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Abstract 26 

Electromicrobiology has gained momentum in the last ten years with advances in microbial 27 

fuel cells and the discovery of microbial nanowires (MNWs). The list of MNWs producing 28 

microorganisms is growing and providing intriguing insights into the presence of such 29 

microorganisms in diverse environments and the potential roles MNWs can perform. This 30 

review discusses the MNWs produced by different microorganisms, including their structure, 31 

composition and role in electron transfer through MNWs. Two hypotheses, metallic-like 32 

conductivity and an electron hopping model, have been proposed for electron transfer and we 33 

present a current understanding of both these hypotheses. MNWs are not only poised to 34 

change the way we see microorganisms but may also impact the fields of bioenergy, 35 

biogeochemistry and bioremediation, hence their potential applications in these fields are 36 

highlighted here.  37 

 38 
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Introduction 49 

Microorganisms are known to produce sophisticated nanomachines like bacterial flagellar 50 

nanomotor that are made up of several proteins (Chalmeau et al., 2009). Scientists are using 51 

peptides and proteins as building blocks for the construction of nanodevices including sensors 52 

and drug delivery vehicles (Petrov & Audette, 2012; Rosenman et al., 2011; Scanlon & 53 

Aggeli, 2008). Several peptide nanotubes have been built and can be used as a casting 54 

module for synthesis of metal nanowires (Reches & Gazit, 2003; Scanlon & Aggeli, 2008). 55 

One desired property of peptide/protein nanotubes is electrical conductivity. Such electrically 56 

conductive nanotubes or nanowires are an essential requirement in the field of 57 

nanoelectronics. Most proteins made of natural amino acids are insulating (Scanlon & Aggeli, 58 

2008) and thus the efforts were made to build electrically conductive protein nanotubes that 59 

in turn can act as nanowires (Creasey et al., 2015; Scanlon & Aggeli, 2008). However, 60 

Reguera et al. discovered extracellular electrically conductive protein nanofilaments in 61 

Geobacter sulfurreducens and termed them microbial nanowires (MNWs) ((Reguera et al., 62 

2005). This discovery opened many new avenues of research in nanotechnology and 63 

microbiology. This review deals with MNWs produced by diverse microorganisms and 64 

discusses several important aspects of MNWs including their types, role, mechanism of 65 

electron transfer and potential applications. 66 

 67 

Discovery of microbial nanowires in different microbes 68 

As a part of anaerobic respiration, some bacteria are capable of transferring electrons to 69 

extracellular electron acceptors in a process termed extracellular respiration (Lovley, 2008). 70 

Extracellular respiration is commonly found in metal reducing bacteria like G. sulfurreducen 71 

and Shewanella oneidensis. There are three known strategies by which extracellular 72 

respiration is carried out by bacteria; first, bacteria transfer electrons directly to metals 73 
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through proteins present on the cell surface (Fig. 1a); second, metal chelators (citrate and 74 

nitrilotriacetic acid) deliver metals to intracellular metal oxidoreductases (Fig.1b) or finally 75 

small molecules (humic substances) act as a shuttle to transfer electrons between the cell and 76 

substrate (Fig.1b) (Gralnick & Newman, 2007; Richardson, 2000). An addition to this list is  77 

extracellular MNWs which act as a conduit of electrons between cell and distant substrates 78 

(Fig. 1c) (Reguera et al., 2005). The conductivity of proteins has been studied earlier (Xu et 79 

al., 2005) but their conductive behaviour and direct role in long range (upto µm distances) 80 

extracellular electron transfer had not been reported. Similar studies done on extracellular 81 

pili-like structures (PLS) of S. oneidensis and Pseudomonas aeruginosa indicated PLS to be 82 

non-conductive (Reguera et al., 2005). However, previously reported non-conductive PLS of 83 

S. oneidensis were conclusively proved to be electrically conductive in the following year by 84 

a different research group (Gorby et al., 2006). There may be three reasons for the failure to 85 

detect MNWs in S. oneidensis in the first attempt, the first being cultivation conditions. Luria 86 

Bertani, a complex medium was used in the first study (Reguera et al., 2005), compared to 87 

stressful culture conditions in the form of electron acceptor limiting conditions in the second 88 

(Gorby et al., 2006), with the latter likely inducing formation of MNWs in S. oneidensis. The 89 

second reason could be the delicate nature of bacterial pili (5-8nm in diameter) (Gorby et al., 90 

2006; Pelicic, 2008; Simpson et al., 1976), while lastly, there may be a tendency of some 91 

microorganisms to produce multiple pili like structures e.g. type II pseudopilus and thus the 92 

PLS probed by Reguera et al. may be different (Durand et al., 2003; Gorby et al., 2006). 93 

MNWs have also been observed in the iron (Fe) reducing bacterium, Rhodopseudomonas 94 

palustris strain RP2 (Venkidusamy et al., 2015), and in sulphate (SO4
2−) reducing bacterium 95 

Desulfovibrio desulfuricans (Eaktasang et al., 2016). MNWs were not only observed in Fe 96 

and SO4
2− reducing bacteria as discussed above, but they were also identified in the Fe 97 

oxidizing bacterium, Acidithiobacillus ferrooxidans (Li & Li, 2014; Valdes et al., 2008). 98 
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With this discovery, it was hypothesized that, MNWs may connect cells to extracellular 99 

electron donors and acceptors. 100 

Considering the role of MNWs in electron transfer, it was hypothesized that such conductive 101 

structures might be present in pathogenic microbial biofilms residing in anaerobic zones of 102 

oral cavities (Rabaey, 2010). MNWs were observed for the first time in microbial biofilms 103 

which causes bisphosphonate-related osteonecrosis of the jaw (BRONJ) (Wanger et al., 104 

