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The study of electrically conductive protein nanowires in Geobacter sulfurreducens 
has led to new concepts for long-range extracellular electron transport, as well as for 
the development of sustainable conductive materials and electronic devices with novel 
functions. Until recently, electrically conductive pili (e-pili), assembled from the PilA pilin 
monomer, were the only known Geobacter protein nanowires. However, filaments 
comprised of the multi-heme c-type cytochrome, OmcS, are present in some 
preparations of G. sulfurreducens outer-surface proteins. The purpose of this review 
is to evaluate the available evidence on the in vivo expression of e-pili and OmcS 
filaments and their biological function. Abundant literature demonstrates that G. 
sulfurreducens expresses e-pili, which are required for long-range electron transport 
to Fe (III) oxides and through conductive biofilms. In contrast, there is no definitive 
evidence yet that wild-type G. sulfurreducens express long filaments of OmcS extending 
from the cells, and deleting the gene for OmcS actually increases biofilm conductivity. 
The literature does not support the concern that many previous studies on e-pili were 
mistakenly studying OmcS filaments. For example, heterologous expression of the 
aromatic-rich pilin monomer of Geobacter metallireducens in G. sulfurreducens 
increases the conductivity of individual nanowires more than 5,000-fold, whereas 
expression of an aromatic-poor pilin reduced conductivity more than 1,000-fold. This 
more than million-fold range in nanowire conductivity was achieved while maintaining 
the 3-nm diameter characteristic of e-pili. Purification methods that eliminate all traces 
of OmcS yield highly conductive e-pili, as does heterologous expression of the e-pilin 
monomer in microbes that do not produce OmcS or any other outer-surface 
cytochromes. Future studies of G. sulfurreducens expression of protein nanowires 
need to be cognizant of the importance of maintaining environmentally relevant growth 
conditions because artificial laboratory culture conditions can rapidly select against 
e-pili expression. Principles derived from the study of e-pili have enabled identification 
of non-cytochrome protein nanowires in diverse bacteria and archaea. A similar search 
for cytochrome appendages is warranted. Both e-pili and OmcS filaments offer design 
options for the synthesis of protein-based “green” electronics, which may be the primary 
driving force for the study of these structures in the near future.
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INTRODUCTION

The concept of long-range electron transport through microbially 
produced protein filaments with nanometer diameters (Reguera 
et al., 2005) has provided new insights into microbial physiology 
and ecology (Lovley, 2017b,c,d). Protein nanowires can extend 
the potential distance of electronic interaction between cells 
and their environment, facilitating electron exchange with 
insoluble minerals and other cells. Enhancing the expression 
of protein nanowires is a strategy for increasing biofilm 
conductivity and current production in bioelectrochemical 
devices (Lovley, 2017b). Protein nanowires produced by microbes 
or fabricated in vitro with microbe-inspired designs, are “green,” 
sustainable electronic materials with physical properties and 
potential for functionalization that expand potential applications 
beyond those feasible with other nanowire materials (Lovley, 
2017a,b; Creasey et  al., 2018; Gutermann and Gazit, 2018; Ing 
et al., 2018; Ueki et al., 2019). A wide diversity of microorganisms 
appear to produce protein nanowires (Reguera et  al., 2005; 
Holmes et  al., 2016; Sure et  al., 2016; Tan et  al., 2017; Walker 
et  al., 2018a,b, 2019), but in most instances, their structure 
or function have not yet been intensively investigated.

The protein nanowires expressed by Geobacter species are 
of interest because of the environmental and practical significance 
of microbes in this genus. As previously reviewed in detail 

(Lovley, 2011, 2017d; Lovley et  al., 2011; Mahadevan et  al., 
2011), Geobacter species play an important role in the global 
carbon cycle because they are often the most abundant Fe(III)-
reducing microorganisms in soils and sediments in which 
Fe(III) reduction is an important terminal electron acceptor 
for organic matter oxidation. Geobacter species also are effective 
in the bioremediation of organic (Lovley et al., 1989; Anderson 
et  al., 1998; Rooney-Varga et  al., 1999) and metal (Lovley 
et  al., 1991; Lovley, 1995, 2003; Anderson et  al., 2003) 
contaminants in subsurface environments. Oxidation of organic 
compounds by Geobacter species coupled to direct interspecies 
electron transfer (DIET) to methanogens is an important aspect 
of carbon and electron flux in some methanogenic soils (Holmes 
et  al., 2017) and anaerobic digesters converting organic wastes 
to methane (Morita et al., 2011; Rotaru et al., 2014). Stimulating 
Geobacter-enabled DIET with the addition of conductive materials 
is an effective strategy for accelerating and stabilizing anaerobic 
digestion (Lovley, 2017c, 2017d; Martins et  al., 2018).

The most intensively studied Geobacter protein nanowires 
are electrically conductive pili (e-pili). As detailed in this review, 
a substantial number of studies have demonstrated that PilA, 
the type IV pilin of G. sulfurreducens (Reguera et  al., 2005), 
assembles into e-pili (Table 1). Furthermore, diverse mutant 
strains, constructed to evaluate the in vivo function of e-pili, 
have consistently yielded phenotypes consistent with the need 

TABLE 1 | Evidence that the PilA pilin monomer of Geobacter sulfurreducens assembles into electrically conductive pili (e-pili).

Observation References

Heterologous expression of e-pili from G. sulfurreducens PilA pilin monomer in 
Pseudomonas aeruginosa

(Liu et al., 2019)

e-Pili in preparations from G. sulfurreducens in which PilA was the only protein 
recovered and no iron or cytochrome spectra detected

(Cologgi et al., 2011; Lampa-Pastirk et al., 2016)

Scanning tunneling microscopy revealed conductive cell-associated pili without 
electronic states expected for cytochromes

(Veazey et al., 2011)

The only filaments emanating from a strain expressing PilA modified with peptide 
tags contain the peptide tags and are conductive

(Ueki et al., 2019)

e-Pili conductivity can be tuned up or down by heterologous expression of PilA 
monomer genes with different aromatic amino acid contents

(Vargas et al., 2013; Liu et al., 2014; Adhikari et al., 2016;  
Lampa-Pastirk et al., 2016; Steidl et al., 2016; Tan et al., 2016a,b, 2017)

Filaments with a diameter consistent with e-pili (3 nm) emanating from cells 
propagate charge, but filaments expressed in a strain expressing a PilA monomer 
with reduced aromatic amino acid content do not

(Malvankar et al., 2014)

TABLE 2 | Evidence that e-pili, but not OmcS filaments, are involved long-range electron transport in Geobacter sulfurreducens.

Observation References

Deleting gene for OmcS increases biofilm conductivity and has no impact on 
production of high current densities

(Nevin et al., 2009; Malvankar et al., 2012)

Strain KN400 which expresses very little OmcS, but abundant e-pili produces 
biofilms with higher conductivity and generates higher current densities

(Yi et al., 2009; Malvankar et al., 2011, 2012)

Expressing pili with lower conductivities decreases current density even though 
OmcS abundance is not affected

(Vargas et al., 2013; Liu et al., 2014; Steidl et al., 2016; Tan et al., 2016b)

Cells expressing abundant OmcS, but poorly conductive pili are ineffective in Fe(III) 
oxide reduction

(Vargas et al., 2013; Liu et al., 2014; Tan et al., 2016b)

Nano-magnetite additions rescue omcS-deletion mutant to restore capacity for 
Fe(III) oxide reduction, but cannot rescue pilA deletion mutant

(Liu et al., 2015)

G. uraniireducens, which possesses an OmcS homolog, but produces poorly 
conductive pili, reduces Fe(III) oxide with an electron shuttle and produces low 
current densities

(Rotaru et al., 2015; Tan et al., 2016b)
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for PilA pilin-based e-pili for long-range electron transport 
(Table 2). More recently, it has been discovered that the 
G. sulfurreducens multi heme outer surface c-type cytochrome 
OmcS can assemble into filaments (Filman et  al., 2019; Wang 
et  al., 2019). One report, Wang et  al. (Wang et  al., 2019) 
made the remarkable claims that: (1) previous studies on G. 
sulfurreducens e-pili had made a mistake, and were in fact 
studying filaments of OmcS; (2) OmcS filaments, not e-pili, 
were the primary conduits for long-range electron transport 
in G. sulfurreducens; and (3) the OmcS filament structure 
“explains the remarkable capacity of soil bacteria to transport 
electrons to remote electron acceptors”.

It is difficult to reconcile these claims with the abundant 
evidence for e-pili existence and function in extracellular electron 
transfer (Tables 1, 2). As detailed in this review, multiple lines 
of evidence rule out the possibility that filaments identified 
as e-pili in many previous studies were actually OmcS filaments. 
A simple example is the heterologous expression of different 
PilA pilin monomer genes in G. sulfurreducens (Figure 1). 
The filaments expressed retained the diameter of e-pili, not 
OmcS, and differed greatly in conductivity, depending on the 
density of aromatic amino acids in the pilin monomer. The 
strains expressing poorly conductive pili were severely limited 
in long-range electron transport. How could changes in the 
aromatic density of the PilA monomer influence the conductivity 
of individual OmcS filaments?

The claim for OmcS as the primary conduit is inconsistent 
with the results of many previous studies, which considered 
the possibility of OmcS filaments (Table 2). Just one example 
among many is the finding that strains in which the OmcS 
gene was deleted had higher biofilm conductivities than the 

biofilm of the wild-type in which OmcS was abundant (Malvankar 
et al., 2012). The claim that the OmcS filament structure explains 
long-range electron transport in soil bacteria is inconsistent 
with the fact that OmcS is not widely found in the microbial 
world. Even many Geobacter species, including Geobacter 
metallireducens, the closest known relative of G. sulfurreducens, 
lack OmcS (Butler et al., 2010). Geobacter uraniireducens, which 
has an OmcS homolog (Butler et  al., 2010) but lacks e-pili 
(Tan et  al., 2016b), has phenotypes inconsistent with filament-
based long-range electron transport (Butler et al., 2010; Rotaru 
et  al., 2015; Tan et  al., 2016b). It is incapable of producing 
high current densities on electrodes (Rotaru et  al., 2015) and 
reduces Fe(III) oxide via production of a soluble electron shuttle 
(Tan et  al., 2016b). OmcS is important for some forms of G. 
sulfurreducens extracellular electron exchange (Mehta et  al., 
2005; Summers et  al., 2010; Tang et  al., 2019). An important 
question is whether OmcS exists as filaments extending from 
the cells in vivo or whether OmcS attached to cells or e-pili 
is the functionally important localization of OmcS.

The purpose of this review is to assemble and evaluate the 
available evidence on the in vivo expression of e-pili and OmcS 
and their biological function in G. sulfurreducens. Hopefully, 
basic principles developed from the intensive studies on this 
one microbe will have transfer value to a greater diversity of 
other microbes that may also rely on protein nanowires for 
extracellular electron exchange. The focus is on biological 
function. Details of the mechanisms for electron transport along 
the filaments will not be  discussed in depth because: (1) this 
topic is a matter of debate, requiring further experimentation 
(Lovley, 2017b; Creasey et  al., 2018; Ing et  al., 2018; Ru et  al., 
2019); and (2) it is not necessary to know the fine-scale 

FIGURE 1 | Heterologous expression of PilA pilin monomer genes in G. sulfurreducens yields pili with vastly different (106-fold) conductivities of the individual wires. 
The pili in the strains with heterologously expressed pilin monomer genes have a diameter that is the same as wild-type pili (3 nm) and inconsistent with the diameter 
of OmcS filaments (4 nm). Reducing the conductivity of the pili has a dramatic negative impact on phenotypes for extracellular electron transport. The results 
summarized (Vargas et al., 2013; Tan et al., 2017) are just two examples of many on heterologous expression (Liu et al., 2014; Steidl et al., 2016; Tan et al., 2016b) 
that have reached similar conclusions.
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mechanistic details of electron transport along the filaments in 
order to identify the filaments or evaluate their biological function. 
The primary questions addressed are: (1) what is the evidence 
for e-pili and OmcS filaments in live cells? and (2) what is 
the evidence for a physiologically relevant role of e-pili and/
or OmcS filaments in long-range electron transport?

Discovery of Electrically Conductive Pili
From the earliest studies (Gorby and Lovley, 1991; Lovley 
et  al., 1993), to the present, investigations on the mechanisms 
for extracellular electron exchange in Geobacter species have 
focused primarily on cytochromes (see Lovley et  al., 2004, 
2011; Lovley, 2006; Shi et al., 2016, for a chronological review). 
Most of these studies focused on c-type cytochromes localized 
in the periplasm and outer membrane.

