresponds to an independent scientific publication. Chapter 1 presents the justification
and background of the study. Chapters 2, 3, and 4 are the main research chapters
describing results and discussion from each project. Chapter 2 presents results from
experiments that uncovered components involved in extracellular electron transfer to
Fe(l11) oxide by Geobacter metallireducens. Chapter 3 presents results from a study that
identified PilA-pili independent mechanisms for extracellular electron transfer by
Geobacter sulfurreducens. Chapter 4 investigates the mechanism(s) utilized by G.
sulfurreducens for extracellular electron exchange into the cell. Finally, Chapter 5
summarizes the findings, discusses relevant implications, and suggests directions for

future work.

1.3 Extracellular Electron Exchange



Extracellular electron exchange refers to a method by which an organism utilizes
electron transfer processes on the outer cell surface. Extracellular electron exchange can
occur when an organism is transferring electrons from the inside of the cell to the outside
in order to reduce an extracellular terminal electron acceptor. The process can also occur
in the reverse direction, whereby an organism may accept electrons for energy generation
from an insoluble electron donor. Although there are a limited number of organisms
known to carry out these unique processes, there are several types of extracellular
electron acceptors and extracellular electron donors. Some of the major examples are

discussed below.
1.3.1 Extracellular Electron Acceptors

In aerobic cellular respiration oxygen is free to move across the cellular
membrane, where it will be reduced to water when it receives electrons from a terminal
oxidoreductase enzyme located in the electron transport chain. Anaerobic cellular
respiration utilizes a terminal electron acceptor other than oxygen. For example, a
terminal nitrate reductase will transfer electrons to nitrate and reduce it to nitrite.
Similarly, sulfate can act as a terminal electron acceptor and be reduced to sulfide. When
substrates, such as nitrate and sulfate, are used as terminal electron acceptors for energy
generation these processes are said to be dissimilatory. This differs from assimilative
metabolism whereby substrates are reduced for use as a nutrient source. Like oxygen,

nitrate and sulfate can be reduced on the inside of the cell membrane.

Some terminal electron acceptors are insoluble, meaning they cannot enter the cell
and must be reduced on the outer cell surface. These insoluble electron acceptors are

therefore called “extracellular electron acceptors” and the transport of electrons to them is
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known as “extracellular electron transfer”. Some examples of extracellular electron
acceptors include insoluble metals such as Fe(l111) and Mn(1V) oxides, humic substances,
electrodes of current-producing microbial fuel cells, or other microorganisms which can

directly accept electrons during direct interspecies electron transfer (DIET).
1.3.1.1 Dissimilatory Metal Reduction

Less than three decades ago it was believed that Fe(ll1) and other metal reducing
processes in the environment resulted primarily from nonenzymatic reactions (Lovley,
1993a). However, this theory was refuted when dissimilatory metal reducing
microorganisms, specifically Geobacter (Lovley et al., 1993b) and Shewanella (Myers
and Nealson, 1988) species, were isolated in pure cultures. Furthermore, it was uncovered
that metal reducing species, such as Geobacter metallireducens, can couple the reduction
of Fe(l11) with the oxidation of aromatic contaminants, including benzene (Butler et al.,
2007; Lovley et al., 1993b; Zhang et al., 2012; Zhang et al., 2013; Zhang et al., 2014).
We now know that microorganisms can enzymatically catalyze nearly all metal reducing
processes taking place in sedimentary environments (Lovley, 1991a; Lovley et al.,
1991b). This makes sense as metals such as iron are key components in cellular proteins
involved in electron transfer; for example, cytochromes contain heme prosthetic groups

consisting of an Fe?* ion.

The study of microbial metal reduction is significant because metals are an
important component of the biogeochemistry of the Earth today (Aller et al., 1986;
Canfield et al., 1993; Lovley and Phillips, 1986a), and were likely even more widespread
on early Earth (Lovley et al., 2004; Vargas et al., 1998). Several metals can be reduced

by microorganisms coupled to the oxidation of simple organic acids and alcohols,
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hydrogen, or aromatic compounds for energy conservation (Lovley, 1993a). Therefore,
this process influences the biogeochemical cycles of metals and the fate of organic matter
and nutrients in the environment (Lovley et al., 2004). Two of the most thoroughly
studied metals include Fe(l11) and Mn(IV), which greatly influence the organic and
inorganic geochemistry of anaerobic aquatic sediments and groundwater (Lovley,

1991a).

Fe(lI11) is one of the most abundant electron acceptors for organic matter
decompositions in many aquatic sediments and subsurface environments (Lovley,
1991a). Reduction of Fe(l11) can be coupled to the oxidation of hydrogen or to a wide
variety of organic compounds that are completely oxidized to carbon dioxide (Coates et
al., 1995; Lovley, 1993a). Acetate is one of the most significant electron donors and
sources of carbon in sedimentary environments where Fe(l11) reduction is an important
process (Lovley and Phillips, 1989). Some Fe(l11) reducers can also oxidize aromatic
hydrocarbons and long chain fatty acids (Butler et al., 2007; Holmes et al., 2011; Holmes
et al., 2012; Tor and Lovley, 2001; Zhang et al., 2012; Zhang et al., 2013; Zhang et al.,
2014). Most of these substrates are the products from fermentation occurring in anaerobic
environments (Lovley and Phillips, 1989). Therefore, Fe(l1l) reducers are typically not in
competition with fermentative microorganisms, but instead have a cooperative

relationship with them in anoxic sediments.

