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Electromicrobiology—from electrons to ecosystems, volume II

Introduction

Electromicrobiology is the study of microorganisms that have evolved the ability to

exchange electrons with the extracellular environment via Extracellular Electron Transfer or

EET. This ability allows them to exchange electrons with one another and to exploit electron

acceptors and donors that are distantly located or cannot pass the cell envelope. As a research

field, electromicrobiology is young and multidisciplinary, with many questions to address,

including the diversity of EET mechanisms, cellular structures involved in EET, and the role

of EET microorganisms in ecosystem functioning and future biotechnologies.

In this Research Topic “Electromicrobiology—From Electrons to Ecosystems”—Volume

II, we collect recent advancements regarding the ecology, physiology, and applications

of microorganisms capable of extracellular electron transfer. Some of the articles in this

collection deal with cable bacteria, their interactions with their environment or other

microorganisms, and their potential as bioremediation agents. Others deal with mechanistic

aspects of extracellular electron transfer in both model and non-model organisms and

biotechnologies relying on such properties.

Diversity of EET mechanisms

To harness the metabolic potential of electroactive microorganisms, it is crucial to

understand how cells exchange electrons with the extracellular environment. Until now,

extracellular electron transfer (EET) has been studied primarily on model microorganisms

like Geobacter sulfurreducens and Shewanella oneidensis. In S. oneidensis, EET has been

unequivocally pinned on a porin-multiheme c-type cytochrome complex (Clarke, 2022). On

the other hand, in G. sulfurreducens, the electron transfer mechanism is assumed to either

use a network of conductive molecules (type IV pili and multiheme cytochromes/MHCs)

or solely multiheme cytochromes (Clarke, 2022). Recently, Gu et al. (2021) disputed the
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involvement of pili in EET. Instead, the authors suggest that pili

play a secretory role, helping translocate multiheme cytochromes.

In this volume, Lovley presents his counterarguments pointing at

the role of pili in EET. It was particularly compelling that genetic

manipulations modifying the aromatic amino acid content of pili

resulted in variable conductivities that correlated to variable growth

performances when performing EET. For example, lessening the

aromatic amino acid content leads to a 1,000-fold less conductive

structure, which is ineffective for EET. On the other hand,

increasing the aromatic amino acid content, leads to a 5,000-fold

more conductive structure that is more effective for EET.

It remains unclear why Geobacter employs type IV pili

alongside MHCs. They may do so to ensure access to electron

acceptors that are spatially far away from the cell surface.

Geobacter uses different sets of multiheme c-type cytochromes

(MHCs) to access electron acceptors with dissimilar reductive

potentials (Clarke, 2022). To accesses electron acceptors with redox

potentials below −100mV, Geobacter requires CbcL on the inner

membrane and OmcZ on the outer membrane. In this volume,

Antunes et al. studied in detail the structure of CbcL and how it

injects electrons from the innermembrane into the periplasm of the

cell. CbcL formed a redox complex with a periplasmicMHC—PpcA

through which electrons get injected from the innermembrane into

the periplasm, from one MHC to another.

Geobacter can also use its MHCs to reduce toxic metal salts

like Co3+, V5+, or Cr6+. In the present volume, Karamash et al.

link the reduction of toxic metal salts like Co3+, V5+, or Cr6+

to Fe2+/heme concentrations. They observed that a mutant strain,

lacking four multiheme cytochromes1omcBSTE (lacking genes for

OmcB, OmcS, OmcT, OmcE), could still reduce toxic metal ions.

It is likely that other extracellular multiheme cytochromes, like

OmcZ, are used to reduce toxic metal ions as they were for reducing

the toxic radionuclide U6+ (Orellana et al., 2013).

In non-model organisms, extracellular electron transfer (EET)

mechanisms remain obscure. To identify essential components

for EET in non-model organisms Sackett et al., used genome-

wide transposon mutagenesis and high-throughput sequencing

(Tn-Seq) to probe the genetic underpinnings for oxidative EET

by Thioclava electrotropha. Only 14 genes were identified as

membrane-bound and essential for oxidative EET. None of the

encoded proteins contain typical redox-active centers, so how

precisely T. electrotropha does EET remains to be uncovered.