The impetus for expanding the investigation of extracellular 
electron transport mechanisms beyond cell-associated cytochromes 
was the finding that G. metallireducens expressed flagella and 
pili when grown on insoluble Fe(III) or Mn (IV) oxides, but 
not when grown with soluble Fe(III) citrate (Childers et  al., 
2002). Transcripts for the gene for the putative pilin monomer, 
PilA, were detected during growth on Fe(III) oxide, but not 
soluble Fe(III) (Childers et  al., 2002). This same pattern of pili 
expression during growth on Fe(III) oxide, but not with soluble 
Fe(III), was also observed in G. sulfurreducens (Reguera et  al., 
2005). The diameter of the G. sulfurreducens filaments measured 
in these initial studies was 3 nm, consistent with later measurements 
of G. sulfurreducens e-pili diameter (Malvankar et  al., 2014, 
2015; Adhikari et  al., 2016; Tan et  al., 2017). As detailed below, 
heterologous expression of the G. sulfurreducens PilA pilin 
monomer in Pseudomonas aeruginosa also yields e-pili with a 
diameter of 3  nm (Liu et  al., 2019). The diameter of OmcS 
filaments is 4  nm (Filman et  al., 2019; Wang et  al., 2019). The 
3  nm diameter of the G. sulfurreducens pili is thinner than that 
of other bacteria, presumably because the G. sulfurreducens pilin 
monomer is comprised of only 61 amino acids, lacking the 
large “head group” that is typically displayed on the outer surface 
of other type IV pili (Reguera et  al., 2005; Malvankar et  al., 
2015). Although it was possible to evolve strains of G. sulfurreducens 
to produce filaments other than PilA pilin-based pili (Klimes 
et  al., 2010), this evolved strain was not included in any studies 
of e-pili. No filaments were observed when the gene for the 
PilA pilin monomer was deleted from the wild-type strain 
(Reguera et al., 2005). The simplest explanation for these results 
was that the filaments in the wild-type strain of G. sulfurreducens 
were pili comprised of PilA pilin monomer.

In addition to growth on Fe(III) or Mn(IV) oxides, pili 
expression could also be induced in G. sulfurreducens by growing 
it at the suboptimal temperature of 25°C with fumarate as the 
electron acceptor (Reguera et  al., 2005). When poorly crystalline 
Fe(III) oxide was added to these fumarate-grown cells, the 
nanoparticles (ca. 30  nm) preferentially attached to the pili 
(Figure 2). This observation led to the question of how could 
the cell transfer electrons to Fe(III) oxides if they were suspended 
on pili at such a long distance from the cell surface. Could the 
pili be conductive? Conductive-tip atomic force microscopy (AFM) 
revealed (Figure 2) that the pili were electrically conductive with 

an ohmic-like (current = voltage/resistance) linear current-voltage 
response (Reguera et  al., 2005). These findings, coupled with 
the result that the pilA-deficient mutant could not reduce Fe(III) 
oxides, lead to the conclusion that the pili of G. sulfurreducens 
function as a “microbial nanowire” for long-range extracellular 
electron transfer (Reguera et  al., 2005). Analysis of current 
production densities on the anodes of bioelectrochemical devices, 
suggested that the microbial nanowires also played an important 
role in long-range electron transport through G. sulfurreducens 
biofilms producing high current densities (Reguera et  al., 2006). 
Pilin-based microbial nanowires are now referred to as e-pili to 
avoid confusion with other conductive structures (Lovley, 2017b).

Discovery of OmcS and OmcS Filaments
Like e-pili, the six-heme c-type cytochrome OmcS was discovered 
by comparing protein expression in cells grown on insoluble 
Mn(IV) or Fe(III) oxides versus soluble Fe(III) citrate (Mehta 
et al., 2005). OmcS was abundant in proteins easily sheared from 
the outer surface of cells grown on Mn(IV) oxide. OmcS gene 
transcripts were detected with RT-PCR during growth on Fe(III) 
oxide and fumarate, but not Fe(III) citrate (Mehta et  al., 2005).

As with e-pili, deletion of the gene for OmcS prevented 
growth on Mn(IV) and Fe(III) oxides, but growth with soluble 
extracellular electron acceptors was not impacted (Mehta et  al., 
2005). The outer surface localization of OmcS, coupled with 
the previously observed localization of Fe(III) oxide on pili, 
led to the suggestion that OmcS was an important conduit 
between membrane-spanning c-type cytochromes that transported 
electrons to the outer surface and the e-pili (Mehta et al., 2005; 
Lovley, 2006). As detailed in a subsequent section, OmcS has 
been localized on the outer cell surface as well as filaments 
(Leang et  al., 2010, 2013; Flanagan et  al., 2017). The possibility 
that OmcS might form filaments to facilitate long-range electron 
transport at distance from the cell was considered in several 
studies, but eventually ruled out (Tran, 2009; Leang et al., 2010).

However, examination of the filaments in preparations of 
outer surface G. sulfurreducens proteins with cryo-electron 
microscopy revealed that OmcS can assemble into μm-long 
filaments (Filman et  al., 2019; Wang et  al., 2019). The fact that 
OmcS filaments were observed in concentrated protein 
assemblages, rather than emanating from the cells that were 
the source of the outer-surface proteins is important because 
one possibility is that the OmcS filaments could assemble as 
an artifact generated during the harvesting of the outer-surface 
proteins. During purification the highly hydrophobic OmcS 
(Qian et  al., 2011) and other proteins are separated from the 
lipid-rich environment of the outer-cell surface and suspended 
in high salt and high pH aqueous solutions. Changes in chemical 
conditions are known to induce c-type cytochrome monomers 
to polymerize into nanowires (Hirota et  al., 2010; Haldar et  al., 
2015; Alvarez De Eulate et al., 2017; Hirota, 2019; Nucara et al., 
2019). An important stabilizing element in the OmcS filament 
structure is the coordination of a histidine in one subunit with 
the iron in the heme of an adjacent subunit (Filman et  al., 
2019; Wang et  al., 2019). The his-heme metal coordination is 
a very strong bond that can form spontaneously, as observed 
in the routine purification of proteins modified with a His-tag 
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(Bornhorst and Falke, 2000). The coordination between histidine 
and metals is favored at higher pH (Bornhorst and Falke, 2000), 
such as that used in the outer surface filament preparation 
methods that recovered OmcS filaments. As discussed in more 
detail in subsequent sections, OmcS filaments emanating from 
wild-type G. sulfurreducens have not yet been imaged, but some 
evidence (Wang et  al., 2019) is indicative of OmcS filament 
expression by a mutant strain that greatly overexpressed OmcS.

Documented Assembly of Pilin Monomers 
Into Electrically Conductive-Pili
The potential for pilin monomers to assemble into e-pili can 
clearly be  demonstrated in microorganisms that do not express 
outer surface cytochromes. This alleviates the possibility of 
confusion between pilin-based filaments and those comprised 
of cytochromes. For example, heterologous expression of the 
gene for the PilA pilin monomer of G. sulfurreducens in  

P. aeruginosa, in place of the P. aeruginosa wild-type pilin, 
yielded pili with a diameter of 3.2  ±  0.2  nm (Liu et  al., 2019), 
the diameter expected for filaments comprised of G. sulfurreducens 
PilA pilin (Reguera et  al., 2005; Malvankar et  al., 2014, 2015; 
Adhikari et  al., 2016; Tan et  al., 2017). The diameter of the 
wild-type P. aeruginosa pili were 4.8 ± 0.6 nm (Liu et al., 2019).

The conductance of the pili in the strain of P. aeruginosa 
heterologously expressing the G. sulfurreducens PilA pilin monomer 
was 20-fold higher than the wild-type P. aeruginosa pili (Liu et al., 
2019). This result is consistent with previous studies that have 
demonstrated that P. aeruginosa pili are poorly conductive (Reguera 
et al., 2005; Liu et al., 2014; Lampa-Pastirk et al., 2016). Expression 
in P. aeruginosa of a synthetic pilin monomer with the same 
number of amino acids as the G. sulfurreducens PilA monomer, 
but with an increased abundance of aromatic amino acids, yielded 
pili with higher conductance than the filaments derived from the 
G. sulfurreducens PilA pilin monomer (Liu et  al., 2019). This 

A B

C D

FIGURE 2 | Geobacter sulfurreducens pili characterization. (A) Early (circa 2002) transmission electron micrograph of cell expressing pili. (B) Transmission electron 
micrograph of Fe(III) oxide attached to pili, scale bar = 0.5 μm. (C) Top, topographic atomic force microscope (AFM) image of pilus and unidentified additional 
material sheared from the outer cell surface deposited on highly oriented pyrolytic graphite (HOPG). Middle, topographic and current traces from conductive tip 
along the top cross-section shown above. Bottom, Current response to applied voltage from the conductive AFM tip. Current flows between the tip and the HOPG 
through the pilus. (D) Current-voltage response along the length of individual pili from wild-type and strain Aro-5 strains of G. sulfurreducens that were deposited on 
nano-electrode arrays. Image in (A) from laboratory archives. Images in (B,C) reproduced with permission from (Reguera et al., 2005). Images in (D) reproduced 
with permission from (Adhikari et al., 2016).
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A B

C

FIGURE 3 | Conductive filaments in microorganisms that do not express outer-surface cytochromes. (A) Transmission electron micrograph of Syntrophus 
aciditrophicus expressing e-pili. Black triangles point to pili. (B) Atomic force micrograph of Methanospirillum hungatei expressing its e-archaellum. (C) Current-
voltage response through individual e-pili or e-archaellum from current passing between a conductive AFM tip and the HOPG substrate on which the filaments were 
deposited. In all instances aliquots of cells were directly drop casted onto the HOPG from cultures with no chemical processing. G. sulfurreducens strains included a 
strain expressing the wild-type e-pili and the Aro-5 strain, which expresses a pilin monomer gene modified to yield poorly conductive pili. Image in (A) is modified 
with permission from (Walker et al., 2018b). Image in (B) is modified with permission from (Walker et al., 2019). Data in (C) is a redrawing of combination of data with 
permission from (Walker et al., 2018b, 2019).

result is consistent with the previously demonstrated importance 
of aromatic amino acids in the conductivity of G. sulfurreducens 
e-pili (Vargas et  al., 2013; Adhikari et  al., 2016; Lampa-Pastirk 
et  al., 2016; Steidl et  al., 2016; Tan et  al., 2017). Thus, the results 
of Liu et al. (Liu et al., 2019) demonstrate that the G. sulfurreducens 
PilA pilin monomer assembles into e-pili similar to those observed 
in wild-type G. sulfurreducens under conditions in which expression 
of OmcS filaments is impossible.

Cytochromes were not detected in heme-stained preparations 
of Syntrophus aciditrophicus cell protein, yet S. aciditrophicus 
produces e-pili (Figure 3) that have a conductance comparable 
to those of G. sulfurreducens e-pili (Walker et  al., 2018b). 
Additional analysis identified the likely pilin monomer gene 
in S. aciditrophicus, which was found to encode a high abundance 
of the aromatic amino acids expected to contribute to e-pili 
conductivity (Walker et  al., 2018b).
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The archaellum of Archaea is assembled from archaellin 
subunits, which show homology to the type IV pilins of bacteria 
(Poweleit et al., 2016; Albers and Jarrell, 2018). The conductivity 
of the archaellum of Methanospirillum hungatei was investigated 
(Walker et al., 2019) because: (1) the structure of this archaellum 
is known (Poweleit et  al., 2016); (2) the archaellum is readily 
identified on the cell; and (3) M. hungatei does not express 
cytochromes. Analysis of individual archaella emanating from 
cells revealed (Figure 3) that they had a higher conductance 
than G. sulfurreducens e-pili (Walker et al., 2019). Conductance 
was attributed, at least in part, to a path of closely packed 
phenylalanine along the core of the structure.

G. sulfurreducens Expression of 
Electrically Conductive-Pili
There are multiple examples in which the electrically conductive 
filaments expressed in G. sulfurreducens appear to be comprised 
of the PilA pilin monomer, not OmcS. In an elegant study, 
the conductivity of individual filaments was documented in 
filament preparations (Figure 4) in which the PilA pilin monomer 
was the only protein detected (Lampa-Pastirk et  al., 2016). The 
purification of the e-pili relied on a previously described method 
(Cologgi et  al., 2011) in which detergent soluble materials, 
including OmcS, were separated from the insoluble PilA filaments 
with preparative gel electrophoresis (Cologgi et  al., 2011). No 
iron was detected in the filament preparations with inductively 
coupled plasma-atomic emission spectroscopy and there were 
no absorption peaks at 406 and 528 nm, characteristic of c-type 
cytochromes. Denaturation of the pili yielded just one band 
on SDS page gels, the PilA monomer (Cologgi et  al., 2011). 
The filaments reacted with a PilA antibody, detected with 
immunofluorescence (Cologgi et  al., 2011). The conductivity 
along the length of individual PilA-based pili was 1–4  S/cm 
(Lampa-Pastirk et al., 2016). When a strain of G. sulfurreducens 
was constructed in which one of the tyrosines in PilA thought 
to be  important in electron transport was replaced with an 
alanine the conductivity of the individual filaments decreased 

5-fold. All of these results are all consistent G. sulfurreducens 
expressing a PilA pilin-based conductive filament.