When electrons are transferred to ferric iron during dissimilatory Fe(ll1) reduction
the compound is reduced to ferrous iron. For example, when acetate is oxidized to carbon

dioxide during Fe(l11) respiration the overall equation is:
CH3COO™ + 8Fe(lll) + 4H,0 — 2HCO;™ + 8Fe(ll) + 9H"

5



Fe(l11) can exist in many forms both in the environment and in the laboratory. Crystalline
Fe(l11) oxides include hematite, goethite, akaganeite, and magnetite. Although crystalline
Fe(l11) oxides can be reduced by Fe(ll1) reducing species it is generally difficult to
continuously transfer these cultures in the laboratory and the rate of growth is relatively
slow; this is likely attributed to the large size and surface area of the particles (Kostka and
Nealson, 1995; Lovley, 1991a). Poorly crystalline Fe(l11) oxides are typically used in the
laboratory for studies on mechanisms for insoluble Fe(l11) oxide reduction (Aklujkar et
al., 2013; Childers et al., 2002; Ding et al., 2008; Smith et al., 2013). Soluble Fe(ll1)
forms are the simplest for laboratory culturing, and rates of growth are considerably
faster than poorly crystalline Fe(l11) oxides. Soluble Fe(I11) forms, such as Fe(l11) citrate,
are likely more accessible to the cell, but are still reduced on the outer cell surface (Nevin
and Lovley, 2002a). Chelators, such as nitrilotriacetic acid (NTA), can serve to further
solubilize Fe(l111) forms (Lovley et al., 1994). The reduced Fe(Il) is more soluble than
oxidized Fe(l1l), and thus microbial Fe(l11) reduction results in an increase in dissolved
iron in the environment. Reduction of Fe(ll1) also results in the production of magnetite

(Fes0,), siderite (FeCO3), and vivianite (FesPO4 - 8H,0) (Lovley, 1991a; Lovley, 1995).

There are three commonly considered mechanisms for Fe(l11) oxide reduction
which include: (i) direct contact between redox-active proteins on the outer surfaces of
the cells and the electron acceptor, (ii) electron transfer via a bacterially produced
electron shuttle, and (iii) solubilization of Fe(l11) by Fe(ll1) chelators (Nevin and Lovley,
2002a). Mechanisms for Fe(l11) reduction have been most thoroughly studied in bacterial
species from the genera Geobacter and Shewanella. Geobacter species must come into

direct contact with the insoluble Fe(l11) oxide in order to reduce the electron acceptor



(Nevin and Lovley, 2000; Straub and Schink, 2003). On the other hand, Shewanella
species, such as the thoroughly studied S. oneidensis, release riboflavin (B2) and flavin
mononucleotide (FMN) to the outside of the cell, which can serve as electron shuttles
accelerating the reduction of insoluble substrates (Coursolle et al., 2010; Lies et al.,
2005; Marsili et al., 2008; Nevin and Lovley, 2002b; von Canstein et al., 2008). S.
oneidensis can also reduce insoluble electron acceptors by direct contact through the Mtr
respiratory pathway (Shi et al., 2007), which consists of a conduit of multiheme c-type
cytochromes and a non-heme outer membrane [-barrel that connects the cytochromes to
a cytoplasmic membrane quinol oxidase (Coursolle et al., 2010; Hartshorne et al., 2009;
Ross et al., 2007). Shewanella species may also produce microbial nanowires involved in
long-range electron transport (EI-Naggar et al., 2010; Leung et al., 2013; Pirbadian et al.,
2014). However, studies on the electrical and biochemical properties of these filaments

are still in their infancy.

Geological and microbiological evidence suggests that Fe(I11) reduction evolved
from Archaea, and was a key form of respiration on early earth (Holm et al., 1992;
Kashefi et al., 2004; McKay et al., 1996). Many hyperthermophilic microorganisms can
reduce Fe(l11) coupled to the oxidation of hydrogen (Kashefi et al., 2004; Lin et al.,
2014; Roling et al., 2003; Slobodkin, 2005; Vargas et al., 1998). Some
hyperthermophiles can also couple the reduction of Fe(ll1) with the complete oxidation of
aromatic and aliphatic hydrocarbons. For example, Ferroglobus placidus (Hafenbradl et
al., 1996) is a hyperthermophilic archaeon that can couple the reduction of Fe(l1l) with
the complete oxidation of benzene (Holmes et al., 2011), and several other aromatic

compounds (Aklujkar et al., 2014; Holmes et al., 2012; Tor and Lovley, 2001). F.



placidus, along with its relative Geoglobus ahangari, both require direct contact in order
to reduce insoluble Fe(ll1) oxides (Manzella et al., 2013; Smith et al., 2014). F. placidus
has close to 30 genes encoding for putative c-type cytochrome proteins (Anderson et al.,
2011; Smith et al., 2014), and eight of these had higher transcript abundance in F.
placidus cells grown on insoluble Fe(l11) oxide compared with soluble Fe(l11) citrate,
suggesting a possible role for these proteins in the direct electron transfer to insoluble
Fe(l11) (Smith et al., 2014). Some methanogenic archaea are also capable of reducing
Fe(l11) (Bond and Lovley, 2002b). However, the general mechanism(s) remain unclear.
Uncovering the methods utilized by hyperthermophilic archaea for insoluble metal

reduction can help in understanding evolution from life on early earth.