2013). These MNWs were found to interconnect different cells and appeared as PLS. This 105 

biofilm was found to be colonized by around fifteen discernible bacterial morphotypes, 106 

mostly anaerobic and facultatively anaerobic, constituting genera of Staphylococcus, 107 

Bacillus, Fusobacterium, Actinomyces, Streptococcus, Selenomonas and Treponema but the 108 

specific MNWs producing microorganisms amongst these could not be identified.  109 

Apart from metal reducing and pathogenic microorganisms, MNWs have been observed in 110 

photosynthetic bacteria. Initial reports showed that Synechocystis, a unicellular 111 

cyanobacterium, can produce MNWs in electron acceptor (CO2) limiting and high light 112 

conditions (Gorby et al., 2006). Taking clues from this study, our group explored the 113 

possibility of MNWs formation in other cyanobacteria. Some cyanobacteria become 114 

electrogenic (transfer electrons extracellularly) under high light intensity. Synechocystis as 115 

well as Nostoc sp. have been shown to exhibit such type of electrogenic behavior (Pisciotta et 116 

al., 2010). Further, Microcystis aeruginosa also encounter CO2 limitation and get exposed to 117 

high light intensity when they form blooms. Thus, M. aeruginosa and N. punctiforme might 118 

be producing MNWs which has been confirmed by conductive atomic force microscopy 119 

(AFM) analysis (Sure et al., 2015, Sure et al., 2016b). The discovery of MNWs in such 120 

diverse microorganisms ranging from anaerobic, metal reducing bacteria to photosynthetic, 121 

aerobic cyanobacteria strengthen the viewpoint that they may be pervasive in the 122 
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environment. The MNWs producing microorganisms discovered to date are shown in Fig. 2 123 

and relevant description is given in Table 1. 124 

Different modes of AFM including conductive AFM, scanning tunneling microscopy (STM), 125 

electrostatic force microscopy and specially designed nanofabricated electrodes are 126 

established techniques for identification and electrical characterization of MNWs produced 127 

by different microorganisms and use of these multiple techniques have been advocated to 128 

unambiguously confirm the presence of MNWs in microorganisms (Castro et al., 2014; 129 

Gorby et al., 2006; Li & Li, 2014; Malvankar et al., 2014; Reguera et al., 2005; Sure et al., 130 

2015; Venkidusamy et al., 2015; Wanger et al., 2013). 131 

 132 

Types of microbial nanowires 133 

Diverse microorganisms have been observed to produce MNWs (Fig. 2) and their 134 

composition and structure have been found to be different from each other. According to 135 

available data, MNWs can be categorized into three types (Fig. 3); 136 

Pili  137 

MNWs in G. sulfurreducens, A. ferroxidans and Synechocystis sp. have been found to be TFP 138 

which are the most widespread type of pili present among bacteria (Li & Li, 2014; Pelicic, 139 

2008; Reguera et al., 2005; Sure et al., 2015). Apart from common functions like adhesion 140 

and biofilm formation exhibited by most other bacterial pili, TFP possess unique functional 141 

characteristics which include twitching motility, uptake of DNA in transformation and phage 142 

attachment (Pelicic, 2008; Proft & Baker, 2009). In addition to these functions, their electron 143 

carrying capacity further increases their significance as multifunctional extracellular 144 

structures. MNWs in G. sulfurreducens are polymers of PilA subunit while same is PilA1 for 145 

Synechocystis (Fig. 3a-b) (Reguera et al., 2005; Sure et al., 2015). Though MNWs from both 146 

microorganisms are TFP, the molecular weight (MW) of their subunits (~10kDa for G. 147 
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sulfurreducens while ~22kDa for Synechocystis) and dimensions (width/length - 3-5nm/10-148 

20µm and 4.5-7nm/2-10µm for G. sulfurreducens and Synechocystis, respectively) differ 149 

from each other (Lovley et al., 2009; Lovley, 2011; Sure et al., 2015). In G. sulfurreducens, 150 

cytochromes are found to be associated with MNWs and its role in electron transfer through 151 

MNWs is disputed (Malvankar et al., 2011a; Malvankar et al., 2011b; Strycharz-Glaven et 152 

al., 2011; Strycharz-Glaven & Tender, 2012). It needs to be explored whether Synechocystis 153 

MNWs are embedded with cytochromes and the potential role of the latter in electron 154 

transfer. MNWs in A. ferroxidans may be made up of PilV and PilW proteins (Li & Li, 155 

2014).The MNWs from different microorganisms will not always look the same and vary in 156 

width and length due to two reasons; 1) TFP have bundle forming ability as a result of which 157 

their observed width may vary; 2) Concerning the length, it may depend on age of culture and 158 

sample preparation methods which may lead to breakage of long, delicate pili. 159 

 160 

Extended periplasmic and outer membranes 161 

S. oneidensis possess three different types of extracellular proteinaceous appendages;1) Msh 162 

pili, 2) TFP and 3) flagella (Bouhenni et al., 2010), but it was not clear which one of these 163 

acts as MNWs. Msh pili has been shown necessary for extracellular electron transfer 164 