Cable bacteria

Cable bacteria are electrically conducting filamentous bacteria

of the Desulfubulbaceae family that have been discovered 10 years

ago (Pfeffer et al., 2012). Cable bacteria have been found in various

environments, including marine and freshwater sediments.

One of the essential functions of cable bacteria in the

environment is their role in cycling nutrients and metals (Risgaard-

Petersen et al., 2012). It has been suggested that cable bacteria have a

role in bioremediation (Marzocchi et al., 2020). Conflicting reports

indicate that they can either have a detrimental or a beneficial

effect on the environment. Detrimental effects include disturbances

of nitrogen (Kessler et al., 2019; Marzocchi et al., 2022) and

phosphorus cycles (Sulu-Gambari et al., 2016). Beneficial effects

includes reducing methane fluxes (Scholz et al., 2020), protecting

against euxinia (Seitaj et al., 2015), and against the release of

contaminants (van de Velde et al., 2017). In this volume, van de

Velde et al. show that cable bacteria have a seasonal impact on

the flux of arsenic from uncontaminated sediments to the water

column. Cable bacteria act as a barrier in spring, building an iron

oxide layer that sequesters arsenic. On the other hand, during

the summer, this barrier disperses when anoxia is established,

and arsenic fluxes become comparable to those measured in

contaminated marine sediments. Additionally, Vasquez-Cardenas

et al. investigate the detoxifying role of cable bacteria on Icelandic

coastal sediments exposed to fish farming where substantial

sedimentation of organic-rich particle leads to euxinic conditions.

Cable bacteria and other sulfur oxidizers were anticipated to act

as ecosystem engineers and detoxify sulfide. However, the authors

did not detect significant cable bacteria activity in these sediments.

It could be because sulfide accumulated above the highest limit

reported for cable bacteria activity or because it is challenging to

detect the cables’ electroactive signals in these fish farm sediments

constantly perturbed by particle input and bioturbation. Lab tests

indicate that removal of the particle input increases cable bacteria

activity and that of associated microorganisms, detoxifying sulfide

effectively. The authors advise removing top sediment below fish

farms during the fallow periods to ensure the buildup of the cable

bacteria iron curtain fighting sulfide emissions and euxinia.

The activity of cable bacteria changes the sediment

geochemistry influencing the surrounding microbial communities.

Cable bacteria are surrounded by a veil of microorganisms

that swim around them (Thorup et al., 2021). These veil

microorganisms dispersed once the cable bacterium was physically

cut (Bjerg et al., 2023). In this volume, Lustermans et al. investigate

whether the presence of the microbial veil is connected to a

cable bacteria progression and senescence in its environment

and the subsequent geochemical changes. The authors follow the

progression of a Ca. Electronema aureum from a single cable

bacterium to a cable bacteria community, the activity of its veil

microbiome and local geochemical changes. They observed a veil

of swarming cells surrounding living and motile cable bacteria. In

contrast, dead and non-motile cable bacteria were not surrounded

by their associated microbial veil. Surprisingly, geochemical

parameters did not appear to impact the veil activity.

Digging deeper into the physiology of cable bacteria, Geerlings

et al. investigate the dynamics of polyphosphates in cable bacteria.

Polyphosphates are one of the most widely distributed biopolymers

and have been observed in both Archaea and Bacteria, where

they have been associated with functions like regulation of gene

expression and enzyme activity, response to oxidative stress,

signaling, and cation sequestration (Rao et al., 2009). For cable

bacteria, polyphosphates have been observed in both marine and

freshwater strains (Sulu-Gambari et al., 2016; Geerlings et al.). It

has been hypothesized that these phosphates act as a substitute

for ATP or protect cable bacteria against oxidative stress (Kjeldsen

et al., 2019; Geerlings et al., 2020). Here, Geerlings et al. dismiss

that polyphosphates are used for ATP synthesis in cable bacteria

by looking at the spatial-temporal dynamics of polyphosphate

using labeling experiments and state-of-the-art chemical imaging.
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The authors now anticipate that cable bacteria use polyphosphates

to protect against oxidative stress, and perhaps for motility and

gene regulation.