Mn(1V) reduction is similar to Fe(l11) reduction in that both compounds get
reduced extracellularly and can be coupled to the oxidation of organic compounds (Myers
and Nealson, 1988). Mn(IV) oxide is found in many diverse forms in the environment,
and the form influences the rate of reduction. Mn(1V) gets reduced to Mn(Il), which like
Fe(I1) is more soluble than the oxidized form (Lovley, 1993a; Morgado et al., 2010). An
additional side product of Mn(IV) reduction is rhodochrosite (MnCO3) (Lovley, 1991a;
Lovley, 1995). Specific mechanisms on the reduction of Mn(1V) are not as widely
studied as Fe(l11), however most microorganisms that can reduce Fe(l1l) can also transfer

electrons to Mn(I1V) compounds (Lovley and Phillips, 1988; Myers and Nealson, 1988).

Uranium is another metal that microorganisms can utilize as a terminal electron
acceptor. Microbial reduction of soluble U(VI) to insoluble U(1V) is an important process
in the global uranium cycle (Gorby and Lovley, 1992; Lovley and Phillips, 19923;

Lovley and Phillips, 1992b; Lovley et al., 1993c), and has been a useful technique for



immobilizing uranium from contaminated environments (Phillips et al., 1995; Williams
et al., 2013). For example, Geobacter species are naturally occurring U(V1) reducers in
many subsurface environments, and can be stimulated with the addition of acetate in the
groundwater (Anderson et al., 2003; Holmes et al., 2002). The reduction of U(VI) to
U(IV) by microorganisms such as Geobacter precipitates the uranium from the
groundwater preventing its further mobility (Williams et al., 2013). Like soluble Fe(ll1)
citrate, the slightly more soluble U(\V1) is reduced on the outer cell surface of metal
reducing microorganisms. For example, U(VI) reduction by G. sulfurreducens occurs via

outer cell surface c-type cytochromes (Shelobolina et al., 2007; Orellana et al., 2013).

Several other metals and metalloids can be microbially reduced (Lovley, 1993a)
including selenium (Doran and Alexander, 1977; Maiers et al., 1988), chromium (Lovley,
1993a), mercury (Lovley, 1993a), technetium (Lloyd and Macaskie, 1996; Lloyd et al.,
2000), molybdenum, vanadium (Ortiz-Bernad et al., 2004), copper (Caccavo et al.,
1994), silver (Law et al., 2008), gold (Kashefi et al., 2001), and arsenic (Giloteaux et al.,
2013). Dissimilatory reduction of many of these metals is a potential mechanism for
removing these toxic metal forms from contaminated environments or waste streams

(Lovley, 1993a).
1.3.1.2 Humic Substances and Other Extracellular Quinones

Microorganisms capable of producing energy via extracellular electron transfer to
insoluble metals typically also have the ability to transfer electrons to the quinone
moieties of humic substances (Lovley et al., 1996a; Scott et al., 1998) or onto humic
analogs such as the synthetic laboratory compound anthraquinone-2,6-disulfonate

(AQDS). Humic substances can serve as the sole electron acceptor for energy generation



(Lovley et al., 1996a; Lovley et al., 1998). Humic substance can also act as an electron
shuttle whereby a microorganism transfers electrons to reduce the humic substance,
which can then transfer the electrons to an additional electron acceptor, thereby
regenerating the oxidized humic compound (Lovley et al., 1996a; Lovley et al., 1998).
This secondary electron acceptor that is reduced by the humic compound can be an
insoluble oxidized metal such as Fe(lll), or could be another microorganism in the
environment (Liu et al., 2012). Therefore, addition of humic substances can greatly

increase the rate of insoluble metal reduction or interspecies electron transfer.

The humic analog AQDS has been useful in the laboratory for uncovering how
microorganisms are capable of extracellular electron transfer to humic substances
(Voordeckers et al., 2010). Addition of AQDS increases the rate of Fe(l11) reduction
substantially when added to cultures. AQDS is likely more accessible to cells than the
highly insoluble Fe(l11) oxide. In this case AQDS is reduced to anthrahydroquinone-2,6,-
disulphonate (AHQDS), which can then shuttle electrons to Fe(ll1), regenerating AQDS
for further reduction by the microorganism (Lovley et al., 1996a; Lovley et al., 1998).
AQDS/ AHQDS shuttling has also been observed between two species, such as in

cocultures of G. metallireducens with G. sulfurreducens (Liu et al., 2012) .
1.3.1.3 Microbial Fuel Cells

Electrodes of a microbial fuel cell (MFC) can serve as an anaerobic electron
acceptor for some microorganisms (Lovley, 2006a; Lovley, 2006b). Many bacteria that
can utilize insoluble metals as terminal electron acceptors can, in a similar manner, also
transfer electrons beyond the cell surface onto electrodes. Studies of MFCs are of interest

because of the possibility they offer in harvesting electricity from organic waste and
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renewable biomass (Lovley, 2008; Lovley and Nevin, 2011c). MFCs consist of an anode,
which accepts electrons from microorganisms, and a cathode, which transfers electrons to
a terminal electron acceptor. Electrons are generally supplied to microorganisms via
microbially degradable organic matter. Much like Fe(l11) reduction, transfer of electrons
from microorganisms to the anode of a microbial fuel cell can occur via direct electron
transfer, through the release of a biologically produced electron shuttling compound, or

via an artificial mediating electron shuttle (Lovley, 2006a).