(Fitzgerald et al., 2012), while TFP and flagella have been shown to be dispensable 165 

(Bouhenni et al., 2010). However, MNWs in S. oneidensis are made up of outer membrane 166 

vesicle chains which subsequently elongates and become MNWs (Fig. 3c) (Pirbadian et al., 167 

2014). Unlike pili and flagella, which are mostly homopolymers of single subunit, MNWs in 168 

S. oneidensis are a concoction of different cytochromes and periplasmic as well as outer 169 

membrane components. The formation of outer membrane vesicle chains and tubes has been 170 

reported in Myxococcus xanthus (Remis et al., 2014; Wei et al., 2014). Also, the ability of 171 

peptide nanotubes to convert into vesicles and vice versa is well known (Scanlon & Aggeli, 172 
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2008). Thus, it would not be surprising to know that MNWs in S. oneidensis are formed in 173 

similar manners. 174 

As discussed earlier, S. oneidensisis known to produce pili/flagella and it is puzzling why it 175 

employs a completely different strategy to produce MNWs. The role of MNWs in S. 176 

oneidensis physiology and metabolism is still largely unknown and deciphering it may help 177 

us understand the reason behind its completely different make-up from other MNWs. 178 

However, so far it was not ruled out that other extracellular structures (pili and flagella) in S. 179 

oneidensis cannot conduct electrons. Also in their study, electrical conductivity 180 

measurements of extended membrane extensions were not done (Pirbadian et al., 2014). All 181 

extracellular structures produced by S. oneidensis should be isolated and studied 182 

independently for their conductive behavior. Only then it would be appropriate to claim that 183 

MNWs produced by S. oneidensisare outer and periplasmic membrane extensions only and 184 

not pili or flagella.  185 

 186 

Unknown type – Microbial nanowires whose identity need to be confirmed 187 

Pili-like conductive structures have been identified in A. hydrophila, R. palustris, D. 188 

desulfuricans and N. punctiforme but their identity has not been confirmed so far (Castro et 189 

al., 2014; Eaktasang et al., 2016; Sure et al., 2016b; Venkidusamy et al., 2015). Two distinct 190 

types of MNWs; first, short/thin MNWs of size 6-7.5nm in diameter and 0.5-2µm in length 191 

and second, long/thick MNWs of size ~20-40nm in diameter and ≥10µm long were observed 192 

in N. punctiforme (Sure et al., 2016b). The identity of MNWs from multispecies biofilms 193 

observed in BRONJ could also not be confirmed (Wanger et al., 2013). MNWs in M. 194 

aeruginosa have been found to be composed of a protein similar to an unnamed protein 195 

(GenBank : CAO90693.1) whose amino acid sequence does not match with any known 196 

protein (Sure et al., 2015). Unlike others, MNWs in M. aeruginosa are wider and may be 197 
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made of two subfilaments or contain central channel inside it (Fig. 3d-f) (Sure et al., 2015). 198 

More elaborate studies are needed to further confirm the identities of above mentioned 199 

MNWs.  200 

Pelotomaculum thermopropionicum produces electrically conductive flagellum-like 201 

appendages (10-20nm in diameter) in monoculture as well in coculture with 202 

Methanothermobacter thermoautotropicus (Gorby et al., 2006). These flagellum-like 203 

appendages may be indeed flagellas as subsequent study by other group have shown that P. 204 

thermopropionicum in cocultures with M. thermoautotropicus produce flagella which are 205 

involved in symbiosis (Shimoyama et al., 2009). G. sulfurreducens is also known to produce 206 

flagella which were found to be non-conductive (Malvankar et al., 2014). 207 

 208 

Physiological role of microbial nanowires 209 

As discussed in the previous sections, each type of MNWs has unique structure and 210 

composition and they may have evolved as per the physiological requirements of the 211 

microorganisms. Some of the observed and hypothesized functions of MNWs are discussed 212 

below. 213 

MNWs can act as a conduit between cell and extracellular electron acceptor/donors thereby 214 

mediating to and fro electron transfer. For instance, in metal reducing microorganisms like G. 215 

sulfurreducens, it was observed that MNWs can help bacteria to transfer electrons to electron 216 

acceptors (metals) available at a distance without the need of direct cell attachment or 217 

dissolved electron shuttles (Reguera et al., 2005). Also in metal oxidizing microorganisms 218 

like A. ferrooxidans, MNWs may have the ability to transfer electrons to the cell surface thus 219 

greatly helping cells to access electron donors at a distance (Li & Li, 2014). In anaerobic 220 

environments, photosynthetic microorganisms can use arsenic (As) as electron donor (Kulp et 221 

al., 2008) and here MNWs can play an important role to bridge the gap between the cells and 222 
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any available electron donor like As. Our preliminary studies have shown that Synechocystis 223 

MNWs can bind and immobilize As and thus may act as a conduit of electrons between cells 224 

and As (Sure et al., 2016a). Due to their ability to interact with metals, MNWs can act as a 225 

protective cellular mechanism against toxic metals (Fig. 4) (Cologgi et al., 2011). 226 

Apart from extracellular electron acceptor/donor, MNWs can also conduit of electrons 227 

between two different cells. For instance, occurrence of interspecies electron transfer in 228 

Geobacter metallireducens and G. sulfurreducens was observed in coculture (Summers et al., 229 