In another study, some debris other than filaments were 
apparent in the preparation, but there was no report of cytochrome 
contamination (Ing et  al., 2017). The PilA pilin monomer was 
only detected after the strong denaturation conditions previously 
identified (Cologgi et al., 2011) to be necessary to denature e-pili 
were employed (Ing et al., 2017). Results were presented showing 
PilA as the only protein in SDS PAGE gels. Whereas PilA was 
detected with liquid chromatography/mass spectrometry, no peptide 
residues of OmcS were detected (Ing et  al., 2017). Films of the 
putative e-pili had an ohmic-like, linear current-voltage response 
(Ing et al., 2017). Bipotentiostat measurements recorded no redox 
peaks associated with cytochrome-mediated charge transfer (Ing 
et  al., 2017). The conductivity of the filaments increased as the 
temperature was decreased, which contrasted with the decrease 
in conductivity expected with electron transport via electron-
hopping between the hemes of cytochromes (Ing et  al., 2017).

Filament preparations were less pure in the studies to 
be discussed next, in part because filament preparation methods 
were designed to have as little impact on the in vivo structure 
of the e-pili as possible. However, the presence of OmcS and 
other redox active molecules on the outer surface of G. 
sulfurreducens was well-known (Leang et al., 2003; Mehta et al., 
2005, 2006; Reguera et  al., 2005; Nevin et  al., 2009; Inoue 
et al., 2010a,b; Qian et al., 2011). Therefore, studies were designed 
to account for the presence of OmcS and other potential 
contaminants. One important consideration in these studies 
was to ensure that the diameter of the individual filaments 
that were investigated was the 3  nm expected for e-pili.

For example, the conductivity along the length of individual 
filaments from wild-type cells were compared with filaments from 
strain Aro-5 (Adhikari et  al., 2016), a strain in which several 
aromatic amino acids in the PilA pilin monomer were replaced 
with alanine (Vargas et  al., 2013). The Aro-5 strain displayed an 
abundance of extracellular OmcS comparable to wild-type cells 
(Vargas et  al., 2013). The diameter of the filaments evaluated was 

A B C

FIGURE 4 | The individual e-pili in cytochrome-free preparations of G. sulfurreducens in which PilA pilin is the only protein are high conductive. (A) Transmission 
electron micrograph of purified e-pili; insert-after denaturation the PilA pilin monomer is the only protein detected on a SDS/PAGE Tricine gel (left) as verified with 
Western blot with anti-PilA antibodies (right). (B) Individual pilus on insulating silicon dioxide substrate and in contact with gold electrode as imaged with atomic 
force microscopy (AFM) as shown in schematic at top. (C) Current-voltage plots when a pilus was contacted at different distances from the gold electrode, 
demonstrating the ohmic-like conductivity of the pilus and the expected increased resistance with increased distance of electron transport. Image in (A) reproduced 
with permission from (Cologgi et al., 2011). Images (B,C) reproduced with permission from (Lampa-Pastirk et al., 2016).
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3  nm, consistent with PilA pilin-based filaments, but not OmcS 
filaments (Adhikari et  al., 2016). At the physiologically relevant 
pH 7, the filaments from the wild-type were more than 1,000-fold 
more conductive than the filaments from Aro-5  (Figures  2, 5).

Also informative was the heterologous expression of the PilA 
pilin monomer from different Geobacter species (Figure 5). An 
example is the heterologous expression of the gene for the 
G.  metallireducens PilA pilin in G. sulfurreducens (Tan et  al., 
2017). G. metallireducens is the closest known relative of 
G.  sulfurreducens (Lovley et  al., 2011). The G. metallireducens 
PilA pilin is highly homologous to the G. sulfurreducens PilA 
(Holmes et  al., 2016). The G. metallireducens PilA is comprised 
of 59 amino acids compared to the 61 amino acids of G. 
sulfurreducens. However, the G. metallireducens PilA has a higher 
abundance of aromatic amino acids thought to be  important in 
e-pili conductivity than the G. sulfurreducens PilA (Tan et  al., 
2017). When the G. metallireducens PilA gene is heterologously 
expressed in G. sulfurreducens, the electrically conductive filaments 
recovered are the same diameter (3 nm) as the filaments recovered 
from the control strain expressing the wild-type PilA (Tan et  al., 
2017); a diameter consistent with PilA pilin-based filaments, but 
not the 4  nm observed for OmcS filaments. Yet the filaments 
of the strain heterologously expressing the G. metallireducens 
PilA are 5,000-fold more conductive than the pili assembled 
from G. sulfurreducens pilin and also orders of magnitude more 
conductive than that reported (Wang et  al., 2019) for OmcS 
filaments. In contrast, G. uraniireducens uses an electron shuttle 
for long-range electron transport and has a pilin with low aromatic 
amino acid abundance (Tan et al., 2016b). Heterologous expression 
of the G. uraniireducens pilin gene in G. sulfurreducens yielded 
pili with a 100-fold lower conductivity than G.  sulfurreducens 
wild-type e-pili. The results from these studies and the expression 
of the synthetic Aro-5 pilin gene are readily explained if: (1)  the 

filaments are comprised of PilA pilin monomer and (2) aromatic 
amino acid abundance of the pilin monomer plays an important 
role in the conductivity of pilin-based pili. These results are 
inconsistent with filaments comprised of OmcS.

Direct observation of filaments emanating from cells can avoid 
potential artifacts associated with purification procedures (Veazey 
et al., 2011). Scanning tunneling microscopy of filaments associated 
with cells revealed electron states indicative of a conductive material 
(Veazey et  al., 2011). Accurate estimates of filament diameter are 
difficult with STM, but the filaments were estimated to be 3–5 nm 
in diameter (Veazey et  al., 2011). This range is consistent with 
either e-pili or OmcS filaments. However, the filaments had an 
axial periodicity consistent with pilin-based filaments, not OmcS 
filaments (Veazey et  al., 2011). Furthermore, electronic states 
routinely associated with cytochromes were not observed.

Another study on filaments emanating from cells, rather than 
outer-surface protein preparations, examined the filaments with 
electrostatic force microscopy (Malvankar et  al., 2014). The 
filaments examined were 3 nm in diameter, as expected for e-pili, 
not the 4 nm diameter expected for OmcS. Furthermore, studies 
were conducted with the KN400 strain of G. sulfurreducens, which 
expresses very little OmcS (Yi et  al., 2009). Electrostatic force 
microscopy demonstrated charge propagation along micrometer 
distances (Malvankar et  al., 2014). In contrast, there was no 
charge propagation along pili from the Aro-5 strain of 
G.  sulfurreducens (Malvankar et  al., 2014). These results are 
consistent with charge propagation along e-pili, not OmcS filaments.

G. sulfurreducens assembling its PilA pilin monomer into 
conductive filaments was obvious in a study in which short 
“peptide tags” were added to the carboxyl end of the monomer 
(Ueki et al., 2019). Tags evaluated were a “His-tag” (six histidines) 
and a “HA-tag” (YPYDVPDYA). The strain with the His-tag 
pilins expressed filaments (Figure 6) that reacted with immunogold 
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FIGURE 5 | Conductivity of individual pili in strains of G. sulfurreducens expressing different pilin monomer genes. (A) Atomic force microscopy of pilus obtained 
when the pilin monomer gene of G. metallireducens was heterologously expressed in G. sulfurreducens. The pilus is laying on nano-electrodes for conductivity 
measurement. (B) 3 nm diameter (height) of the pilus like those shown in (A). (C) Current-voltage response along the length of individual e-pili obtained when the G. 
metallireducens pilin monomer gene was heterologously expressed in G. sulfurreducens. (D) Conductivities along the length of individual pili obtained from 
expressing different PilA pilin monomer genes in G. sulfurreducens, as previously reported (Adhikari et al., 2016; Tan et al., 2016b, 2017). Images in (A–C) 
reproduced with permission from (Tan et al., 2017).
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reagents highly specific for the His-tag (Ueki et al., 2019). Addition 
of a gene for a pilin monomer with a HA-tag (YPYDVPDYA) 
on the carboxyl end resulted in a strain that expressed pili that 
contained both His-tag and HA-tag pilins, as determined with 
immunogold reagents. In both strains, the only filaments detected 
with transmission electron microscopy were immunogold labeled, 
suggesting a lack of OmcS filaments. Conducting probe atomic 
force microscopy revealed slight increases in conductance of 
the pili with peptide tags over that of the wild-type. The strains 
expressing the peptide-tagged pili produced current densities 
comparable to wild-type, confirming that the capacity for long-
range electron transport had been maintained (Ueki et al., 2019). 
These results demonstrate that G. sulfurreducens produces 
electrically conductive pili from the PilA pilin monomer with 
no evidence of OmcS filaments emanating from the cells.

Examination of cells grown with Fe(III) oxide as the electron 
acceptor are especially relevant to the inquiry of expression 
of e-pili because only cells that contain genes for pilin that 
can assemble into conductive filaments are capable of reducing 
Fe(III) oxide without adaptively evolving strains to produce 
an electron shuttle (Vargas et  al., 2013; Liu et  al., 2014; Tan 
et  al., 2016b). The filaments extending from cells grown on 
Fe(III) oxide have a diameter consistent with e-pili rather than 
OmcS filaments (Chen et  al., 2019).

Multiple Configurations for OmcS 
Localization on the Cell Outer Surface
Immunogold labeling designed to investigate the localization of 
OmcS revealed that in early phases of growth with fumarate as 
the electron acceptor OmcS was associated with the cell surface 
(Leang et  al., 2010). In late log and stationary phase, labeling 
for OmcS was also apparent along filaments extending from the 
cell (Figure 7). Notably, even in the later stages of growth on 

fumarate, only 26% of the fumarate-grown cells had filaments 
that were labeled with the OmcS immunogold technique (Leang 
et  al., 2010). A higher percentage (56%) of Fe(III) oxide-grown 
cells were labeled. On filaments that were labeled there were 
often large gaps between clusters of gold labeling for OmcS. In 
wild-type cells (Leang et  al., 2010), filaments that had sections 
that interacted with the OmcS antibody were often associated 
with another filament and individual filaments branched off from 
these associated filaments that were not labeled (Figure 7). 
Individual filaments emanating from cells that were also not 
labeled were observed in both wild-type cells (Figure 7) and a 
strain in which omcS was deleted (Leang et  al., 2010).

At the time, these observations were made the possibility 
of OmcS filaments was under serious consideration (Tran, 
2009), but the discontinuous immunogold labeling for OmcS 
along filaments was interpreted as association of OmcS with 
e-pili (Leang et  al., 2010), an interpretation consistent with 
other results presented below. The alternative explanation is 
that inefficiencies in immunogold labeling resulted in the patchy 
distribution of OmcS antibody observed along the filament 
and that the labeled filaments observed were OmcS filaments. 
These uncertainties highlight the difficulties in interpreting the 
OmcS immunogold labeling and the need for alternative, more 
rigorous, methods to define the composition and structure of 
filaments emanating from G. sulfurreducens.