Although MFC’s have the potential to convert organic waste matter to electricity,
current outputs are too low for most perceived practical applications. Research efforts
have focused on two main ways to improve the efficiency of MFC’s (Malvankar et al.,
2012c). The first way is through engineering better fuel cell architecture and cathode
materials. The second way is through improving the biological factors, either through
genetic engineering or laboratory adaptation of the microorganisms colonizing the fuel

cell.

Most standard electrodes of MFCs consist of graphite (Bond and Lovley, 2003).
Recent efforts towards increasing the efficiency and power output of electrodes have
identified many materials that can either be added to the MFC or are actually components
of the electrode. One of the most commonly used materials is granular activated carbon
(GAC). GAC has a high-surface area that can support microbial attachment and growth
(Aziz et al., 2011). GAC is also often added to methanogenic digesters to increase and
accelerate methane production (Aktas and Cecen, 2007). It is highly conductive
(Kastening et al., 1997), and can possibly serve as an electron acceptor during anaerobic

respiration (van der Zee et al., 2003). Anodes in MFCs can actually be constructed with
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GAC (Gregory et al., 2004), and enhance an anodes ability to accept electrons from
microorganisms. GAC may also act in the reverse direction and serve as an electron

donor for anaerobic respiration (Gregory et al., 2004; Nevin et al., 2010).

Other efforts to improve electricity production by MFCs have focused on
enhancing capabilities of the microorganisms that colonize the fuel cell. One method is
through genetic engineering. For example, over-expression of pilA and
exopolysaccharide proteins in Geobacter sulfurreducens calles increases current-

producing biofilms and power densities in fuel cells (Leang et al., 2013).

Another strategy that has been effective is laboratory adaptive evolution of
microorganisms on the electrode. Because electrodes are not naturally occuring electron
acceptors, evolutionary pressure has not allowed for selection of microorganisms that are
most efficient at electron transfer to electrodes. In one study, G. sulfurreducens strain
DL-1 was grown on a current producing electrode for an extended period of time. The
adapted strain, KN400, had current and power densities substantially higher than that of
DL-1 (Yietal., 2009). This type of laboratory adaptive evolution is a useful tool for

isolating strains with enhanced capabilities when placed under a selective pressure.
1.3.1.4 Extracellular Interspecies Electron Transfer

In the environment, almost all organisms rely on other species to survive. This
type of cooperative or syntrophic relationship is essential in all domains of life,
particularly among microorganisms. One of the most thoroughly studied types of
interspecies cooperation between microorganisms is hydrogen interspecies transfer
(HIT), a process by which electron-donating microorganisms reduce protons to hydrogen

and another organism can oxidize the hydrogen for energy generation (Mclnerney et al.,
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2009; Stams and Plugge, 2009). HIT can often be observed between a bacterial and
methanogenic species, whereby the methanogen oxidizes hydrogen and couples it to the
reduction of carbon dioxide forming methane (Rotaru et al., 2012). A similar reaction can
occur via formate as an electron carrier (Mclnerney et al., 2009; Stams and Plugge,

2009).

Another type of interspecies electron transfer is direct interspecies electron
transfer (DIET), whereby electrons are transported from one microorganism to another
via direct electrical connections, without the involvement of hydrogen or formate as
electron carriers (Lovley, 2011b). DIET was first observed in cocultures of Geobacter
metallireducens and Geobacter sulfurreducens (Summers et al., 2010). These cocultures
were grown in a medium with ethanol provided as the sole electron donor and fumarate
as the sole electron acceptor. In this environment the two species need to exchange
electrons in order to grow because G. metallireducens can metabolize ethanol, but cannot
reduce fumarate and G. sulfurreducens cannot utilize ethanol as an electron donor, but
can use fumarate as an electron acceptor. G. metallireducens is a poor hydrogen former
(Cord-Ruwisch et al., 1998), and furthermore when cultures with G. sulfurreducens in
which a hydrogenase gene essential for oxidation of hydrogen was deleted from the
genome, the cocultures were still effectively able to oxidize ethanol and reduce fumarate
to succinate (Summers et al., 2010). These results show that electrons were being directly

exchanged between aggregates of the two species in the coculture.

DIET has also been observed between Geobacter metallireducens with
acetoclastic methanogens (Rotaru et al., 2014a; Rotaru et al., 2014b). Acetoclastic

methanogens include the Methanosaeta and Methanosarcina species. The Methanosaeta
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species are strict acetoclastic methanogens, and cannot use hydrogen for the reduction of
carbon dioxide to methane (Rotaru et al., 2014b). The Methanosarcina have a more
diverse physiology and can use a wider of variety of substrates for methane production
including acetate, hydrogen and methanol (Rotaru et al., 2014a). These acetoclastic
methanogens often predominate in many anaerobic digesters, and electrically conductive
granules with high abundance of both Geobacter and Methanosaeta species have been
identified in upflow anaerobic sludge blanket (UASB) reactors treating brewery waste

(Morita et al., 2011), suggesting DIET is an important process in the environment.

When cocultured with G. metallireducens, Methanosaeta harundinacea directly
accepted electrons generated from G. metallireducens, after oxidizing ethanol, and
reduced carbon dioxide to methane (Rotaru et al., 2014b). Like M. harundinacea,
Methanosarcina species are acetoclastic methanogens and are often abundant in
methanogenic soils and sediments, coal mines, landfills, and anaerobic digesters. When
cocultured with G. metallireducens, Methanosarcina barkeri was able to directly accept
electrons for the reduction of carbon dioxide to methane (Rotaru et al., 2014a). Similar to
Geobacter cocultures, the addition of the electrically conductive granular activated
carbon (GAC), can mediate the electron transport between M. barkeri and G.

metallireducens, accelerating the electron transport process (Liu et al., 2012).