2010). Such interspecies electron transfer was also investigated in methanogenic wastewater 230 

aggregates where it was hypothesized that microorganisms can directly transfer electrons to 231 

each other, rather than use hydrogen and formate as intermediate electron carrier (Morita et 232 

al., 2011). It is hypothesized that MNWs may be involved in such type of interspecies 233 

electron transfer. Apart from interspecies electron transfer, MNWs have also been implicated 234 

in electron transfer between bacteria and archaea (Wegener et al., 2015). Further, 235 

cyanobacteria are an important constituent of the microbial mat and it is hypothesized that 236 

cyanobacterial MNWs can transfer electrons to other microorganisms present in the microbial 237 

mat (Gorby et al., 2006; Lea-Smith et al., 2015). Such MNWs mediated electron transfer 238 

between two microorganisms can also be part of cell communication/signaling (Reguera, 239 

2011). For instance, it has been observed that MNWs of G. sulfurreducens leads to the 240 

formation of electronic networks which interconnect individual cells (Reguera, 2011). MNWs 241 

in G. sulfurreducens have been found to be conductive even at low voltage which is in 242 

accordance with the electronic communication occurring between cells (Reguera et al., 2005; 243 

Reguera, 2011). Furthermore, recent study has shown that MNWs production in G. 244 

sulfurreducens is necessary for the formation of optimum electroactive and thick (more than 245 

10µm) biofilms (Steidl et al., 2016). 246 
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Apart from these general roles, MNWs might be involved in specific functions. For example, 247 

in carbon limiting conditions, the component of photosynthetic apparatus- plastoquinone 248 

(PQ) gets over reduced due unavailability of carbon to sink electrons. It is hypothesized that 249 

MNWs may help cyanobacteria to release these extra electrons present on PQ so as to restrict 250 

cell damage (Gorby et al., 2006; Lea-Smith et al., 2015; Pisciotta et al., 2010). MNWs 251 

produced in M. aeruginosa might be important for bloom formation while those of N. 252 

punctiforme may be involved in plant symbiosis (Duggan et al., 2007; Sure et al., 2015). 253 

 254 

Mechanism of electron transfer through microbial nanowires 255 

With the discovery of MNWs, efforts to understand the mechanism of electron flow were 256 

commenced. The mechanism of electron transfer in MNWs has been extensively studied in. 257 

G. sulfurreducens and S. oneidensis and two major mechanism of conductivity have been 258 

proposed for MNWs; 1) Metallic like conductivity model and 2) Electron hopping model. For 259 

G. sulfurreducens MNWs, both models have been advocated by different group of scientists 260 

while for S. oneidensis MNWs, electrons transfer is believed to occur by hopping mechanism. 261 

Both major proposed mechanisms of electron transfer through MNWs have been discussed 262 

here. 263 

 264 

Metallic like conductivity model 265 

Elaborate experiments done by Malvankar et al. in G. sulfurreducens showed that its MNWs 266 

have intrinsic metallic like electrical conductivity which is comparable to carbon nanotubes 267 

and some organic conductors (Malvankar et al., 2011b; Malvankar et al., 2012; Malvankar et 268 

al., 2014; Malvankar et al., 2015). This observation was distinct from an electron hopping 269 

mechanism observed in biological systems like photosynthetic reaction centres (Feliciano, 270 

2012). Some of the important properties which support metallic like conductivity model for 271 
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G. sulfurreducens MNWs and biofilms are their temperature and pH dependent electrical 272 

behavior (Malvankar et al., 2011b). This observation was also supported by structural studies 273 

where lower pH was shown to induce conformational changes in aromatic amino acids which 274 

thereby causes higher conductivity in the Geobacter pili (Malvankar et al., 2015). 275 

In synthetic organic metals, electron transfer is attributed to overlapping π-π orbitals of 276 

aromatic rings present in it. Proteins also contain several aromatic amino acids whose 277 

aromatic constituents can play a role similar to that of organic metals in electron transfer. To 278 

confirm the role of these aromatic amino acids in electron transfer, a Geobacter strain, Aro-5 279 

was constructed (Vargas et al., 2013). In Geobacter Aro-5, five aromatic amino acids of 280 

PilA, the pili subunit were replaced with alanine and it was observed that the resultant 281 

modified pili showed considerable diminished electrical conductivity and ability to reduce Fe 282 

(III) compared to the pili of the control strain (Vargas et al., 2013). Though this study 283 

confirmed that aromatic amino acids play an important role in conductivity of G. 284 

sulfurreducens pili and its biofilm, it is still unclear how modified pili are able to show 285 

residual electrical conductivity. Further, the removal of aromatic amino acids may be altering 286 

the 3D structure of pili and thereby the positioning of cytochromes on pili, which can 287 

ultimately decrease pili conductivity (Boesen & Nielsen, 2013). This is important considering 288 

the fact that tilting of molecules and interplanar distances have the potential to affect charge 289 

transport. The pilus filament model by Yan et al. based on Neisseria gonorrhoeae concludes 290 

that aromatics are too far to be involved in electron transport (Yan et al., 2015). However, 291 

experimental data generated using techniques like synchrotron X-ray microdiffraction and 292 

rocking-curve X-ray diffraction have refuted this model and strongly supported the role of 293 

aromatic amino acids in long distance electron transfer and reinforced metallic like 294 

conductivity mechanism in Geobacter pili (Malvankar et al., 2015). Along with experimental 295 

data, modeling studies also supported the metallic conductivity model where lowest energy 296 
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models of Geobacter pili were observed to have no central channel and closely packed, core 297 

chain of aromatic residues facilitated electron transport along the length of the pilus and 298 

conferred the potentially electrically conductive geometry to it (Xiao et al., 2016).  299 