Applications

Electrons are transported across the cell wall via biological

polymers like pili or MHCs. These biopolymers spatially

separate oxidative metabolic reactions from the reduction

of the terminal electron acceptor, with the first happening

inside the cell and the second outside. The properties of these

biopolymers, electrical conduction, ability to self-assemble and

self-repair make them attractive in fabricating sustainable and

biodegradable nano-electronic devices. On the other hand,

the possibility to drive spatially distant redox reactions gives

rise to macroscale applications like electrochemically assisted

wetland treatment.

In this volume, Bonné et al. present an insightful review

regarding emerging applications for conductive biological

polymers like pilins (stacked peptides rich in aromatic

aminoacids), multiheme cytochromes (stacked proteins with

Fe-centers) and the conductive fibers extending along cable

bacteria filaments. The first, pilins, have been applied in building

nanowire sensors (Smith et al., 2020). The latter, cable bacteria

fibers, are centimeter–long, with conductivities above any other

biological nanowires and therefore promising for biodegradable

electronics (Bonné et al.).

Bioelectrochemical technologies employ electroactive

microorganisms as biocatalysts. A few of the applications

relying on EET-metabolisms are: promoting the degradation

of organics in wastewater (Yadav et al., 2023), facilitating the

bioremediation of toxic pollutants (Wang et al., 2020), sensing

the presence of pollutants in the environment (Smith et al., 2020),

enabling methane, or other chemical syntheses (Roy et al., 2022).

Since certain bioelectrochemical technologies are intended

to bioremediate environmental pollutants from sediments, it is

imperative to understand how bioelectrochemical technologies

impact macrofauna in sediments. Shono et al. looked at the

impact of voltage exposure on an oligochaete, Thalassodrilides

cf. briani, which is often found in polluted environments and

is effective at cleaning up organic pollutants (Ito et al., 2016).

The oligochete responded with reversible changes in movements

and metabolism in response to increased organic load and

dynamic fluctuations in sediment redox potential. After heavy

organic input, the sediments and the macrofauna exhibited

rapid recovery. However, a too-high organic input below fish-

farming rafts may be fatal to the oligochete population; therefore,

monitoring the redox-potential changes could be promising for

informing when fishery farms could reinitiate farming after

fallow periods.

Last but not least, Peñacoba-Antona et al. present how

treatment of wasteland could be bioelectrochemicaly assisted at full

scale. The technology is known asMETland and is expected to be an

effective solution to treating wastewaters in decentralized locations.

The authors monitor the bioelectrochemical behavior of two full

scaleMETlands, one in Spain and one in Denmark. They reveal that

electron current density could be used as an indicator for effective

removal of organic matter.

In this volume, authors unveiled new properties of electroactive

microorganisms, new physiology, and new roles in ecosystem

functioning. At the nanoscale, authors showed we could

develop applications for electron-conducting biopolymers.

At the macroscale, the metabolic responses of electroactive

microorganisms could be used to sense pollutants or applied at full

scale in pollutant removal technologies like METland. Harnessing

the metabolic potential of electroactive microorganisms is seen as a

commodity for future sustainable technologies. Therefore, a better

understanding of microorganisms capable of EET is fundamental

to future developments.

Author contributions

All authors listed have made a substantial, direct, and

intellectual contribution to the work and approved it

for publication.

Funding

A-ER was supported by the Novo Nordisk Foundation

grant NNF21OC0067353, the Danish Research Council grant

DFF 1026-00159, and the European Research Council ERC-CoG

grant 101045149.