To date G. metallireducens has been the only microorganism found to be capable
of donating electrons to another species by DIET. The exact mechanism that allows this
to occur is still in its infancy. However it is known that the pilA gene (Gmet_1399) which
codes for the protein subunit of the type IV geopilin, the c-type cytochrome gene

Gmet_2896, and the gene fliC which encodes for the flagella protein subunit are essential
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for DIET by G. metallireducens (Shrestha et al., 2013c). Additionally, G.
metallireducens is able to utilize ethanol as an electron donor, which many organisms
including G. sulfurreducens and methanogens cannot do. Pelobacter carbinolicus, a
member of the Geobacteraceae which evolved from an Fe(l11) reducer (Aklujkar et al.,
2012), can also utilize ethanol as an electron donor. However, when it was cocultured
with G. sulfurreducens electrons were exchanged via hydrogen (Rotaru et al., 2012). This
is likely because P. carbinolicus lacks the ability to make direct electrical connections
with extracellular electron acceptors, and, unlike G. metallireducens, its ability to
effectively generate hydrogen (Aklujkar et al., 2012). The specific extracellular electron
transport components combined with the ability to oxidize ethanol are the two qualities
that enable G. metallireducens to donate electrons via DIET. A search for other species
capable of donating electrons directly, including other members of the Geobacteraceae,
could potentially provide further insight towards understanding the specific mechanisms

used for DIET.
1.3.2 Extracellular Electron Donors

Along with a terminal electron acceptor being needed for energy generation
during cellular respiration, an electron donor is essential for both energy generation and
biosynthesis reactions to occur. There are many compounds that can be utilized as
electron donors by different organisms. Glucose is most commonly considered, however,
many microorganisms can metabolize a wide variety of other electron donors including
acetate, others short cahin fatty acids, hydrogen, alcohols, or many soluble organic

compounds. Some microorganisms have the unique ability to oxidize insoluble electron
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donors that cannot freely move across the cell membrane. Some examples of common

extracellular electron donors are discussed below.
1.3.2.1 Environmental Compounds

Along with serving as terminal electron acceptors when they are in the oxidized
form, humic substances can also serve as electron donors when they are in a reduced state
(Lovley et al., 1999). For example the humic analog anthrahydroquinone-2,6,-
disulphonate (AHQDS) can be utilized as the sole electron donor by Fe(l1l)- reducing
microorganisms including G. sulfurreducens. In fact, a wide phylogenetic diversity of
microorganisms that can use humic substances as an electron acceptor can also oxidize
reduced humic substances coupled to the reduction of many terminal electron acceptors
including nitrate, fumarate, and arsenate. Some of these microorganisms include G.
metallireducens, G. sulfurreducens, Geothrix fermentans, Shewanella alga, and
Wolinella succinogenes (Lovley et al., 1999). Humic substances may also play a role in
electron shuttling between microorganisms in the environment (Liu et al., 2012). As
discussed previously, this type of electron shuttling occurs between G. metallireducens
and G. sulfurreducens (Liu et al., 2012). Another example is with cocultures of G.
metallireducens and W. succinogenes. In these cocultures G. metallireducens can oxidize
acetate coupled to the reduction of AQDS, while W. succinogenes cannot oxidize acetate
but is able to use reduced AHQDS for fumarate respiration (Lovley et al., 1999). The
quinone moieties of humic substances found naturally in the environment can likely also

serve as electron donors and shuttling compounds in a similar manner.

Reduced metal compounds such as Fe(ll) and U(IV) can serve as electron donors

for microbial respiration. In this case lithotrophic microorganisms oxidize these electron
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donors coupled to the reduction of oxygen (Weber et al., 2006a). The mechanism for
oxidation of insoluble metals is poorly understood due to the difficulty of laboratory
culturing with these inorganic compounds. For example, Fe(ll)- oxidizing bacteria
oxidize Fe(ll) to insoluble Fe(lll) oxide precipitates, which makes culturing complicated.
Furthermore, maintaining a steady supply of electrons in the form of Fe(ll) and
maintaining oxygen concentrations in the micromolar range to minimize abiotic Fe(ll)
oxidation is challenging (Weber et al., 2006a). However, Fe(l1)-oxidizing bacteria such
as Mariprofundus ferrooxydans PV-1 are capable of accepting electrons from an external
source such as the electrode of a microbial fuel cell (Summers et al., 2013), suggesting
that the oxidation of compounds such as Fe(ll) occurs on the outer cell surface.
Additionally, some Fe(lll) reducing bacteria, including Geobacter metallireducens, can
oxidize Fe(ll) and U(IV) with nitrate as an electron acceptor (Finneran et al., 2002;
Weber et al., 2006b). The findings that microorganisms capable of electron transfer onto
extracellular electron acceptors, and the ability of Fe(ll) oxidizers to accept electrons
from other insoluble electron donors suggests that these reduced metals represent a class
of insoluble electron donors. Unfortunately, studies on specific mechanisms for oxidation
of these compounds are currently stymied by the lack of technical ability in culturing

microorganisms with these compounds in the laboratory.