The importance of intrinsic pili structure of G. sulfurreducens in electron transfer was further 300 

studied where the pilA gene of G. sulfurreducens was replaced with the pilA gene from P. 301 

aeruginosa (Liu et al., 2014). The resultant strain was able to produce and assemble P. 302 

aeruginosa PilA subunits into pili and interestingly these hybrid pili had the same pattern of 303 

cytochromes as that of control cells. But the conductivity of these hybrid pili was found to be 304 

14 times lesser than normal pili with significantly diminished ability to reduce iron and 305 

current generation. From these observations, authors suggested the intrinsic structures of 306 

Geobacter pilus and not associated cytochromes, are important for electron transfer through 307 

it. However, as the pili of P. aeruginosa have been found non-conductive in the earlier study 308 

(Reguera et al., 2005), the hybrid pili here should also show non-conductive behaviour if the 309 

conductivity is 100% related to intrinsic structure of pili. Since the pili show diminished 310 

conductivity, the basis needs to be worked out unambiguously to reach any conclusion.  311 

The cytochromes located on Geobacter pili were hypothesized to be terminal reductases 312 

which transfer electrons from pili to electron acceptors like Fe and not the one playing a role 313 

in electron transport (Malvankar et al., 2014). Malvankar et al. stressed that electron hopping 314 

does not meet the necessary biochemical requirement for electron transfer through pili. They 315 

reported that OmcS cytochromes assumed to be involved in electron transfer along the length 316 

of pili are too far from each other to carry out electron transfer as per the electron hopping 317 

model (Malvankar et al., 2012). They also reported that denaturing cytochromes in G. 318 

sulfurreducens pili networks and biofilms does not affect the electrical conductivity, thus 319 

ruling out any role of cytochromes in electron transfer through pili and biofilms (Malvankar 320 

et al., 2011b; Malvankar et al., 2012). Further, STM analysis of G. sulfurreducens MNWs 321 
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supported these findings where electron transfer is attributed to the intrinsic pili structure, and 322 

not to the cytochromes (Veazey et al., 2011).  323 

From all above observed results (Leang et al., 2010; Malvankar et al., 2011b; Malvankar et 324 

al., 2012), scientists refuted the electron hopping model for electron transfer in G. 325 

sulfurreducens MNWs and proposed metallic like conductivity model for same (Malvankar et 326 

al., 2011a; Malvankar & Lovley, 2012). 327 

  328 

Electron hopping model  329 

One view is emerging that electron transfer occurs by multistep hopping in Geobacter and 330 

Shewanella MNWs and not by metallic conduction as proposed earlier. In Geobacter MNWs, 331 

aromatic amino acids are supposed to be involved in such electron transfer whereas for 332 

Shewanella MNWs, cytochromes are believed to play this role.  333 

As discussed in earlier section, it has been proved unambiguously that aromatic amino acids 334 

are indispensable for electron transfer through Geobacter MNWs. However, it is debatable 335 

whether these aromatic amino acids transfer electrons by metallic conduction or by multistep 336 

hopping. Multiple modeling studies strongly support the hypothesis that electron transfer 337 

through Geobacter MNWs occurs by multistep hopping among aromatic amino acids 338 

(Feliciano et al., 2015; Lebedev et al., 2015; Yan et al., 2015). This hypothesis was further 339 

strengthened by a recent report where experimental evidence has been provided to support 340 

multistep hopping in Geobacter MNWs where cryogenic  STM  of  Geobacter pili showed 341 

thermal activation of the differential transversal conductance at low voltages which is in 342 

accordance with electron hopping mechanism (Lampa-Pastirk et al., 2016). It has also been 343 

shown that metals or redox organic cofactor free Geobacter pili show carrier mobility of 344 

3.2×10-2 cm2/Vs which is too low for metallic conductivity regime where carrier mobilities of 345 

more than 1cm2/Vs are required (Lampa-Pastirk et al., 2016).  346 
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Quantitative measurement of electron transport across S. oneidensis MNWs showed that a 347 

complex electronic structure formed by its molecular constituents mediates electron transport 348 

in it (El-Naggar et al., 2008). It has been proved that S. oneidensis MR-1 requires 349 

cytochromes, MtrC and OmcA for production of MNWs (El-Naggar et al., 2010; Gorby et 350 

al., 2006). Both of these cytochromes are located on the outer membrane of the cell. 351 

Scientists hypothesized that long range electron transfer through S. oneidensis MNWs takes 352 

place by electron hopping where intricate cytochrome network may be involved (Strycharz-353 

Glaven et al., 2011; Tender, 2011) and multiple experimental and modelling studies have 354 

confirmed this hypothesis (El-Naggar et al., 2010; Gorby et al., 2006; Leung et al., 2013; 355 

Pirbadian & El-Naggar, 2012; Polizzi et al., 2012). A recent study has reported that MNWs 356 

in S. oneidensis are composed of extended periplasmic and outer membranes embedded with 357 

cytochromes (Fig. 3c) which further supports the electron hopping model (Pirbadian et al., 358 