Atomic force microscopy studies suggested that OmcS was 
associated with e-pili, rather than forming separate OmcS 
filaments (Figure 8). As in the immunogold studies, filaments 
associated with cells were investigated with a minimum of 
processing in an attempt to avoid any potential formation of 
artifact filaments (Malvankar et  al., 2012). Atomic force 
microscopy revealed globules along filaments with an intermittent 
spacing that was similar to the OmcS immunogold labeling 
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FIGURE 6 | Transmission electron micrographs of immunogold (A,B) and Ni2+-NTA-gold (C) labeling of the e-pili emanating from G. sulfurreducens when the gene for a 
PilA pilin monomer in which the carboxyl end was amended with six histidines (His-tag) was expressed along with the wild-type pilin gene. The black, electron-dense 
particles are nano-gold particles (10 nm diameter, A,B; 5 nm, C) attached to the His-tag specific reagents. Images reproduced with permission from (Ueki et al., 2019).
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results (Malvankar et  al., 2012). Long lengths of filaments 
lacked globules, but in some regions, globules were more closely 
associated (Malvankar et  al., 2012). The filament-associated 

globules were absent in a strain of G. sulfurreducens in which 
the gene for OmcS was deleted (Yun et  al., 2015). When a 
multi-heme cytochrome from another Geobacter species was 
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FIGURE 8 | Atomic force analysis of possibility of OmcS association with e-pili from studies by Malvankar. (A) c-type cytochrome-like globules aligned along 
filaments. (B) lack of cytochrome-like globules on filaments of the omcS deletion strain. (C) c-type cytochrome-like globules on a strain of G. sulfurreducens in which 
the capacity for long-range electron transport was complemented in an omcS deletion strain with the heterologous expression of a multi-heme cytochrome gene 
from G. bemidjiensis. Image in (A) reproduced with permission from (Malvankar et al., 2012). Images in (B,C) reproduced with permission from (Yun et al., 2015).

A B

FIGURE 7 | OmcS localization on filaments. (A) Transmission electron microscope (TEM) images of immunogold labeling demonstrating OmcS localization on cell 
surface in mid-log phase cells (inset) and along filaments in late-log phase cells. (B) TEM images of thin-sections of cells immunogold labeled for OmcS 
demonstrating: (top) OmcS at distance from the cells in wild-type cells, consistent with observations of labeling on filaments in whole cell preparations; (middle) 
OmcS associated with the outer cell surface in a mutant strain that did not produce PilA monomer; and (bottom) lack of OmcS labeling in an omcS-deficient mutant. 
Images in (A) reproduced with permission from (Leang et al., 2010). Images in (B) reproduced with permission from (Flanagan et al., 2017).
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heterologously expressed in G. sulfurreducens in place of omcS, 
the globules were again observed on the pili (Yun et al., 2015). 
This was significant because heterologous expression of that 
cytochrome gene also restored the capacity for Fe(III) oxide 
reduction that was lost when omcS was deleted, suggesting 
that the two cytochromes could promote Fe(III) oxide reduction 
in a similar manner (Yun et al., 2015). Studies on cells growing 
with Fe(III) oxide as the electron acceptor also noted filaments 
with the diameter of e-pili decorated with larger globules, 
consistent with the proposed localization of OmcS on e-pili 
(Chen et  al., 2019).

Elemental mapping of filaments extending from G. 
sulfurreducens provided additional insights into the potential 
interactions of cytochromes and pili (Lebedev et  al., 2019). 
Cells grown at 25°C with fumarate as the electron acceptor, 
a temperature that induces e-pili expression (Reguera et  al., 
2005), expressed filaments that atomic force microscopy indicated 
had a height (i.e. diameter) of 3.5 nm. The elemental composition 
of the filaments was consistent with that expected for filaments 
comprised of PilA pilin monomer (Lebedev et al., 2019). Energy 
dispersive X-ray spectroscopy (EDXS) detected iron, which 
appeared to be  associated with protein “bundles” randomly 
distributed along the filaments (Lebedev et  al., 2019). This 
pattern of putative iron-containing proteins along the filaments 
was similar to the patterns described above for immunogold 
labeling for OmcS (Leang et  al., 2010) and the distribution 
of globules along apparent e-pili associated with OmcS expression 
(Figure 8). Cells grown at 30°C, a temperature that inhibits 
e-pili expression (Reguera et  al., 2005), expressed filaments in 
which iron was more closely packed (Lebedev et  al., 2019). 
However, the height of these filaments was 2–3  nm, too thin 
for OmcS. Further investigation to identify the composition 
these filaments is warranted.

As noted above, during the most active phase of growth 
on fumarate, OmcS was associated with the outer cell surface 
(Leang et  al., 2010), demonstrating that OmcS is not always 
displayed as filaments extending at distance from the cell. 
In a similar manner, OmcS was associated with the cell surface 
in a mutant in which a gene near the PilA gene was deleted 
and PilA monomer was no longer expressed (Flanagan et  al., 
2017). The accumulation of OmcS on the outer surface, but 
a lack of filaments containing OmcS extending from the cell 
in this PilA-deficient strain (Figure 7) is consistent with the 
concept that OmcS is often associated with e-pili.

A potential explanation for the apparent association of OmcS 
with e-pili is the previously proposed (Lovley, 2006) role of 
OmcS as a conduit between cytochromes, like OmcB, which 
bring electrons to the outer surface, and e-pili. OmcS is known 
to be  associated with the outer surface of cells (Leang et  al., 
2010; Flanagan et  al., 2017) and could form chains along the 
outer surface between OmcB and e-pili. OmcS would need 
to establish a close association with e-pili for electron transfer. 
As e-pili are extended some OmcS may remain attached to 
the pilus and be  transported at distance from the cell along 
with that region of the pilus.

Wang et al. noted that some of the filaments in a previously 
published transmission electron micrograph of strain CL-1 

(Leang et al., 2013) appear to have the morphology of OmcS 
filaments (Wang et  al., 2019). Strain CL-1 is a mutant in 
which the gene for a protein with a PilZ domain was deleted 
(Leang et al., 2013). Proteins with PilZ domains have pleiotropic 
effects because of their post-translational mode of regulation 
of other proteins. Phenotypes in strain CL-1 included massive 
overexpression of OmcS and PilA, and the production of 
abundant exopolysaccharide not present in the wild-type 
cells (Leang et  al., 2013). Side by side comparison of the 
transmission electron microscope images of the filaments 
emanating from cells from strain CL-1 and wild-type cells 
(Leang et  al., 2013) demonstrate that some of the filaments 
associated with the CL-1 strain have a greater diameter and 
different morphology than the filaments associated with 
wild-type G. sulfurreducens (Figure 9). These results suggest 
that OmcS filament expression could be  induced in G. 
sulfurreducens through mutation, but that OmcS filaments 
were not abundant in wild-type cells.

Fortunately, the distinctive differences in the structure of 
OmcS filaments and e-pili should make it possible to better 
evaluate the presence of these filaments emanating from cells 
in the near future with high resolution imaging. Much of the 
previous imaging of G. sulfurreducens has been on cells grown 
on fumarate, an electron acceptor with little environmental 
relevance. Imaging of cells grown under conditions in which 
long-range extracellular electron transport is required should 
aid in further evaluation of the expression and function of 
OmcS filaments in vivo.

OmcS Filaments Are Not the Conduits for 
Long-Range Electron Transport Through 
Conductive Biofilms
Wang et  al. (Wang et  al., 2019) suggest that OmcS filaments 
are likely to play a role in long-range electron transport through 
electrically conductive biofilms. This conclusion ignores previous 
studies that demonstrated that OmcS was not required for G. 
sulfurreducens to produce high current densities or thick 
conductive biofilms (Malvankar et  al., 2011, 2012).

Wang et  al. (Wang et  al., 2019) point out that in early 
studies (Holmes et  al., 2006), an OmcS-deficient mutant  
of G. sulfurreducens produced less current than wild-type 
cells in “microbial fuel cells.” However, long-range electron 
transport is not necessary under these growth conditions 
because current densities are very low and the cells are in 
direct contact with the anode (Bond and Lovley, 2003;  
Reguera et  al., 2006).

Long-range electron transport is required in 
bioelectrochemical systems in which current densities are ca. 
15-fold higher and G. sulfurreducens produces thick (> 50 μm), 
electrically conductive biofilms, in which most of the cells 
donating electrons to the anode are not in direct contact with 
the anode. Deletion of omcS had no significant impact on 
current production in such systems (Nevin et al., 2009; Malvankar 
et al., 2011, 2012). In fact, deleting the gene for OmcS actually 
increased biofilm conductivity (Figure 10), even though the 
cytochrome content of the biofilm was decreased (Malvankar 
et  al., 2012). These results demonstrate that OmcS filaments 
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are not required for long-range electron transport and biofilm 
conductivity. The results contrast with the requirement for 
e-pili for higher current densities and conductive biofilms, as 
described in the next section.

Multiple Lines of Evidence for the Role of 
Electrically Conductive-Pili in Long-Range 
Electron Transport Through Conductive 
Biofilms
There is substantial evidence consistent with e-pili supporting 
long-range electron transport in conductive G. sulfurreducens 
biofilms. For example, as noted above, G. sulfurreducens strain 
Aro-5 express pili that are much less conductive than wild-type 
e-pili because alanine was substituted for key aromatic amino 
acids in the synthetic Aro-5 pilin monomer (Vargas et  al., 2013; 
Adhikari et  al., 2016). Strain Aro-5 expresses abundant OmcS 
(Figure 10), including OmcS localized along filaments (Vargas 
et  al., 2013). Yet biofilm conductivity of strain Aro-5 was ca. 
Ten-fold lower than wild-type (Vargas et  al., 2013). This was 
accompanied by the production of low currents, consistent with 
only cells near the anode contributing electrons. Similar 
modifications to the aromatic content of the pilin monomer to 
reduce pili conductivity also greatly diminished current densities 

in another study (Steidl et al., 2016). These are the results expected 
if e-pili form conductive networks enabling long-range electron 
transport through current-producing biofilms.

The need for e-pili in order for cells to produce high current 
densities was also demonstrated with strains of G. sulfurreducens 
expressing the genes for pilin monomers from other 
microorganisms that assemble into poorly conductive pili. 
Heterologous expression of the pilin gene from P. aeruginosa 
in G. sulfurreducens yielded a strain with poorly conductive 
pili, but even more outer-surface OmcS (Figure 10) than the 
wild-type strain (Liu et al., 2014). Immunogold labeling revealed 
OmcS associated with filaments. However, as with strain Aro-5, 
the capacity for current production diminished compared with 
the wild-type strain. As discussed earlier, heterologous expression 
of the G. uraniireducens pilin gene in G. sulfurreducens also 
yielded poorly conductive pili (Tan et al., 2016b). Despite abundant 
OmcS on the outer surface, the G. sulfurreducens strain 
heterologously expressing the G. uraniireducens pilin monomer 
gene could not produce high current densities (Tan et al., 2016b).

Continuous propagation of G. sulfurreducens on anodes poised 
at a low potential yielded G. sulfurreducens strain KN400 (Yi 
et  al., 2009). Strain KN400 expresses much less OmcS that the 
type strain of G. sulfurreducens and much more PilA (Yi et al., 2009). 
This was accompanied by the expression of abundant filaments 

FIGURE 9 | Transmission images of filaments from strain CL-1, which overexpresses OmcS, PilA, and exopolysaccharide (left) and wild-type cells (right). Images 
are a section of images that demonstrated the filaments emanating from cells. Images reproduced with permission from (Leang et al., 2013).
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(Figure 10), the capacity for significantly higher current 
production, and much more conductive biofilms, despite a much 
lower abundance of c-type cytochromes (Yi et al., 2009; Malvankar 
et  al., 2011, 2012). These results, as well as the other studies 
described in this section, are all consistent with e-pili, not OmcS 
filaments, conferring conductivity to G. sulfurreducens current-
producing biofilms.

Electrically Conductive-Pili Expression Is 
Required for Fe(III) Oxide Reduction but 
There Are Substitutes for OmcS
As noted above, OmcS was initially discovered due to its 
important role in Fe(III) oxide reduction (Mehta et  al., 2005). 
However, OmcS cannot accomplish Fe(III) oxide reduction 
without e-pili. The strains of G. sulfurreducens detailed in the 
previous section that heterologously expressed PilA pilin genes 
that yielded poorly conductive pili continued to express OmcS 
associated with outer-surface filaments, but were defective in 
Fe(III) oxide reduction (Vargas et  al., 2013; Liu et  al., 2014; 
Tan et  al., 2016b). These results are inconsistent with concept 
of OmcS filaments serving as the primary conduit for long-
range electron transport.

The capacity for Fe(III) oxide reduction in the OmcS-deficient 
mutant was restored with the addition of nano-particulate 
magnetite, (Liu et  al., 2015). The magnetite was intermittently 
dispersed along the pili and attached to cells, in a manner 
similar to that observed for OmcS in immunogold labeling 
studies (Liu et  al., 2015). Addition of magnetite to the G. 
sulfurreducens wild-type strain reduced transcript abundance 
of the gene for OmcS, suggesting that the cell regulated OmcS 
gene expression in response to the availability of an alternative 
that could serve the same function as OmcS. The magnetite 
was not simply substituting for hypothetical OmcS filaments 
because the presence of e-pili was required. Adding magnetite 
to cultures of pilA-deletion mutants did not enable Fe(III) 
oxide reduction (Liu et  al., 2015).