Zero-valent iron (ZV1) is another form of reduced metal that can be utilized as an
insoluble electron donor for some microorganisms. ZV1 has applications in treating acidic
water contaminated with heavy metals, and is also useful for industrial wastewater
treatment as it catalyzes the abiotic conversion of a variety of pollutants such as

chlorinated aliphatics, chlorinated aromatics, nitrates, and other contaminants (Li et al.,
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2006; O’Carroll et al., 2013; Yan et al., 2010). ZVI can also serve as an electron donor
coupled to the microbial reduction of many oxidized contaminants such as chlorinated
solvents (Gregory et al., 2000; Lampron et al., 2001; Novak et al., 1998). ZVI can be
oxidized to Fe(Il) when being utilized as an electron donor for sulfate reducing bacteria
in anaerobic sludge (Karri et al., 2005). Under anaerobic conditions hydrogen is
produced from the chemical reaction of ZVI with water, therefore the ultimate electron
transfer from ZVI to these microorganisms is likely via hydrogen (Liang et al., 2000).
However, ZVI has also been shown to be utilized as an electron donor by methanogenic
species (Novak et al., 1998), facilitating methanogenesis and anaerobic digestion. Many
anaerobic digesters are dominated by the acetoclastic methanogenic species
Methanosaeta and Methanosarcina (Morita et al., 2011). Methanosaeta and some
Methanosarcina species would not be able to utilize hydrogen as a substrate for
methanogenesis. Therefore, it is likely that if these species were utilizing ZVI as an
electron donor for methanogenesis, they would not be accepting electrons from hydrogen

transfer, but instead by some alternative mechanism.
1.3.2.2 Microbial Fuel Cells as Electron Donors

In addition to the electrodes of a MFC acting as a terminal extracellular electron
acceptor they can also serve in the reverse direction as electron donors (Nevin et al.,
2010; Ross et al., 2011). In some cases when electrodes are poised at low potentials they
can indirectly donate electrons to microorganisms via hydrogen production or electron
shuttles (Lovley, 2008). Alternatively, microorganisms can directly accept electrons from
an electrode. In this case the microorganisms accept electrons from the cathode that then

allows for the electrons to be transferred to a terminal electron acceptor via anaerobic
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respiration. This process was first observed in Geobacter species utilizing fumarate,
nitrate, or U(VI) as an electron acceptor (Dumas et al., 2008; Gregory and Lovley, 2005;

Gregory et al., 2004).

Shewanella species are also capable of utilizing MFC’s as electron donors. S.
oneidensis strain MR-1 uses a reverse Mtr pathway to power reductive reactions (Ross et
al., 2011). Unlike Shewanella, Geobacter species do not appear to utilize the same
components for electron exchange from the electrode as they do for extracellular electron
transfer to electrodes as electron acceptors (Strycharz et al., 2011). Understanding the
mechanisms used by microorganisms use for electron exchange from electrodes to cells is
important industrially for electrosynthesis of high value fuels and chemicals (Lovley and

Nevin, 2013).
1.3.2.3 Direct Interspecies Electron Exchange

During DIET, one microorganism in the syntrophic relationship receives electrons
from a neighboring species in a direct manner. This type of electron exchange is another
example of a cell transporting electrons from the extracellular surface. In cocultures of G.
metallireducens and G. sulfurreducens, it was initially shown that G. sulfurreducens
requires outer cell surface electron components such as PilA- microbial nanowires
(Summers et al., 2010). Although the pilA gene is essential for effective DIET to occur, it
is unclear whether these nanowires participate in direct exchange of electrons or are
important for attachment of the cells during aggregate formation allowing for increased
rates of direct electron exchange to occur. OmcS is a c-type cytochrome that is essential
for direct electron exchange by G. sulfurreducens in DIET cocultures (Summers et al.,

2010). OmcS is found localized along the pilin filaments (Leang et al., 2010), and is also
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important for electron transfer from cells onto insoluble Fe(lll) oxide (Mehta et al.,
2005). Although OmcS is required for the direct acceptance of electrons, it is still unclear

how electrons cross the cell wall and cell membrane of G. sulfurreducens.

As previously mentioned, DIET also occurs between G. metallireducens and
acetoclastic methanogens (Rotaru et al., 2014a; Rotaru et al., 2014b). Currently it is
unclear how these methanogenic species are able to directly accept electrons during
DIET, however some species of methanogens have also been shown to accept electrons
from non-biological extracellular surfaces (Liu et al., 2012) and donate electrons onto

extracellular electron acceptors (Bond et al., 2002Db).
1.4 Extracellular Electron Exchange by Geobacter Species

The Geobacteraceae family represents one of the most widely studied groups of
microorganisms capable of extracellular electron exchange. Geobacter species can be
easily cultured and genetically manipulated in the laboratory, and carry out many unique
processes such as the ability to donate electrons extracellularly to a wide variety of
compounds and surfaces including electrodes, other organisms, and insoluble metals
including Fe(l11) and Mn(1V) oxides. Studies of several Geobacter species, including the
model organisms G. sulfurreducens and G. metallireducens, have shown that the cell
must come into direct contact with the extracellular electron acceptor in order to transfer
electrons (Nevin and Lovley, 2000; Straub and Schink, 2003). Although Geobacter may
lack the ability to reduce Fe(ll1) oxide at a distance, they surprisingly have been found to
be the predominate metal-reducing species in many soils and subsurface environments
(Holmes et al., 2007). Therefore, understanding the mechanism(s) by which they are able