2014). However, in S. oneidensis MNWs, it is yet to be proved conclusively that cytochromes 359 

are closely spaced enough (1-2nm) to carry out charge transport over µm distances. Interested 360 

readers are referred to specific reviews on this topic (Skourtis, 2013; Waleed Shinwari et al., 361 

2010). 362 

 363 

Potential applications of microbial nanowires 364 

One reason behind the widespread attention gained by MNWs is the potential applications of 365 

this in several fields. Below we discuss some fields where MNWs can play an important role; 366 

Bioenergy 367 

For production of highly efficient microbial fuel cells, electron transfer should occur through 368 

biofilms so that even microorganisms which are away from anode can transfer electrons to it, 369 

thereby increasing total current output (Nwogu, 2007). Even for planktonic cells, long range 370 

electron transport is necessary to improve the efficiency of microbial fuel cells. Soluble 371 
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electron shuttles (natural as well as artificial) and MNWs can be useful for such long range 372 

electron transfers (Fig. 1). Electron shuttles to be used for long range electron transfer have 373 

their own disadvantages - natural electron shuttles have slow diffusion rate which limits total 374 

electron flux rates while lack of long term stability and toxicity to humans are the issues for 375 

artificial electron shuttles (Malvankar & Lovley, 2012). 376 

MNWs thus can play important role in improving the overall efficiency of microbial fuel 377 

cells. In G. sulfurreducens, these MNWs help cells to make efficient contact with electrodes 378 

by acting as a bridge between cells and electrodes, thus enabling long range electron transfer 379 

through biofilm (Steidl et al., 2016). This long range electron transfer thus have been shown 380 

to increase electricity production by 10 times (Reguera et al., 2006). On the same line, 381 

MNWs producing photosynthetic microorganisms (Gorby et al., 2006; Sure et al., 2015; Sure 382 

et al., 2016b) may be helpful in improving the efficiency of  photosynthetic MFC and 383 

microbial solar cells (Rosenbaum et al., 2010; Strik et al., 2011). 384 

Methane is considered as important renewable energy source which can be generated by 385 

anaerobic digestion of wastewater and biomass (Angenent et al., 2004; De Mes et al., 2003; 386 

Prochnow et al., 2009). MNWs have been believed to play a role in methane production in 387 

syntrophic microbial communities (Morita et al., 2011; Rotaru, 2014; Summers et al., 2010; 388 

Wegener et al., 2015), which can be exploited further for improved methane production in 389 

anaerobic digesters. Interested readers are referred to specific reviews on this topic (Lovley, 390 

2011; Malvankar & Lovley, 2014). 391 

 392 

Bioremediation 393 

Shewanella and Geobacter have been extensively studied for bioremediation of heavy metals 394 

and discovery of MNWs in these microorganisms have further increased their potential in this 395 

field. It has been shown that MNWs can play important role in bioremediation of a heavy 396 
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metal like uranium (Cologgi et al., 2011). Presence of MNWs in G. sulfurreducens has been 397 

shown to significantly mineralize more uranium per cell than a MNW deficient mutant 398 

(Cologgi et al., 2011). The MNWs also increase cellular tolerance to uranium by preventing 399 

its periplasmic accumulation as suggested in Fig. 4 (Cologgi et al., 2011). Further, such 400 

MNWs considerably increase the total surface area available for heavy metal adsorption and 401 

subsequent detoxification. MNWs in Synechocystis also have been observed to precipitate 402 

arsenic (Sure et al., 2016a) and chromium (Sure et al., unpublished data) and thus may be 403 

helpful in their bioremediation. Readers may refer to specific review on this topic (Lovley, 404 

2011). 405 

 406 

Bioelectronics 407 

Scientists believe that MNWs will allow us to develop instruments usable in water and moist 408 

environments (Malvankar & Lovley, 2012). Furthermore, Leung et al. characterized S. 409 

oneidensis MNWs and showed that they have enough mechanical strength (Young’s modulus 410 

~1 GPa) to use it as a building block for construction of electronic devices (Leung et al., 411 

2011). The MNWs can be modified using genetic and protein engineering, so different 412 

ligands (metals) can be attached to it which may help to modulate its electric behavior 413 

(Lovley et al., 2009) or can increase its electrical conductivity significantly (Tan et al., 2016). 414 

In this direction, MNWs in G. sulfurreducens have been modified to have better conductive 415 

and adhesive properties (Reguera et al., 2014).  A recent study by Tan et al. has shown that, 416 

in G. sulfurreducens MNWs, replacing C-terminal phenylalnine and tyrosine of PilA with 417 

tryptophan decreases its diameter by half and increases its conductivity by ~2000 fold (Tan et 418 

al., 2016). MNWs may also be used in bionanosensors (Lovley et al., 2009), however no 419 

such prior art studies have been reported yet. Interested readers are referred to specific 420 

reviews on this topic (Amdursky et al., 2014; Patolsky & Lieber, 2005; Patolsky et al., 2006; 421 
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Waleed Shinwari et al., 2010; Wang et al., 2014; Ziadan, 2012) which may sensitize them 422 

about how different nanowires, including MNWs can be used for practical applications. 423 

 424 

Potential target for pathogenic microorganisms 425 

MNWs have been found in pathogenic biofilms causing BRONJ and supposed to play 426 

important role in maintenance and survival of it (Wanger et al., 2013). This discovery is very 427 

important considering the fact that various human pathogenic microorganisms like Neisseria 428 

gonorrhoeae and Vibrio cholera produce pili which are actively involved in pathogenesis 429 