Observed Phenotypes Do Not Require 
OmcS Filaments Emanating at Distance 
From the Cell
As noted above, high resolution imaging of filaments emanating 
from cells will help further resolve whether OmcS filaments 
are a common feature of G. sulfurreducens growing under 
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FIGURE 10 | Multiple lines of evidence suggest that OmcS is not important in long-range electron transport. (A) Deleting OmcS increases biofilm conductivity. 
Shown is biofilm conductivity for wild-type cells (designated DL-1) grown with fumarate as an electron acceptor, as well as current-producing biofilms of wild-type 
cells (DL-1); a mutant strain in which genes for OmcS and OmcT were deleted (designated ST); and a strain in which genes for OmcB and OmcE were also deleted 
(designated BEST). Inset: Western immunoblot for OmcZ. M, marker; Lane-1, strain KN400; Lane-2, strain BEST; Lane-3, strain ST; Lane-4, wild-type; Lane-5, 
Fumarate-grown wild-type. (B) Transmission electron micrograph of strain KN400 demonstrating abundant filaments and SDS PAGE gels of (left) Western blot 
analysis for PilA pilin monomer of cells grown on anodes and (right) heme stain of outer surface cytochromes. (C,D) Immunogold labeling for OmcS in strain Aro-5 
(C) and a strain of G. sulfurreducens expressing the pilin monomer of P. aeruginosa (D). Both strains are deficient in current production and Fe(III) oxide reduction. 
(D) inset: heme-stained SDS PAGE gel of outer-surface proteins stained for heme demonstrating abundant OmcS in the mutant strain. Images are reproduced with 
permission from: (A) (Malvankar et al., 2012); (B) (Yi et al., 2009); (C) (Vargas et al., 2013); and (D) (Liu et al., 2014).
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conditions that require long-range extracellular electron transport. 
G. sulfurreducens strains in which the gene for OmcS was 
deleted exhibit phenotypes that indicate that OmcS is important 
for some forms of extracellular electron exchange, but in none 
of these instances would it be necessary for OmcS to be arranged 
as filaments. For example, a strain in which the gene for OmcS 
was deleted was incapable of Fe(III) oxide reduction (Mehta 
et al., 2005). However, in these instances OmcS localized along 
the surface of the cell may facilitate electron transport to e-pili 
(Mehta et  al., 2005; Lovley, 2006) or OmcS localized along 
e-pili may promote electron transport between e-pili and Fe(III) 
oxides (Lovley et al., 2011). Deletion of the OmcS gene inhibited 
electron uptake from zero valent iron, but the cells were in 
close association with the metal surface, and thus would not 
require long filaments of OmcS extending from the cell in 
order to establish electrical contact via OmcS (Tang et  al., 
2019). An OmcS-deficient mutant did not effectively grow as 
the electron-accepting partner in co-cultures with G. 
metallireducens as the electron-donating microorganism 
(Summers et  al., 2010), but the requirement that G. 
metallireducens express e-pili for co-culture growth (Ueki et al., 
2018) suggests that conduits other than OmcS are important 
for the long-range electron transport between the two species.

The physiology of G. uraniireducens may provide some 
further insight into the function of OmcS in extracellular 
electron transfer. OmcS homologs are only found in a few 
Geobacter species other than G. sulfurreducens (Butler et  al., 
2010). One of these is G. uraniireducens. G. uraniireducens is 
also one of the few Geobacter species without a gene homologous 
to the G. sulfurreducens PilA gene (Holmes et  al., 2016) and 
its PilA assembles into poorly conductive pili (Tan et al., 2016b). 
Unlike G. sulfurreducens (Smith et al., 2014) and G. metallireducens 
(Nevin and Lovley, 2000), which possess e-pili and must directly 
contact Fe(III) oxide in order to reduce it, G. uraniireducens 
produces a soluble electron shuttle and reduces Fe(III) oxide 
without direct contact (Tan et al., 2016b). If as proposed (Wang 
et  al., 2019) OmcS filaments, not e-pili, are an explanation 
for “the remarkable capacity of soil bacteria to transport electrons 
to remote electron acceptors for respiration” it would be expected 
that G. uraniireducens would express filaments of its OmcS 
homolog to facilitate long-range electron transport to Fe(III) 
oxides, but it instead produces an electron shuttle. In a similar 
manner, G. uraniireducens produces low current densities on 
anodes (Rotaru et  al., 2015), further indicating e-pili rather 
than cytochrome filaments are essential for long-range electron 
transport. These results suggest that the OmcS homolog of 
G. uraniireducens is not assembled into long filaments enabling 
long-range electron transport.

No Clear Role of PilA in OmcS Secretion
Wang et  al. (Wang et  al., 2019) state that “Multiple studies 
have shown that PilA is required for secretion of OmcS to 
the extracellular environment,” but there is substantial evidence 
that this concept is not correct. As noted above, a study of 
OmcS localization with immunogold labeling demonstrated 
that a mutant that did not express PilA still exported OmcS 

to the outer surface (Flanagan et  al., 2017). In some instances 
deletion of the gene for PilA has resulted in lower recovery 
of OmcS in outer-membrane protein preparations (Liu et  al., 
2018), but this is not always the case (Richter et  al., 2012; 
Steidl et  al., 2016).

The suggestion by Wang et  al. that “overexpression of PilA 
is also accompanied by overproduction of OmcS and filaments 
further suggesting that PilA is involved in secretion of OmcS 
filaments” is also not accurate. In multiple instances in which 
OmcS is expressed at higher levels the strains in fact express 
less PilA (Juarez et  al., 2009; Summers et  al., 2010; Shrestha 
et  al., 2013) and there are also instances in which expression 
of more PilA is associated with lower OmcS expression  
(Yi et  al., 2009; Malvankar et  al., 2011).

Culture Conditions Are a Key 
Consideration When Evaluating Protein 
Nanowire Expression
The claim by Wang et  al. that OmcS filaments are the primary 
protein nanowires expressed by G. sulfurreducens rest largely 
on the abundance of OmcS filaments in their outer-surface 
protein preparations that were apparent with cryo-electron 
microscopy (Wang et al., 2019). However, PilA is barely detectable 
in their filament preparations (Figure 11). This contrasts with 
the abundance of PilA in filament preparations of wild-type 
cells prepared from cells grown as thick, electrically conductive 
biofilms (Tan et  al., 2016b). In those filament preparations 
band densities for PilA in protein staining of SDS PAGE gels 
are at least equivalent to the density of OmcS bands (Figure 11). 
Given that the molecular weight of PilA is less than a fourth 
that of OmcS, this suggests that there are more PilA monomers 

FIGURE 11 | Comparison of the relative amounts of OmcS (at ca. 50 kDa) 
and PilA (at ca. 6 kDa) monomers in denatured filament preparations from G. 
sulfurreducens grown on anodes (left) in a “microbial fuel cell” or (right) a 
bioelectrochemical system that enables high current densities Image on left 
reproduced with permission from (Wang et al., 2019). Image on right 
reproduced with permission from (Tan et al., 2016b).
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than OmcS monomers in the outer-surface preparations. 
PilA is only detected when these filament preparations are 
treated with a harsh denaturation treatment demonstrating that 
the PilA monomers are present in e-pili (Tan et  al., 2016b). 
In contrast, OmcS was recovered as monomers even with 
milder denaturation procedures (Tan et al., 2016b), as previously 
reported (Cologgi et  al., 2011). These results are consistent 
with evidence from earlier studies that suggested that e-pili 
are abundant when cells are grown in thick conductive biofilms 
that require long-range electron transport.

One reason that Wang et al. recovered little PilA may be that 
the cells were grown in “microbial fuel cells,” a condition under 
which PilA gene expression is repressed and expression of the 
OmcS gene is upregulated (Holmes et  al., 2006). As discussed 
in a previous section, long-range electron transport is not 
important to cells under these conditions because the cells 
are in close contact with the anode surface.

Growth conditions are also an important consideration 
in the interpretation of the conclusion by Wang et  al. that 
OmcS filaments are more conductive than e-pili (Wang et al., 
2019). This conclusion was based on the low conductivity 
of filaments recovered from a strain in which the gene for 
OmcS was deleted (Wang et  al., 2019). Genetic manipulation 
of G. sulfurreducens and recovery of mutants are typically 
conducted with cells grown with fumarate as the electron 
acceptor (Coppi et  al., 2001). Continuous propagation on 
fumarate selects against e-pili expression and can yield cells 
that produce abundant filaments that are not e-pili (Klimes 
et  al., 2010). The filaments from the omcS-deletion mutant 
in the study by Wang et  al. had diameters (1.7  nm) much 
thinner than those expected for e-pili, suggesting that some 
as-yet-unidentified filaments were being evaluated. In order 
to recover e-pili from the OmcS gene deletion mutant it is 
important to grow this strain under conditions in which 
e-pili expression is required, such as thick current-producing 
biofilms. When G. sulfurreducens is grown in this manner 
filaments with high conductivities with the diameter consistent 
with e-pili, not OmcS, are recovered (Adhikari et  al., 2016; 
Tan et  al., 2017).

CONCLUSIONS

There is substantial evidence from multiple lines of investigation 
that the PilA pilin of G. sulfurreducens can assemble into 
e-pili and that e-pili facilitate long-range electron transport. 
An analysis of the current literature suggests that the available 
data does not support the conclusion (Wang et  al., 2019) 
that the discovery of OmcS filament structure “explains the 
remarkable capacity of soil bacteria to transport electrons to 
remote electron acceptors for respiration and energy sharing”. 
As reviewed in detail above, even for the limited example 
of G. sulfurreducens, there are clear instances in which OmcS 
is not required for long-range electron extracellular transport, 
such as through thick, electrically conductive biofilms. G. 
sulfurreducens can also reduce Fe(III) oxides without OmcS 

filaments, but not without e-pili. The physiology of G. 
uraniireducens suggests that broad expansion of the cytochrome 
filament concept to “soil bacteria” is not borne out even 
within the Geobacter genus. There are also many bacteria 
capable of extracellular electron exchange that lack outer-
surface cytochromes, but express e-pili (Sure et  al., 2016; 
Walker et  al., 2018a,b).

The assertion (Wang et al., 2019) that prior to the discovery 
of OmcS filaments, investigators routinely mistook OmcS 
filaments for e-pili ignores the great care that was taken in 
many studies to specifically rule out the possibility of cytochrome-
based filaments. More work is required to determine if G. 
sulfurreducens expresses OmcS filaments extending at distance 
from the cell under conditions that require long-range 
extracellular electron transport and to evaluate how OmcS 
interacts with other electron transport components. High-
resolution imaging of filaments associated with cells subjected 
to minimal processing is likely to be  a productive approach 
to better understanding in vivo function.

The potential routes for extracellular electron transfer in 
G. sulfurreducens appear to be complex and the study of electron 
transfer is complicated by the potential pleiotropic impact of 
single gene mutations and the ability of the cells to rapidly 
adapt to genetic disruption of the removal of one potential 
route for extracellular electron transfer with the increased 
expression of the proteins for another (Lovley et  al., 2011). 
Just one of many examples is the adaption of G. sulfurreducens 
to “go wireless” after long-term adaption to the genetic removal 
of the PilA gene by producing an electron shuttle (Smith et al., 
2014). The study of how different electron transport components 
interact may best be studied in a “minimal Geobacter” in which 
the genes for all potential routes for extracellular electron 
transfer are genetically removed and the interaction of a small 
number of components reintroduced into the cell can 
be examined to determine the requirements for each extracellular 
electron transport route.

In-depth investigation of the mechanisms for extracellular 
electron transfer in G. sulfurreducens should be  tempered by 
the consideration that an understanding of the fine details of 
extracellular electron exchange in one Geobacter strain may 
have little impact on many aspects of Geobacter ecology and 
applications in bioremediation and bioenergy (Lovley et  al., 
2011). Many of the extracellular electron transport components 
identified in G. sulfurreducens, including OmcS, are not conserved 
even in the closely related G. metallireducens (Butler et  al., 
2010; Smith et  al., 2013). Different strains of G. sulfurreducens 
have substantial differences in their approach to extracellular 
electron transfer (Yi et al., 2009; Butler et al., 2012). Furthermore, 
there is a broad diversity of microorganisms capable of 
extracellular electron exchange; protein nanowires are just one 
strategy for electrical contact outside the cell (Shi et  al., 2016; 
Lovley, 2017c,d). Understanding the broad concepts of e-pili 
function has helped identify diverse other microorganisms, 
including archaea, that may benefit from expressing conductive 
protein nanowires (Holmes et  al., 2016; Walker et  al., 2018a,b, 
2019). The further development of an understanding that c-type 
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cytochromes might form conductive filaments in vivo may 
be helpful in a similar way for identifying an enhanced diversity 
of microorganisms that electrically communicate with their 
extracellular environment.