to transfer electrons through extracellular exchange is of importance.
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Much of the research on extracellular electron exchange in Geobacter species
has been conducted with G. sulfurreducens. G. sulfurreducens has served as the species
of choice up until now because it was the first to have a genome sequence (Methé et al.,
2003) and methods for genetic manipulation (Coppi et al., 2001). G. sulfurreducens has
many metabolic traits that make it easy for study in the laboratory including fumarate
reduction (Butler et al., 2006), hydrogen oxidation (Coppi et al., 2004), and direct
interspecies electron transfer (Summers et al., 2010). However, G. sulfurreducens lacks
the ability to metabolize aromatic compounds, does not reduce Fe(l11) oxide as
effectively as some of the other Geobacter species such as G. metallireducens (Aklujkar
et al., 2009; Caccavo et al., 1994; Lovley et al., 1993b), and is non-motile (Childers et

al., 2002).

G. metallireducens strain GS-15 was the first Geobacter species isolated in pure
culture (Lovley et al. 1993b), the first microorganism found to conserve energy to
support growth from the oxidation of organic compounds coupled to the reduction of
Fe(l11) or Mn(1V) oxides (Lovley and Phillips,1988), and the first microorganism found
to oxidize organic compounds completely to carbon dioxide with electron transfer to an
electrode (Bond et al. 2002a). Although there are some extracellular electron transport
components that are well conserved between G. sulfurreducens and G. metallireducens,
many of the genes involved in extracellular electron transfer by G. sulfurreducens,
including some essential c-type cytochromes, do not have homologs in G.
metallireducens. Few studies have focused on the mechanism(s) for extracellular electron
transfer in G. metallireducens, mostly because a genetic system for this organism was

unavailable. However, availability of putative electron transfer proteins from several
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other Geobacter species (Butler et al., 2010), and the recent development of a genetic
system for G. metallireducens (Tremblay et al., 2012) have facilitated the study of G.
metallireducens. Information acquired from these studies should provide further insights
into direct extracellular electron transfer, including Fe(l11) and Mn(IV) oxide reduction in

the environment.
1.4.1 Cytochromes

Previous studies in G. sulfurreducens have revealed some factors that play an
important role in direct extracellular electron transfer. Initial studies suggested that b-type
cytochrome(s) were involved (Gorby and Lovley, 1991), however, this was quickly ruled
out and later studies demonstrated a role for c-type cytochromes (Lovley et al. 1993c).
The importance of c-type cytochromes has been further shown through transcriptomic
(Aklujkar et al., 2013; Holmes et al., 2006; Holmes et al., 2009), comparative genomics
(Aklujkar et al., 2009; Butler et al., 2010), and genetic studies (Aklujkar et al., 2013;
Kim et al., 2005; Kim et al., 2006; Leang et al., 2003; Mehta et al., 2005) . c-type
cytochromes are a hallmark feature of Geobacter species due to their abundance and
diversity (Butler et al., 2010; Ding et al., 2006; Methé et al., 2003). For example, the G.
sulfurreducens genome encodes for roughly 103 c-type cytochromes, of which 65 have
homologs among the 91 putative c-type cytochromes in its close relative G.
metallireducens (Aklujkar et al., 2009). Although c-type cytochromes are abundant
among all Geobacter species, the only family that is well conserved is the PpcA family of
triheme periplasmic cytochromes (Butler et al., 2010). This family of c-type
cytochromes is located in the periplasmic space of the cell, and predicted to carry

electrons from the inner to outer membranes by heme groups that are oriented in parallel

22



or perpendicular to each other (Morgado et al., 2010), an arrangement expected to
facilitate rapid electron transfer within and between proteins (Mowat and Chapman,

2005).

Outer membrane and extracellular c-type cytochromes play an important role in
direct electron transfer from the cell to an extracellular electron acceptor. Several outer
surface c-type cytochromes have been identified and extensively studied in G.
sulfurreducens. Some of these include OmcB, OmcE, and OmcT which are expected to
be embedded in the outer membrane (Mehta et al., 2005). Of these, the 12-heme, 89kDa
c-type cytochrome protein OmcB has been purified (Qian et al., 2007). OmcB is
embedded in the outer membrane, with a portion of the protein exposed to the outer
surface (Qian et al., 2007). When the gene coding for OmcB was deleted from G.
sulfurreducens, cells were unable to reduce insoluble Fe(l11) oxide. Initially, this mutant
strains was also unable to reduce soluble Fe(l1l) citrate, but adapted to reduce this soluble

electron acceptor over time (Leang et al., 2003).

One of the most important and thoroughly studied c-type cytochromes involved in
extracellular electron transfer by G. sulfurreducens is OmcS. OmcS, is a six-heme c-type
cytochrome (Qian et al., 2011) found to be specifically associated with the pili of G.
sulfurreducens (Leang et al., 2010) and required for growth on insoluble Fe(l11) oxide,
but not soluble Fe(l11) citrate (Mehta et al., 2005). Purified OmcS can reduce a wide
diversity of insoluble electron acceptors including Fe(l11) oxide, U(V1), and humic
substances (Qian et al., 2011). OmcS is also essential for the directly accepting electrons
in DIET cocultures of G. sulfurreducens with G. metallireducens (Summers et al., 2010).

However, the deletion of OmcS has no effect on electron transfer to the electrode of a
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MFC, indicating that there is a different mechanism for extracellular electron transfer to

MEFC’s (Lovley, 2011c).