(Heckels, 1989; Tacket et al., 1998; Zhang et al., 2000). Exoelectrogenic microbes with 430 

putative MNWs play specific role in host immune response (Ericsson et al., 2015). It needs to 431 

be studied whether pili are conductive in different pathogenic bacteria and if so, what role 432 

they play in pathogenesis. In the phenomenon called “bioelectric effect”, electrically 433 

stimulated pathogenic biofilms showed increased susceptibility to antibiotics and this may 434 

happen because of disruption of conductive filaments within them as a result of electrical 435 

stimulation (Costerton et al., 1994; Wanger et al., 2013). The bioelectric effect also supports 436 

the hypothesis that MNWs might be playing important role in maintenance of pathogenic 437 

biofilms. Thus MNWs can be a potential target for prevention and treatment of relevant 438 

diseases and future research in this direction may yield some exciting results. 439 

 440 

Gaps in current research and future directions 441 

Above examples suggest that microbes may have developed multiple strategies to produce 442 

MNWs as per their niche and physiological requirement. Hence, more extensive screening of 443 

microorganisms from diverse habitats needs to be done to establish their ability to produce 444 

MNWs which may help to completely understand their abundance and role in environment. 445 
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The physiological function of most known MNWs is not identified so far except that of G. 446 

sulfurreducens. This is another area which can be the focus of future studies. 447 

Comparative characterization of all known MNWs for their conductive, biochemical and 448 

mechanical properties should be done. This will significantly help to identify the best 449 

candidate for practical applications and may also help to produce hybrid MNWs with better 450 

functionality than any individual one. It is also of utmost importance that mechanisms of 451 

electron transfer through MNWs should be studied in MNWs produced by diverse 452 

microorganisms (other than G. sulfurreduces and S. oneidensis). Apart from aromatic amino 453 

acids, sulfur containing amino acids (methionine and cysteine) are also known to act as a 454 

relay in electron transfer (Sun et al., 2015; Wang et al., 2009). The probable role of these 455 

sulfur-containing amino acids (if present) in electron transfer through MNWs has not been 456 

studied so far and any involvement of these amino acids in conductivity of MNWs needs to 457 

be explored. 458 

There is also a need to develop simple methods that will allow maximum production of 459 

MNWs which will be important from application point of view. For example, method for 460 

MNWs production in Synechocystis was sophisticated earlier (Gorby et al., 2006) but in 461 

recent times simple methods for maximum production of Synechocystis MNWs have been 462 

identified (Sure et al., 2015). Most of the findings in this field till date have been generated 463 

from few labs. Reproducibility, authenticity and credibility of particular data gets 464 

strengthened when identical or similar results are obtained from different labs. This is 465 

especially applied to the advanced characterization of MNWs involving determination of 466 

electron transfer mechanisms through them where ambiguity still exists among researchers. 467 

So it is essential that further research be carried out to harness the true potential of this field 468 

and use it to tackle contemporary problems. 469 

 470 
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Conclusions 471 

The ability of microorganisms to produce MNWs increases their potential to influence their 472 

surrounding environment and thus further enhances their status as “tiny but powerful 473 

organisms”. Occurrence of MNWs in microorganisms may be widespread and they may be 474 

employing it for diverse functions like extracellular electron transfer to metals, tolerance to 475 

toxic metals, preventing photo damage, and cell communication depending upon their niche 476 

and physiological needs. The discovery of new MNWs producing microorganisms and the 477 

identification of specific environmental conditions leading to production of MNWs is 478 

extremely important along with rigorous biochemical and electrical characterization of same. 479 

This will help in identification of most suitable MNWs for specific practical applications in 480 

the field of bioremediation, bioenergy, bioelectronics and possibly bio therapeutics. More 481 

efforts are needed to explore the mechanism of electron flow through different MNWs which 482 

would greatly help in modulation of electro conductive and other properties of MNWs. 483 
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Table 1: List of MNWs producing microorganisms 838 
 839 

Sr. 

No

. 

Microorganisms Component Protein 

of MNWs 

Physiological Role Conductivity 

Measurement 

(Along width/length) 

Description References 

1 Geobacter 

sulfurreducens 

 

pilin subunit PilA Extracellular 

electron transfer to 

insoluble electron 

acceptor [e.g. 

Fe(III)] 

 

Along width as well as 

length 

Metal reducing, anaerobic (Malvankar et al., 

2011b; Malvankar 

et al., 2014; 

Reguera et al., 

2005) 

2 Shewanella oneidensis 

MR-1 

Periplasmic and 

outer membrane 

extensions 

embedded with 

cytochromes 

Not known yet  

 

Along width as well as 

length 

Metal reducing, facultative 

anaerobic 

 

 

 

 

(El-Naggar et al., 

2010; Gorby et al., 

2006; Pirbadian et 

al., 2014) 

3 Synechocystis sp. PCC 

6803 

pilin subunit PilA1  Not known yet  

 

Along width Photosynthetic, aerobic (Gorby et al., 2006; 

Sure et al., 2015) 

 

4 Pelatomaculum 

thermopropionicum 

Not known yet  Not known yet  Along width Anaerobic, thermophilic (Gorby et al., 

2006) 

5 Multispecies biofilms 

observed in 

bisphosphonate-related 

osteonecrosis of the jaw 

(BRONJ) 

Not known yet Not known yet  

 