Beyond their microbiological role, microbial protein nanowires 
are of interest because of the potential for biologically produced 
wires, or their biomimetic derivatives, to serve as conductive 
components in electronic devices (Lovley, 2017a; Creasey et al., 
2018; Gutermann and Gazit, 2018; Ing et  al., 2018). Studies 
with e-pili have demonstrated that it is possible to tune single 
wire nanowire conductivity (Adhikari et  al., 2016; Tan et  al., 
2016a, 2017) and surface properties (Ueki et al., 2019) through 
the design of synthetic pilin monomers. The potential to 
heterologously express e-pili in other microorganisms (Liu 
et  al., 2019) offers the possibility of mass production in a 
specifically designed chassis microorganism in which e-pili are 
the only filaments produced. OmcS filaments offer a nanowire 
structure and properties much different than e-pili, expanding 
the options for nanowire design. Exciting possibilities in the 
development of sustainable composite materials, wearable sensors, 

and memory and energy harvesting devices (Lovley, 2017a; 
Sun et  al., 2018) can be  expected to propel further study of 
microbially produced protein nanowires.

AUTHOR CONTRIBUTIONS

DL wrote the initial version of the manuscript after extensive 
discussions with DW who made substantive suggestions for 
subsequent revisions.

FUNDING

This research was supported by the Army Research Office and 
was accomplished under Grant Number W911NF-17-1-0345. 
The views and conclusions contained in this document are 
those of the authors and should not be interpreted as representing 
the official policies, either expressed or implied, of the Army 
Research Office or the U.S. Government.

 

REFERENCES

Adhikari, R. Y., Malvankar, N. S., Tuominen, M. T., and Lovley, D. R. (2016). 
Conductivity of individual Geobacter pili. RSC Adv. 6, 8354–8357. doi: 
10.1039/C5RA28092C

Albers, S.-V., and Jarrell, K. F. (2018). The archaellum: an update on the unique 
archaeal motility structure. Trends Microbiol. 26, 351–362. doi: 10.1016/j.
tim.2018.01.004

Alvarez De Eulate, E., O’sullivan, S., and Arrigan, D. W. M. (2017). Electrochemically 
induced formation of cytochrome c oligomers at soft interfaces. 
ChemElectroChem 4, 898–904. doi: 10.1002/celc.201600851

Anderson, R. T., Rooney-Varga, J., Gaw, C. V., and Lovley, D. R. (1998). 
Anaerobic benzene oxidation in the Fe(III)-reduction zone of petroleum-
contaminated aquifers. Environ. Sci. Technol. 32, 1222–1229. doi: 10.1021/
es9704949

Anderson, R. T., Vrionis, H. A., Ortiz-Bernad, I., Resch, C. T., Peacock, A. D., 
Dayvault, R., et  al. (2003). Stimulated in situ activity of Geobacter species 
to remove uranium from the groundwater of a uranium-contaminated aquifer. 
Appl. Environ. Microbiol. 69, 5884–5891. doi: 10.1128/AEM.69.10.5884-5891.2003

Bond, D. R., and Lovley, D. R. (2003). Electricity production by Geobacter 
sulfurreducens attached to electrodes. Appl. Environ. Microbiol. 69, 1548–1555. 
doi: 10.1128/AEM.69.3.1548-1555.2003

Bornhorst, J. A., and Falke, J. J. (2000). Purification of proteins using polyhistidine 
affinity tags. Methods Enzymol. 326, 245–254. doi: 10.1016/S0076-6879(00)26058-8

Butler, J. E., Young, N. D., and Lovley, D. R. (2010). Evolution of electron 
transfer out of the cell: comparative genomics of six Geobacter genomes. 
BMC Genomics 11:40. doi: 10.1186/1471-2164-11-40

Butler, J. E., Young, N. D., Aklujakr, M., and Lovley, D. R. (2012). Comparative 
genomic analysis of Geobacter sulfurreducens KN400, a strain with enhanced 
capacity for extracellular electron transfer and electricity production. BMC 
Genomics 13:471. doi: 10.1186/1471-2164-13-471

Chen, Z., Zhang, Y., Luo, Q., Wang, L., Liu, S., Peng, Y., et al. (2019). Maghemite 
(γ-Fe2O3) nanoparticles enhance dissimilatory ferrihydrite reduction by 
Geobacter sulfurreducens: impacts on iron mineralogical change and bacterial 
interactions. J. Environ. Sci. 78, 193–203. doi: 10.1016/j.jes.2018.09.021

Childers, S. E., Ciufo, S., and Lovley, D. R. (2002). Geobacter metallireducens 
accesses insoluble Fe(III) oxide by chemotaxis. Nature 416, 767–769. doi: 
10.1038/416767a

Cologgi, D. L., Lampa-Pastirk, S., Speers, A. M., Kelly, S. D., and Reguera, G. 
(2011). Extracellular reduction of uranium via Geobacter conductive pili 
as a protective cellular mechanism. Proc. Natl. Acad. Sci. USA 108, 15248–15252. 
doi: 10.1073/pnas.1108616108

Coppi, M. V., Leang, C., Sandler, S. J., and Lovley, D. R. (2001). Development 
of a genetic system for Geobacter sulfurreducens. Appl. Environ. Microbiol. 
67, 3180–3187. doi: 10.1128/AEM.67.7.3180-3187.2001

Creasey, R. C. G., Mostert, A. B., Nguyen, T. A. H., Virdis, B., Freguia, S., and 
Laycock, B. (2018). Microbial nanowires−electron transport and the role of 
synthetic analogues. Acta Biomater. 69, 1–30. doi: 10.1016/j.actbio.2018.01.007

Filman, D. J., Marino, S. F., Ward, J. E., Yang, L., Mester, Z., Bullitt, E., et  al. 
(2019). Cryo-EM reveals the structural basis of long-range electron transport 
in a cytochrome-based bacterial nanowire. Commun. Biol. 2:219. doi: 10.1038/
s42003-019-0448-9

Flanagan, K. A., Leang, C., Ward, J. E., and Lovley, D. R. (2017). Improper 
localization of the OmcS cytochrome may explain the inability of the xapD-
deficient mutant of Geobacter sulfurreducens to reduce Fe(III) oxide. bioRxiv 
[Preprint]. 114900. doi: 10.1101/114900

Gorby, Y., and Lovley, D. R. (1991). Electron transport in the dissimilatory 
iron-reducer, GS-15. Appl. Environ. Microbiol. 57, 867–870

Gutermann, T., and Gazit, E. (2018). Toward peptide-based bioelectronics: 
reductionist design of conductive pili mimetics. Bioelectron. Med. 1, 131–137. 
doi: 10.2217/bem-2018-0003

Haldar, S., Sil, P., Thangamuniyandi, M., and Chattopadhyay, K. (2015). Conversion 
of amyloid fibrils of cytochrome c to mature nanorods through a honeycomb 
morphology. Langmuir 31, 4213–4223. doi: 10.1021/la5029993

Hirota, S. (2019). Oligomerization of cytochrome c, myoglobin, and related 
heme proteins by 3D domain swapping. J. Inorg. Biochem. 194, 170–179. 
doi: 10.1016/j.jinorgbio.2019.03.002

Hirota, S., Hattori, Y., Nagao, S., Taketa, M., Komori, H., Kamikubo, H., et  al. 
(2010). Cytochrome c polymerization by successive domain swapping at the 
C-terminal helix. Proc. Natl. Acad. Sci. USA 107, 12854–12859. doi: 10.1073/
pnas.1001839107

Holmes, D. E., Chaudhuri, S. K., Nevin, K. P., Mehta, T., Methe, B. A., Liu, A., 
et al. (2006). Microarray and genetic analysis of electron transfer to electrodes 
in Geobacter sulfurreducens. Env. Microbiol. 8, 1805–1815. doi: 10.1111/ 
j.1462-2920.2006.01065.x

Holmes, D. E., Dang, Y., Walker, D. J. F., and Lovley, D. R. (2016). The 
electrically conductive pili of Geobacter species are a recently evolved 
feature for extracellular electron transfer. Microb. Genom. 2. doi: 10.1099/
mgen.0.000072

Holmes, D. E., Shrestha, P. M., Walker, D. J. F., Dang, Y., Nevin, K. P., 
Woodard, T. L., et  al. (2017). Metatranscriptomic evidence for direct 
interspecies electron transfer between Geobacter and Methanothrix species 
in rice paddy soils. Appl. Environ. Microbiol. 83, e00223–17. doi: 10.1128/
AEM.00223-17

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1039/C5RA28092C
https://doi.org/10.1016/j.tim.2018.01.004
https://doi.org/10.1016/j.tim.2018.01.004
https://doi.org/10.1002/celc.201600851
https://doi.org/10.1021/es9704949
https://doi.org/10.1021/es9704949
https://doi.org/10.1128/AEM.69.10.5884-5891.2003
https://doi.org/10.1128/AEM.69.3.1548-1555.2003
https://doi.org/10.1016/S0076-6879(00)26058-8
https://doi.org/10.1186/1471-2164-11-40
https://doi.org/10.1186/1471-2164-13-471
https://doi.org/10.1016/j.jes.2018.09.021
https://doi.org/10.1038/416767a
https://doi.org/10.1073/pnas.1108616108
https://doi.org/10.1128/AEM.67.7.3180-3187.2001
https://doi.org/10.1016/j.actbio.2018.01.007
https://doi.org/10.1038/s42003-019-0448-9
https://doi.org/10.1038/s42003-019-0448-9
https://doi.org/10.2217/bem-2018-0003
https://doi.org/10.1021/la5029993
https://doi.org/10.1016/j.jinorgbio.2019.03.002
https://doi.org/10.1073/pnas.1001839107
https://doi.org/10.1073/pnas.1001839107
https://doi.org/10.1111/j.1462-2920.2006.01065.x
https://doi.org/10.1111/j.1462-2920.2006.01065.x
https://doi.org/10.1099/mgen.0.000072
https://doi.org/10.1099/mgen.0.000072
https://doi.org/10.1128/AEM.00223-17
https://doi.org/10.1128/AEM.00223-17


Lovley and Walker Geobacter Protein Nanowires

Frontiers in Microbiology | www.frontiersin.org 17 September 2019 | Volume 10 | Article 2078

Ing, N. L., Nusca, T. D., and Hochbaum, A. I. (2017). Geobacter sulfurreducens 
pili support ohmic electronic conduction in aqueous solution. Phys Chem 
Chem Phys 19, 21791–21799. doi: 10.1039/c7cp03651e

Ing, N. L., El-Naggar, M. Y., and Hochbaum, A. I. (2018). Going the distance: 
long-range conductivity in protein and peptide bioelectronic materials. 
J. Phys. Chem. B 122, 1043–10423. doi: 10.1021/acs.jpcb.8b07431

Inoue, K., Leang, C., Franks, A. E., Woodard, T. L., Nevin, K. P., and Lovley, D. R. 
(2010a). Specific localization of the c-type cytochrome OmcZ at the anode 
surface in current-producing biofilms of Geobacter sulfurreducens. Environ. 
Microbiol. Rep. 3, 211–217. doi: 10.1111/j.1758-2229.2010.00210.x

Inoue, K., Qian, X., Morgado, L., Kim, B.-C., Mester, T., Izallalen, M., et al. (2010b). 
Purification and characterization of OmcZ an outer-surface, octaheme c-type 
cytochrome essential for optimal current production by Geobacter sulfurreducens. 
Appl. Environ. Microbiol. 76, 3999–4007. doi: 10.1128/AEM.00027-10

Juarez, K., Kim, B.-C., Nevin, K. P., Olvera, L., Reguera, G., Lovley, D. R., 
et  al. (2009). PilR, a transcriptional regulator for pilin and other genes 
required for Fe(III) reduction in Geobacter sulfurreducens. J. Mol. Microbiol. 
Biotechnol. 16, 146–158. doi: 10.1159/000115849

Klimes, A., Franks, A. E., Glaven, R. H., Tran, H. T., Barrett, C. L., Qiu, Y., 
et  al. (2010). Production of pilus-like filaments in Geobacter sulfurreducens 
in the absence of the type IV PilA protein PIlA. FEMS Microb. Lett. 310, 
62–68. doi: 10.1111/j.1574-6968.2010.02046.x