PgcA (periplasmic GEMM-regulated cytochrome A) is another c-type cytochrome
that has been previously shown to play a role in Fe(l11) oxide reduction by G.
sulfurreducens (Tremblay et al., 2011). pgcA is under the regulation of a cyclic-di-GMP
sensing riboswitch known as the GEMM (genes related to the environment, membranes
and motility) riboswitch (Sudarsan et al., 2008). PgcA is a member of one of the
cytochromes families that is conserved across many Geobacter species (Butler et al.,
2010). PgcA exhibited higher transcript abundance in G. sulfurreducens strain DL-1 cells
grown with insoluble Fe(111) oxide as an electron acceptor in comparison with Fe(l11)
citrate (Aklujkar et al., 2013), and the PgcA protein was more abundant in cells grown on
insoluble Fe(111) oxide than soluble Fe(l11) citrate in a proteomic studies (Ding et al.,
2008). In addition a strain of G. sulfurreducens adapted over an extended period of time
for enhanced rates of Fe(l11) oxide reduction selected for mutations that increased the

expression of PgcA (Tremblay et al., 2011).

OmcZ is a c-type cytochrome found to be necessary for electron transfer to
electrodes but not to insoluble Fe(l11) oxides (Nevin et al., 2009), and is specifically
localized at the biofilm-anode interface in high current density biofilms (Inoue et al.,
2011). The extracellular form of OmcZ contains 8 hemes, has a molecular weight of
30kDa, and is poorly soluble in water, which likely helps maintain the protein within the
extracellular matrix (Inoue et al., 2010). Although OmcZ is essential for high-density
current production, it is not important for cells grown on a current-consuming electrode

(Strycharz et al., 2011). The omcZ gene showed lower transcript abundance in current-
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consuming compared with current-producing biofilms (Strycharz et al., 2011).
Furthermore, a mutant strain deficient in the gene for OmcZ had no impact on electron
transfer from the electrode to G. sulfurreducens cells (Strycharz et al., 2011). These
results further suggest that the mechanism(s) for extracellular electron transfer from the
electrodes to G. sulfurreducens cells are very different from the mechanism for electron

transfer from cells to electrodes.

Understanding how G. sulfurreducens is able to directly accept electrons is
important for optimizing microbial electrosynthesis, a strategy for producing fuels and
other organic biocommodities from carbon dioxide with electricity as the energy source
(Lovley and Nevin, 2011c). Additionally, uncovering components necessary for
extracellular electron exchange into the cell will help in understanding and identifying
DIET in the environment, which can be an important process in the anaerobic food chain
and wastewater treatment (Lovley, 2011b). Previously, in order to evaluate how electrons
enter G. sulfurreducens cells from the cathode to support fumarate respiration, gene
transcript abundance and gene deletion studies were utilized to compare components
involved in electron transfer into the cell (current consuming) with electron transfer out
of the cell (current producing) (Strycharz et al., 2011). The study identified one c-type
cytochrome, GSU3274, which was essential for G. sulfurreducens to directly accept
electrons from the cathode. Deletion of GSU3274 completely inhibited the capacity for
electron transfer from electrodes, but had no impact on cell growth when acetate was
utilized as the electron donor coupled to the reduction of fumarate (Strycharz et al.,

2011).
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GSU3274 is predicted to be a monoheme c-type cytochrome located in the
periplasm (Strycharz et al., 2011). This makes it unlikely that GSU3274 serves as the
direct electrical connection between G. sulfurreducens cells and the electrode.
Additionally, this preliminary study had several limitations, one being that the cathode
biofilm current consumption was low indicating poor electron transfer to the cells.
Secondly, the interpretation of the results was complicated by the fact that it was
necessary to add acetate as a source of organic carbon to maintain biofilms, which could
also potentially have acted as an electron donor. Therefore, understanding and identifying
components involved in the uptake of electrons from extracellular electron donors by G.

sulfurreducens warrants further investigation.

As previously mentioned, most of the well studied c-type cytochromes in G.
sulfurreducens do not contain homologous genes in other Geobacter species such as G.
metallireducens (Aklujkar et al., 2009; Butler et al., 2010). For example, G.
metallireducens does not have homologs for omcS or omcT, and different c-type
cytochrome sequences are found in syntenous locations where omcB, omcC, and omcE
would be expected to be located (Aklujkar et al., 2009). However, other Geobacter
species also contain upwards of 100 genes encoding for c-type cytochrome proteins. This
suggests that although the c-type cytochrome genes are not all well conserved, they are

important across the genus.
1.4.2 Microbial Nanowires

Another component known to play a vital role in effective extracellular electron
transfer by Geobacter species are the electrically conductive pili (Malvankar et al., 2011,

Reguera et al., 2005). Studies on Geobacter pili have shown that they are unique in that
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they possess metallic-like conductivity comparable to synthetic conducting polymers,
such as the organic metal polyaniline (Malvankar et al., 2011), and are not used for

twitching motility as is the case in other microorganisms (Reguera et al., 2005).

The pili “microbial nanowires” of Geobacter were initially of interest when found
to be expressed by G. metallireducens when grown on insoluble Fe(l11) or Mn(1V)
oxides, but not when grown with soluble or chelated Fe(l11) as the electron acceptor
(Childers et al., 2002). The main structural protein of the pili is encoded by a gene known
as pilA and deletion of this gene inhibits Fe(l11) oxide reduction