Conflict of interest

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.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Bjerg, J. J., Lustermans, J. J. M., Marshall, I. P. G., Mueller, A. J., Brokjær, S., Thorup,
C. A., et al. (2023). Cable bacteria with electric connection to oxygen attract flocks of
diverse bacteria. Nat. Commun. 14:1614. doi: 10.1038/s41467-023-37272-8

Clarke, T. A. (2022). Plugging into bacterial nanowires: a comparison
of model electrogenic organisms. Curr. Opin. Microbiol. 66, 56–62.
doi: 10.1016/j.mib.2021.12.003

Frontiers inMicrobiology 03 frontiersin.org

https://doi.org/10.3389/fmicb.2023.1253550
https://doi.org/10.3389/fmicb.2022.906363
https://doi.org/10.3389/fmicb.2022.906363
https://doi.org/10.3389/fmicb.2022.907703
https://doi.org/10.3389/fmicb.2022.843135
https://doi.org/10.1038/s41467-023-37272-8
https://doi.org/10.1016/j.mib.2021.12.003
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Risgaard-Petersen and Rotaru 10.3389/fmicb.2023.1253550

Geerlings, N. M. J., Karman, C., Trashin, S., As, K. S., Kienhuis, M. V. M.,
Hidalgo-Martinez, S., et al. (2020). Division of labor and growth during electrical
cooperation inmulticellular cable bacteria. Proc. Natl. Acad. Sci. U.S.A. 117, 5478–5485.
doi: 10.1073/pnas.1916244117

Gu, Y., Srikanth, V., Salazar-Morales, A. I., Jain, R., O’Brien, J. P., Yi, S. M., et al.
(2021). Structure of Geobacter pili reveals secretory rather than nanowire behaviour.
Nature 597, 430–434. doi: 10.1038/s41586-021-03857-w

Ito, M., Ito, K., Ohta, K., Hano, T., Onduka, T., Mochida, K., et al. (2016). Evaluation
of bioremediation potential of three benthic annelids in organically polluted marine
sediment. Chemosphere 163, 392–399. doi: 10.1016/j.chemosphere.2016.08.046

Kessler, A. J., Wawryk, M., Marzocchi, U., Roberts, K. L., Wong, W. W., Risgaard-
Petersen, N., et al. (2019). Cable bacteria promote DNRA through iron sulfide
dissolution. Limnol. Oceanogr. 64, 1228–1238. doi: 10.1002/lno.11110

Kjeldsen, K. U., Schreiber, L., Thorup, C. A., Boesen, T., Bjerg, J. T., Yang, T., et al.
(2019). On the evolution and physiology of cable bacteria. Proc. Natl. Acad. Sci. U.S.A.
116, 19116–19125. doi: 10.1073/pnas.1903514116

Marzocchi, U., Palma, E., Rossetti, S., Aulenta, F., and Scoma, A. (2020). Parallel
artificial and biological electric circuits power petroleum decontamination: the case of
snorkel and cable bacteria.Water Res. 173:115520. doi: 10.1016/j.watres.2020.115520

Marzocchi, U., Thorup, C., Dam, A.-S., Schramm, A., and Risgaard-Petersen, N.
(2022). Dissimilatory nitrate reduction by a freshwater cable bacterium. ISME J. 16,
50–57. doi: 10.1038/s41396-021-01048-z

Orellana, R., Leavitt, J. J., Comolli, L. R., Csencsits, R., Janot, N., Flanagan, K. A.,
et al. (2013). U(VI) reduction by diverse outer surface c -type cytochromes ofGeobacter
sulfurreducens. Appl. Environ. Microbiol. 79, 6369–6374. doi: 10.1128/AEM.025
51-13

Pfeffer, C., Larsen, S., Song, J., Dong, M., Besenbacher, F., Meyer,
R. L., et al. (2012). Filamentous bacteria transport electrons over
centimetre distances. Nature 491, 218–221. doi: 10.1038/nature1
1586

Rao, N. N., Gómez-García, M. R., and Kornberg, A. (2009).
Inorganic polyphosphate: essential for growth and survival. Annu.
Rev. Biochem. 78, 605–647. doi: 10.1146/annurev.biochem.77.083007.09
3039

Risgaard-Petersen, N., Revil, A., Meister, P., and Nielsen, L. P. (2012). Sulfur, iron-,
and calcium cycling associated with natural electric currents running through marine
sediment. Geochim. Cosmochim. Acta 92, 1–13. doi: 10.1016/j.gca.2012.05.036