Lampa-Pastirk, S., Veazey, J. P., Walsh, K. A., Feliciano, G. T., Steidl, R. J., 
Tessmer, S., et  al. (2016). Thermally activated charge transport in microbial 
protein nanowires. Sci. Rep. 6:23517. doi: 10.1038/srep23517

Leang, C., Coppi, M. V., and Lovley, D. R. (2003). OmcB, a c-type polyheme 
cytochrome, involved in Fe(III) reduction in Geobacter sulfurreducens. 
J. Bacteriol. 185, 2096–2103. doi: 10.1128/JB.185.7.2096-2103.2003

Leang, C., Qian, X., Mester, T., and Lovley, D. R. (2010). Alignment of the 
c-type cytochrome OmcS along pili of Geobacter sulfurreducens. Appl. Environ. 
Microbiol. 76, 4080–4084. doi: 10.1128/AEM.00023-10

Leang, C., Malvankar, N. S., Franks, A. E., Nevin, K. P., and Lovley, D. R. 
(2013). Engineering Geobacter sulfurreducens to produce a highly cohesive 
conductive matrix with enhanced capacity for current production. Energy 
Environ. Sci. 6, 1901–1908. doi: 10.1039/c3ee40441b

Lebedev, N., Stroud, R. M., Yates, M. D., and Tender, L. M. (2019). Spatially 
resolved chemical analysis of G. sulfurreducens cell surface. ACS Nano 13, 
4834–4842. doi: 10.1021/acsnano.9b02032

Liu, F., Rotaru, A.-E., Shrestha, P. M., Malvankar, N. S., Nevin, K. P., and 
Lovley, D. R. (2015). Magnetite compensates for the lack of a pilin-assoicated 
c-type cytochrome in extracellular electron exchange. Environ. Microbiol. 
17, 648–655. doi: 10.1111/1462-2920.12485

Liu, X., Tremblay, P.-L., Malvankar, N. S., Nevin, K. P., Lovley, D. R., and 
Vargas, M. (2014). A Geobacter sulfurreducens strain expressing Pseudomonas 
aeruginosa type IV pili localizes OmcS on pili but is deficient in Fe(III) 
oxide reduction and current production. Appl. Environ. Microbiol. 80, 
1219–1224. doi: 10.1128/AEM.02938-13

Liu, X., Zhuo, S., Rensing, C., and Zhou, J. (2018). Syntrophic growth with 
direct interspecies electron transfer between pili-free Geobacter species. 
ISME J. 12, 2142–2151. doi: 10.1038/s41396-018-0193-y

Liu, X., Wang, S., Xu, A., Zhang, L., Liu, H., and Ma, L. Z. (2019). Biological 
synthesis of high-conductive pili in aerobic bacterium Pseudomonas aeruginosa. 
Appl. Microbiol. Biotechnol. 103, 1535–1544. doi: 10.1007/s00253-018-9484-5

Lovley, D. R. (1995). Microbial reduction of iron, manganese, and other metals. 
Adv. Agron. 54, 175–231.

Lovley, D. R. (2003). Cleaning up with genomics: applying molecular biology 
to bioremediation. Nature Rev. Microbiol. 1, 35–44. doi: 10.1038/nrmicro731

Lovley, D. R. (2006). Bug juice: harvesting electricity with microorganisms. 
Nature Rev. Microbiol. 4, 497–508. doi: 10.1038/nrmicro1442

Lovley, D. R. (2011). Live wires: direct extracellular electron exchange for 
bioenergy and the bioremediation of energy-related contamination. 
Energy Environ. Sci. 4, 4896–4906. doi: 10.1039/c1ee02229f

Lovley, D. R. (2017a). e-Biologics: fabrication of sustainable electronics with 
‘green’ biological materials. mBio 8, e00695–17. doi: 10.1128/mBio.00695-17

Lovley, D. R. (2017b). Electrically conductive pili: biological function and 
potential applications in electronics. Curr. Opin. Electrochem. 4, 190–198. 
doi: 10.1016/j.coelec.2017.08.015

Lovley, D. R. (2017c). Happy together: microbial communities that hook up 
to swap electrons. ISME J. 11, 327–336. doi: 10.1038/ismej.2016.136

Lovley, D. R. (2017d). Syntrophy goes electric: direct interspecies electron transfer. 
Ann. Rev. Microbiol. 71, 643–664. doi: 10.1146/annurev-micro-030117-020420

Lovley, D. R., Baedecker, M. J., Lonergan, D. J., Cozzarelli, I. M., Phillips, E. J. P., 
and Siegel, D. I. (1989). Oxidation of aromatic contaminants coupled to 
microbial iron reduction. Nature 339, 297–299. doi: 10.1038/339297a0

Lovley, D. R., Phillips, E. J. P., Gorby, Y. A., and Landa, E. R. (1991). Microbial 
reduction of uranium. Nature 350, 413–416. doi: 10.1038/350413a0

Lovley, D. R., Giovannoni, S. J., White, D. C., Champine, J. E., Phillips, E. J. P., 
Gorby, Y. A., et  al. (1993). Geobacter metallireducens gen. nov. sp. nov., a 
microorganism capable of coupling the complete oxidation of organic 
compounds to the reduction of iron and other metals. Arch. Microbiol. 159, 
336–344. doi: 10.1007/BF00290916

Lovley, D. R., Holmes, D. E., and Nevin, K. P. (2004). Dissimilatory Fe(III) 
and Mn(IV) reduction. Adv. Microb. Phys. 49, 219–286. doi: 10.1016/
S0065-2911(04)49005-5

Lovley, D. R., Ueki, T., Zhang, T., Malvankar, N. S., Shrestha, P. M., Flanagan, K., 
et  al. (2011). Geobacter: the microbe electric’s physiology, ecology, and 
practical applications. Adv. Microb. Physiol. 59, 1–100. doi: 10.1016/
B978-0-12-387661-4.00004-5

Mahadevan, R., Palsson, B. O., and Lovley, D. R. (2011). In situ to in silico 
and back: elucidating the physiology and ecology of Geobacter spp. using 
genome-scale modelling. Nat. Rev. Microbiol. 9, 39–50. doi: 10.1038/
nrmicro2456

Malvankar, N. S., Vargas, M., Nevin, K. P., Franks, A. E., Leang, C., Kim, B.-C., 
et  al. (2011). Tunable metallic-like conductivity in nanostructured biofilms 
comprised of microbial nanowires. Nat. Nanotechnol. 6, 573–579. doi: 10.1038/
nnano.2011.119

Malvankar, N. S., Tuominen, M. T., and Lovley, D. R. (2012). Lack of involvement 
of c-type cytochromes in long-range electron transport in microbial biofilms 
and nanowires. Energy Environ. Sci. 5, 8651–8659. doi: 10.1039/c2ee22330a

Malvankar, N. S., Yalcin, S. E., Tuominen, M. T., and Lovley, D. R. (2014). 
Visualization of charge propagation along individual pili proteins using 
ambient electrostatic force microscopy. Nat. Nanotechnol. 9, 1012–1017. doi: 
10.1038/nnano.2014.236

Malvankar, N. S., Vargas, M., Nevin, K. P., Tremblay, P.-L., Evans-Lutterodt, K., 
Nykypanchuk, D., et al. (2015). Structural basis for metallic-like conductivity 
in microbial nanowires. mBio 6, e00084–15. doi: 10.1128/mBio.00084-15

Martins, G., Salvador, A. F., Pereira, L., and Alves, M. M. (2018). Methane 
production and conductive materials: a critical review. Environ. Sci. Technol. 
52, 10241–10253. doi: 10.1021/acs.est.8b01913

Mehta, T., Coppi, M. V., Childers, S. E., and Lovley, D. R. (2005). Outer 
membrane c-type cytochromes required for Fe(III) and Mn(IV) oxide 
reduction in Geobacter sulfurreducens. Appl. Environ. Microbiol. 71, 8634–8641. 
doi: 10.1128/AEM.71.12.8634-8641.2005

Mehta, T., Childers, S. E., Glaven, R., Lovley, D. R., and Mester, T. (2006). 
A putative multicopper protein secreted by an atypical type II secretion 
system involved in the reduction of insoluble electron acceptors in Geobacter 
sulfurreducens. Microbiology 152, 2257–2264. doi: 10.1099/mic.0.28864-0

Morita, M., Malvankar, N. S., Franks, A. E., Summers, Z. M., Giloteaux, L., 
Rotaru, A. E., et  al. (2011). Potential for direct interspecies electron transfer 
in methanogenic wastewater digester aggregates. mBio 2, e00159–11. doi: 
10.1128/mBio.00159-11

Nevin, K. P., and Lovley, D. R. (2000). Lack of production of electron-shuttling 
compounds or solubilization of Fe(III) during reduction of insoluble Fe(III) 
oxide by Geobacter metallireducens. Appl. Environ. Microbiol. 66, 2248–2251. 
doi: 10.1128/AEM.66.5.2248-2251.2000

Nevin, K. P., Kim, B.-C., Glaven, R. H., Johnson, J. P., Woodard, T. L., 
Methé, B. A., et  al. (2009). Anode biofilm transcriptomics reveals outer 
surface components essential for high current power production in Geobacter 
sulfurreducens fuel cells. PLoS One 4:e5628. doi: 10.1371/journal.pone.0005628

Nucara, A., Carbone, M., Ripanti, F., Manganiello, R., Postorino, P., and 
Caronaro, M. (2019). Achieving cytochrome c fibril/aggregate control towards 
micro-platelets and micro-fibers by tuning pH and protein concentration: 
a combined morphological and spectroscopic analysis. Int. J. Biol. Macromol. 
138, 106–115. doi: 10.1016/j.ijbiomac.2019.07.060

Poweleit, N., Ge, P., Nguyen, H. N., Loo, R. R. O., Gunsalus, R. P., and 
Zhou, Z. H. (2016). CryoEM structure of the Methanospirillum hungatei 
archaellum reveals structural features distinct from the bacterial flagellum 
and type IV pilus. Nat. Microbiol. 2:16222. doi: 10.1038/nmicrobiol.2016.264

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1039/c7cp03651e
https://doi.org/10.1021/acs.jpcb.8b07431
https://doi.org/10.1111/j.1758-2229.2010.00210.x
https://doi.org/10.1128/AEM.00027-10
https://doi.org/10.1159/000115849
https://doi.org/10.1111/j.1574-6968.2010.02046.x
https://doi.org/10.1038/srep23517
https://doi.org/10.1128/JB.185.7.2096-2103.2003
https://doi.org/10.1128/AEM.00023-10
https://doi.org/10.1039/c3ee40441b
https://doi.org/10.1021/acsnano.9b02032
https://doi.org/10.1111/1462-2920.12485
https://doi.org/10.1128/AEM.02938-13
https://doi.org/10.1038/s41396-018-0193-y
https://doi.org/10.1007/s00253-018-9484-5
https://doi.org/10.1038/nrmicro731
https://doi.org/10.1038/nrmicro1442
https://doi.org/10.1039/c1ee02229f
https://doi.org/10.1128/mBio.00695-17
https://doi.org/10.1016/j.coelec.2017.08.015
https://doi.org/10.1038/ismej.2016.136
https://doi.org/10.1146/annurev-micro-030117-020420
https://doi.org/10.1038/339297a0
https://doi.org/10.1038/350413a0
https://doi.org/10.1007/BF00290916
https://doi.org/10.1016/S0065-2911(04)49005-5
https://doi.org/10.1016/S0065-2911(04)49005-5
https://doi.org/10.1016/B978-0-12-387661-4.00004-5
https://doi.org/10.1016/B978-0-12-387661-4.00004-5
https://doi.org/10.1038/nrmicro2456
https://doi.org/10.1038/nrmicro2456
https://doi.org/10.1038/nnano.2011.119
https://doi.org/10.1038/nnano.2011.119
https://doi.org/10.1039/c2ee22330a
https://doi.org/10.1038/nnano.2014.236
https://doi.org/10.1128/mBio.00084-15
https://doi.org/10.1021/acs.est.8b01913
https://doi.org/10.1128/AEM.71.12.8634-8641.2005
https://doi.org/10.1099/mic.0.28864-0
https://doi.org/10.1128/mBio.00159-11
https://doi.org/10.1128/AEM.66.5.2248-2251.2000
https://doi.org/10.1371/journal.pone.0005628
https://doi.org/10.1016/j.ijbiomac.2019.07.060
https://doi.org/10.1038/nmicrobiol.2016.264


Lovley and Walker Geobacter Protein Nanowires

Frontiers in Microbiology | www.frontiersin.org 18 September 2019 | Volume 10 | Article 2078