Along width as well as 

length 

Unkonwn (Wanger et al., 

2013) 

6 Acidithiobacillus 

ferrooxidans 

Not known yet Not known yet  

 

Along width Chemolithoautotrophic, 

acidophilic 

(Li and Li, 2013) 

7 Aeromonas hydrophila Not known yet Not known yet  

 

Along width Facultative anaerobic, 

heterotroph 

(Castro et al., 

2014) 
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8 Microcystis aeruginosa Unnamed protein 

product (GenBank : 

CAO90693.1) 

Not known yet  

 

Along width Photosynthetic, aerobic, 

forms toxic blooms 

(Sure et al., 2015) 

9 Nostoc punctiforme Not known yet Not known yet  

 

Along width Photosynthetic, aerobic, 

filamentous 

(Sure et al., 2016b) 

10 Rhodopseudomonas 

palustris strain RP2 

Not known yet 

 

 

Not known yet  

 

Along width as well as 

length 

Anoxic photosynthetic, 

iron respiring 

(Venkidusamy et 

al., 2015) 

11 Desulfovibrio 

desulfuricans 

Not known yet 

 

Not known yet  

 

Along width Anaerobic, sulfate 

reducing 

(Eaktasang et al., 

2016) 

 840 
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 846 
 847 
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 855 
 856 
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Figure Legends 858 

Fig. 1. Strategies by which bacteria can transfer electrons extracellularly to electron acceptors 859 

(metals or anode of microbial fuel cell). Bacteria can transfer electrons extracellularly by 860 

direct attachment to metal or anode surface of microbial fuel cell (a) or employ  metal 861 

chelators or small molecules as a mediator for electron transfer (b) or can use  microbial 862 

nanowires (red lines) for same (c). 863 

 864 

Fig. 2. Diverse microorganisms that can produce microbial nanowires (MNWs). (a) 865 

Geobacter sulfurreducens, an anaerobic, dissimilatory metal reducing bacteria (DMRB). 866 

Inset shows nanowires at higher magnification. Scale bar, 0.2µm (TEM image) (Reprinted by 867 

permission from Macmillan Publishers Ltd: Nature, Reguera et al., 2005©2005); (b) 868 

Shewanella oneidensis, a facultative anaerobic, DMRB (AFM image). Inset shows in vivo 869 

fluorescence image of same cell. The image has been color edited (Adapted from Pirbadianet 870 

al., 2014©National Academy of Sciences); (c) Rhodopseudomonas palustris strain RP2, 871 

photosynthetic DMRB, metabolically versatile (Reproduced from Venkidusamyet al., 2015 872 

with permission from The Royal Society of Chemistry); (d) Synechocystis PCC 6803 and (e) 873 

Microcystis aeruginosa PCC 7806 which are aerobic, unicellular photosynthetic 874 

microorganisms (TEM images) (With kind permission from Springer Science+Business 875 

Media: Sureet al., 2015©Springer Science + Business Media); (f) Nostoc punctiformePCC 876 

73120 an aerobic, multicellular and filamentous photosynthetic microorganism(Sureet al., 877 

2016) (TEM image); (g) Desulfovibrio desulfuricans, anobligate anaerobe, sulphate 878 

reducing(Adapted from Eaktasang et al., 2016©Elsevier); (h) Pelotomaculum 879 

thermopropionicum and Methanothermobacter thermoautotrophicus (shown with filled 880 

arrow) which are syntrophic methanogenic cocultures (SEM image) (Adapted from Gorbyet 881 

al., 2006©National Academy of Sciences); (i) Unknown bacteria from BRONJ affected bone 882 
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(AFM image). The image has been colour edited (Adapted from Wanger et al., 883 

2013©Elsevier). MNWs are also produced by Acidithiobacillus ferroxidans (Li & Li, 2014) 884 

and Aeromonas hydrophila (Castro et al,. 2014) (not shown here). MNWs have been shown 885 

with open arrows in all images. 886 

 887 

Fig. 3. Three types of microbial nanowires (MNWs) observed to date. 1) MNWs made of 888 

type IV pili (TFP) as observed in Geobacter sulfurreducens and Synechocystis are made up of 889 

subunits, PilA (a) and PilA1 (b), respectively. Both these subunits differ in their structure at 890 

C-terminal and number and positioning of aromatic amino acids (shown with red colour) 891 

(With kind permission from Springer Science+Business Media: Sure et al.,2015©Springer 892 

Science + Business Media); 2) MNWs made of extended periplasmic and outer membranes 893 

along with cytochromes (e.g. MtrC, OmcA) as observed in Shewanella oneidensis (c) 894 

(Adapted from Pirbadianet al.,2014©National Academy of Sciences); 3) Unknown MNWs as 895 

observed in Microcystis aeruginosa and other microorganisms. In M. aeruginosa, MNWs 896 

was found to be made up of unknown protein (GenBank : CAO90693.1) and from its TEM 897 

image (d), it seems that it is either made of two subfilaments (e) or contains central channel 898 

(f) (With kind permission from Springer Science+Business Media: Sure et al.,2015©Springer 899 

Science + Business Media). 900 

 901 

Fig. 4. Potential role of Type IV pili (TFP) in cell-metal interaction.Schematic representation 902 

of how TFP/microbial nanowires can reduce interaction between cell membrane and toxic 903 

metals and can act as a protective barrier against latter. 904 

 905 

 906 

 907 
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