Roy, M., Aryal, N., Zhang, Y., Patil, S. A., and Pant, D. (2022). Technological
progress and readiness level of microbial electrosynthesis and electrofermentation for
carbon dioxide and organic wastes valorization. Curr. Opin. Green Sustain. Chem.
35:100605. doi: 10.1016/j.cogsc.2022.100605

Scholz, V. V., Meckenstock, R. U., Nielsen, L. P., and Risgaard-Petersen, N. (2020).
Cable bacteria reduce methane emissions from rice-vegetated soils. Nat. Commun.
11:1878. doi: 10.1038/s41467-020-15812-w

Seitaj, D., Schauer, R., Sulu-Gambari, F., Hidalgo-Martinez, S., Malkin, S. Y.,
Burdorf, L. D. W., et al. (2015). Cable bacteria generate a firewall against euxinia
in seasonally hypoxic basins. Proc. Natl. Acad. Sci. U.S.A. 112, 13278–13283.
doi: 10.1073/pnas.1510152112

Smith, A. F., Liu, X., Woodard, T. L., Fu, T., Emrick, T., Jiménez, J. M., et al.
(2020). Bioelectronic protein nanowire sensors for ammonia detection. Nano Res. 13,
1479–1484. doi: 10.1007/s12274-020-2825-6

Sulu-Gambari, F., Seitaj, D., Meysman, F. J. R., Schauer, R., Polerecky, L.,
and Slomp, C. P. (2016). Cable bacteria control iron–phosphorus dynamics in
sediments of a coastal hypoxic basin. Environ. Sci. Technol. 50, 1227–1233.
doi: 10.1021/acs.est.5b04369

Thorup, C., Petro, C., Bøggild, A., Ebsen, T. S., Brokjær, S., Nielsen, L. P., et al.
(2021). How to grow your cable bacteria: establishment of a stable single-strain culture
in sediment and proposal of Candidatus Electronema aureumGS. Syst. Appl. Microbiol.
44:26236. doi: 10.1016/j.syapm.2021.126236

van de Velde, S., Callebaut, I., Gao, Y., and Meysman, F. J. R. (2017). Impact of
electrogenic sulfur oxidation on trace metal cycling in a coastal sediment. Chem. Geol.
452, 9–23. doi: 10.1016/j.chemgeo.2017.01.028

Wang, X., Aulenta, F., Puig, S., Esteve-Núñez, A., He, Y., Mu, Y., et al. (2020).
Microbial electrochemistry for bioremediation. Environ. Sci. Ecotechnol. 1:100013.
doi: 10.1016/j.ese.2020.100013

Yadav, R. K., Das, S., and Patil, S. A. (2023). Are integrated bioelectrochemical
technologies feasible for wastewater management? Trends Biotechnol. 41, 484–496.
doi: 10.1016/j.tibtech.2022.09.001

Frontiers inMicrobiology 04 frontiersin.org

https://doi.org/10.3389/fmicb.2023.1253550
https://doi.org/10.1073/pnas.1916244117
https://doi.org/10.1038/s41586-021-03857-w
https://doi.org/10.1016/j.chemosphere.2016.08.046
https://doi.org/10.1002/lno.11110
https://doi.org/10.1073/pnas.1903514116
https://doi.org/10.1016/j.watres.2020.115520
https://doi.org/10.1038/s41396-021-01048-z
https://doi.org/10.1128/AEM.02551-13
https://doi.org/10.1038/nature11586
https://doi.org/10.1146/annurev.biochem.77.083007.093039
https://doi.org/10.1016/j.gca.2012.05.036
https://doi.org/10.1016/j.cogsc.2022.100605
https://doi.org/10.1038/s41467-020-15812-w
https://doi.org/10.1073/pnas.1510152112
https://doi.org/10.1007/s12274-020-2825-6
https://doi.org/10.1021/acs.est.5b04369
https://doi.org/10.1016/j.syapm.2021.126236
https://doi.org/10.1016/j.chemgeo.2017.01.028
https://doi.org/10.1016/j.ese.2020.100013
https://doi.org/10.1016/j.tibtech.2022.09.001
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Editorial: Electromicrobiology—from electrons to ecosystems, volume II
	Introduction
	Diversity of EET mechanisms
	Cable bacteria
	Applications
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