Qian, X., Mester, T., Morgado, L., Arakawa, T., Sharma, M. L., Inoue, K., et  al. 
(2011). Biochemical characterization of purified OmcS, a C-type cytochrome 
required for insoluble Fe(III) reduction in Geobacter sulfurreducens. Biochim. 
Biophys. Acta 1807, 404–412. doi: 10.1016/j.bbabio.2011.01.003

Reguera, G., McCarthy, K. D., Mehta, T., Nicoll, J. S., Tuominen, M. T., and 
Lovley, D. R. (2005). Extracellular electron transfer via microbial nanowires. 
Nature 435, 1098–1101. doi: 10.1038/nature03661

Reguera, G., Nevin, K. P., Nicoll, J. S., Covalla, S. F., Woodard, T. L., and 
Lovley, D. R. (2006). Biofilm and nanowire production leads to increased 
current in Geobacter sulfurreducens fuel cells. Appl. Environ. Microbiol. 72, 
7345–7348. doi: 10.1128/AEM.01444-06

Richter, L. V., Sandler, S. J., and Weis, R. M. (2012). Two isoforms of Geobacter 
sulfurreducens PilA have distinct roles in pilus biogenesis, cytochrome 
localization, extracellular electron transfer, and biofilm formation. J. Bacteriol. 
194, 2551–2563. doi: 10.1128/JB.06366-11

Rooney-Varga, J. N., Anderson, R. T., Fraga, J. L., Ringelberg, D., and Lovley, D. R. 
(1999). Microbial communities associated with anaerobic benzene degradation 
in a petroleum-contaminated aquifer. Appl. Environ. Microbiol. 65, 3056–3064

Rotaru, A.-E., Shrestha, P. M., Liu, F., Shrestha, M., Shrestha, D., Embree, M., 
et  al. (2014). A new model for electron flow during anaerobic digestion: 
direct interspecies electron transfer to Methanosaeta for the reduction of 
carbon dioxide to methane. Energy Environ. Sci. 7, 408–415. doi: 10.1039/
C3EE42189A

Rotaru, A.-E., Woodard, T. L., Nevin, K. P., and Lovley, D. R. (2015). Link 
between capacity for current production and syntrophic growth in Geobacter 
species. Front. Microbiol. 6:744. doi: 10.3389/fmicb.2015.00744

Ru, X., Zhang, P., and Beratan, D. N. (2019). Assessing possible mechanisms 
of micrometer scale electron transfer in heme free Geobacter sulfurreducens 
pili. J. Phys. Chem. B 123, 5035–5057. doi: 10.1021/acs.jpcb.9b01086

Shi, L., Dong, H., Reguera, G., Beyenal, H., Lu, A., Liu, J., et  al. (2016). 
Extracellular electron transfer mechanisms between microorganisms and 
minerals. Nat. Rev. Microbiol. 14, 651–662. doi: 10.1038/nrmicro.2016.93

Shrestha, P. M., Rotaru, A.-E., Summers, Z. M., Shrestha, M., Liu, F., and 
Lovley, D. R. (2013). Transcriptomic and genetic analysis of direct interspecies 
electron transfer. Appl. Environ. Microbiol. 79, 2397–2404. doi: 10.1128/
AEM.03837-12

Smith, J. A., Lovley, D. R., and Tremblay, P. L. (2013). Outer cell surface 
components essential for Fe(III) oxide reduction by Geobacter metallireducens. 
Appl. Environ. Microbiol. 79, 901–907. doi: 10.1128/AEM.02954-12

Smith, J. A., Tremblay, P.-L., Shrestha, P. M., Snoeyenbos-West, O. L., Franks, A. E., 
Nevin, K. P., et  al. (2014). Going wireless: Fe(III) oxide reduction without 
pili by Geobacter sulfurreducens strain JS-1. Appl. Environ. Microbiol. 80, 
4331–4340. doi: 10.1128/AEM.01122-14

Steidl, R. J., Lampa-Pastirk, S., and Reguera, G. (2016). Mechanistic stratification 
in electroactive biofilms of Geobacter sulfurreducens mediated by pilus 
nanowires. Nat. Commun. 7:12217. doi: 10.1038/ncomms12217

Summers, Z. M., Fogarty, H., Leang, C., Franks, A. E., Malvankar, N. S., and 
Lovley, D. R. (2010). Direct exchange of electrons within aggregates of an 
evolved syntrophic co-culture of anaerobic bacteria. Science 330, 1413–1415. 
doi: 10.1126/science.1196526

Sun, Y.-L., Tang, H.-Y., Ribbe, A., Duzhko, V., Woodard, T. L., Ward, J. E., 
et  al. (2018). Conductive composite materials fabricated with microbially 
produced protein nanowires. Small 14:1802624. doi: 10.1002/smll.201802624

Sure, S., Ackland, M. L., Torriero, A. J., Adholeya, A., and Kochar, M. (2016). 
Microbial nanowires: an electrifying tale. Microbiology 162, 2017–2028. doi: 
10.1099/mic.0.000382

Tan, Y., Adhikari, R. Y., Malvankar, N. S., Pi, S., Ward, J. E., Woodard, T. L., 
et  al. (2016a). Synthetic biological protein nanowires with high conductivity. 
Small 12, 4481–4485. doi: 10.1002/smll.201601112

Tan, Y., Adhikari, R. Y., Malvankar, N. S., Ward, J. E., Nevin, K. P., Woodard, T. L., 
et al. (2016b). The low conductivity of Geobacter uraniireducens pili suggests 

a diversity of extracellular electron transfer mechanisms in the genus Geobacter. 
Front. Microbiol. 7:980. doi: 10.3389/fmicb.2016.00980

Tan, Y., Adhikari, R. Y., Malvankar, N. S., Ward, J. E., Woodard, T. L., Nevin, K. P., 
et  al. (2017). Expressing the Geobacter metallireducens PilA in Geobacter 
sulfurreducens yields pili with exceptional conductivity. mBio 8, e02203–16. 
doi: 10.1128/mBio.02203-16

Tang, H.-Y., Holmes, D. E., Ueki, T., Palacios, P. A., and Lovley, D. R. (2019). 
Iron corrosion via direct metal-microbe electron transfer. mBio 10, e00303–19. 
doi: 10.1128/mBio.00303-19

Tran, H. T. (2009). Investigation of chemotaxis genes and their functions in 
Geobacter species. Open Access Dissertations. 129. Available at: https://
scholarworks.umass.edu/open_access_dissertations/129

Ueki, T., Nevin, K. P., Rotaru, A.-E., Wang, L.-Y., Ward, J. E., Woodard, T. L., 
et  al. (2018). Geobacter strains expressing poorly conductive pili reveal 
constraints on direct interspecies electron transfer mechanisms. mBio 9, 
e01273–18. doi: 10.1128/mBio.01273-18

Ueki, T., Walker, D. J. F., Tremblay, P.-L., Nevin, K. P., Ward, J. E., Woodard, T. L., 
et  al. (2019). Decorating the outer surface of microbially produced protein 
nanowires with peptides. ACS Synth. Biol. 8, 1809–1817. doi: 10.1021/
acssynbio.9b00131

Vargas, M., Malvankar, N. S., Tremblay, P.-L., Leang, C., Smith, J. A., Patel, P., 
et  al. (2013). Aromatic amino acids required for pili conductivity and long-
range extracellular electron transport in Geobacter sulfurreducens. mBio 4, 
e00105–13. doi: 10.1128/mBio.00105-13

Veazey, J. P., Reguera, G., and Tessmer, S. H. (2011). Electronic properties of 
conductive pili of the metal-reducing bacterium Geobacter sulfurreducens 
probed by scanning tunneling microscopy. Phys. Rev. 84:060901. doi: 10.1103/
PhysRevE.84.060901

Walker, D. J. F., Adhikari, R. Y., Holmes, D. E., Ward, J. E., Woodard, T. L., 
Nevin, K. P., et  al. (2018a). Electrically conductive pili from genes of 
phylogenetically diverse microorganisms. ISME J. 12, 48–58. doi: 10.1038/
ismej.2017.141

Walker, D. J. F., Nevin, K. P., Nonnenmann, S. S., Holmes, D. E., Woodard, T. L., 
Ward, J. E., et al. (2018b). Syntrophus conductive pili demonstrate that common 
hydrogen-donating syntrophs can have a direct electron transfer option. bioRxiv 
[Preprint]. Available at: https://www.biorxiv.org/content/10.1101/479683v2

Walker, D. J. F., Martz, E., Holmes, D. E., Zhou, Z., Nonnenmann, S. S., and 
Lovley, D. R. (2019). The archaellum of Methanospirillum hungatei is electrically 
conductive. mBio 10, e00579–19. doi: 10.1128/mBio.00579-19

Wang, F., Gu, Y., O’brien, J. P., Yi, S. M., Yalcin, S. E., Srikanth, V., et  al. 
(2019). Structure of microbial nanowires reveals stacked hemes that transport 
electrons over micrometers. Cell 177, 361–369. doi: 10.1016/j.cell.2019.03.029

Yi, H., Nevin, K. P., Kim, B.-C., Franks, A. E., Klimes, A., Tender, L. M., 
et al. (2009). Selection of a variant of Geobacter sulfurreducens with enhanced 
capacity for current production in microbial fuel cells. Biosens. Bioelectron. 
24, 3498–3503. doi: 10.1016/j.bios.2009.05.004

Yun, J., Malvankar, N. S., Ueki, T., and Lovley, D. R. (2015). Functional 
environmental proteomics: elucidating the role of a c-type cytochrome 
abundant during uranium bioremediation. ISME J. 10, 310–320. doi: 10.1038/
ismej.2015.113

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Copyright © 2019 Lovley and Walker. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.bbabio.2011.01.003
https://doi.org/10.1038/nature03661
https://doi.org/10.1128/AEM.01444-06
https://doi.org/10.1128/JB.06366-11
https://doi.org/10.1039/C3EE42189A
https://doi.org/10.1039/C3EE42189A
https://doi.org/10.3389/fmicb.2015.00744
https://doi.org/10.1021/acs.jpcb.9b01086
https://doi.org/10.1038/nrmicro.2016.93
https://doi.org/10.1128/AEM.03837-12
https://doi.org/10.1128/AEM.03837-12
https://doi.org/10.1128/AEM.02954-12
https://doi.org/10.1128/AEM.01122-14
https://doi.org/10.1038/ncomms12217
https://doi.org/10.1126/science.1196526
https://doi.org/10.1002/smll.201802624
https://doi.org/10.1099/mic.0.000382
https://doi.org/10.1002/smll.201601112
https://doi.org/10.3389/fmicb.2016.00980
https://doi.org/10.1128/mBio.02203-16
https://doi.org/10.1128/mBio.00303-19
https://scholarworks.umass.edu/open_access_dissertations/129
https://scholarworks.umass.edu/open_access_dissertations/129
https://doi.org/10.1128/mBio.01273-18
https://doi.org/10.1021/acssynbio.9b00131
https://doi.org/10.1021/acssynbio.9b00131
https://doi.org/10.1128/mBio.00105-13
https://doi.org/10.1103/PhysRevE.84.060901
https://doi.org/10.1103/PhysRevE.84.060901
https://doi.org/10.1038/ismej.2017.141
https://doi.org/10.1038/ismej.2017.141
https://www.biorxiv.org/content/10.1101/479683v2
https://doi.org/10.1128/mBio.00579-19
https://doi.org/10.1016/j.cell.2019.03.029
https://doi.org/10.1016/j.bios.2009.05.004
https://doi.org/10.1038/ismej.2015.113
https://doi.org/10.1038/ismej.2015.113
http://creativecommons.org/licenses/by/4.0/

	Geobacter Protein Nanowires
	Introduction
	Discovery of Electrically Conductive Pili
	Discovery of OmcS and OmcS Filaments
	Documented Assembly of Pilin Monomers Into Electrically Conductive-Pili
	G. sulfurreducens Expression of Electrically Conductive-Pili
	Multiple Configurations for OmcS Localization on the Cell Outer Surface
	OmcS Filaments Are Not the Conduits for Long-Range Electron Transport Through Conductive Biofilms

	Multiple Lines of Evidence for the Role of Electrically Conductive-Pili in Long-Range Electron Transport Through Conductive Biofilms
	Electrically Conductive-Pili Expression Is Required for Fe(III) Oxide Reduction but There Are Substitutes for OmcS
	Observed Phenotypes Do Not Require OmcS Filaments Emanating at Distance From the Cell
	No Clear Role of PilA in OmcS Secretion
	Culture Conditions Are a Key Consideration When Evaluating Protein Nanowire Expression
	Conclusions
	Author Contributions

	References

