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from reference [10]).
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Table 1.

KRR UL RSP BB F B9 R A MR

Representative EAMs with capability for extracellular electron uptake

Microorganism

Substance transformation

Electron recovery efficiency References

Acidithiobacillus ferrooxidans
Alcaligenes faecalis ATCC 8750

Anaeromyxobacter dehalogenans 2CP-1
Azospira suillum

Clostridium aceticum

Clostridium ljungdahlii

Dechloromonas agitate VDY
Geobacter metallireducens GS-15
Geobacter soli GSS01

Geobacter sulfurreducens PCA
Mariprofundus ferrooxydans PV-1
Methanobacterium-like archaeon IM1
Methanobacterium palustre
Methanococcus maripaludis MM901
Moorella thermoacetica

Moorella thermoautotrophica DSM1974
Nitrosomonas europaea ATCC 19718
Pseudomonas alcaliphila MBR
Ralstonia eutropha LH74D
Rhodopseudomonas palustris TIE-1
Shewanella oneidensis MR-1
Sporomusa ovata

Sporomusa silvacetica

Sporomusa sphaeroides

Thiobacillus denitrificans DSM 12475

CO,—Intracellular organic matter Not given [8]
Nitrate— Nitrite Not given [12]
Nitrite—NO/N,O/N, Not given

2-Chlorophenol—Phenol Not given [13]
Clo, —CI” Not given [6]
CO,—Acetic acid, 2-Hydroxybutyric acid Not given [7]
CO,—Acetic acid, formic acid, 89% (acetic acid) [5, 14]
2-Hydroxybutyric acid

CO,—Ethanol

Clo, —CI” Not given [6]
Nitrate— Nitrite Not given [9]
Nitrate— Nitrite Not given [4]
Fumaric acid—Succinic acid U(VI)->U(IV) Not given [1,2]
CO,—Intracellular organic matter Not given [15]
CO,—CHy,4 80% [16]
CO,—CHy4 Not given [17]
CO,—CH,4 Not given [18]
CO,—Acetic acid (79£15)% [7]
CO,—Acetic acid (72+4)% [19]
CO,—Intracellular organic matter Not given [20]
Nitrate—Nitrite (93.50+3.04)% [11]
CO,—Isobutanol, 3-methyl-1-butanol Not given [21]
CO,—Intracellular organic matter Not given [22]
Fumaric acid—Succinic acid Not given [3]
CO,—Acetic acid, 2-Hydroxybutyric acid (89+12)% (acetic acid) [5,9, 23]
CO,—Acetic acid, 2-Hydroxybutyric acid Not given [7]
CO,—Acetic acid, 2-Hydroxybutyric acid Not given [7]
Nitrate— Nitrite/N,O 72% [24]

Strycharz ZPHISEIEN, G sulfurreducens PCA
FRRFEMOI L F 5T, b G sulfurreducens
PCA 1y PecH # FIRENHSRFRER, MERIZE N
LA 5 e EE AR T R OIS L TS I RE o Santos
SECTIE 3oV I B A 3RAS G sulfurreducens
(9 PecH #E1, I RAEIHRLILMTT PecH &I
PR 2B 1R, i — 2R PecH S HITE
WS S H, B AR DB A A T o Ross 55 R

MREAIEE A S, oneidensis B HLF
ML 25 B B i e s, 1% BUMEBR S. oneidensis
MR-1 H FecA, MtrA., MuB Fl CymA & H Y5
L, DA H R 3l A 0 ) o A s el R 2 Bl
T Mtr FRARFERMCH T I G HEFE T, JFHEWT
MR-1 WSO i A A i B8 A2 . LR —MtrC—
MtrB—MtrA— CymA— P 5 o (1) H ZE R G 38— JH]
R FecA (K 2-A).
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Figure 2.

The direct electron uptake mechanism based on membrane-bound proteins. A: Electron uptake pathway

of Shewanella oneidensis MR-1. B: Mechanisms of electron transfer from electrodes to Acidithiobacillus

ferrooxidans (adapted from references [3, 8]).
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Figure 3. The indirect electron uptake mechanism

based on electron shuttles (adapted from reference [29]).
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Advances in electroactive microorganisms with capability for
extracellular electron uptake

Xianyue Jing, Shanshan Chen’, Shungui Zhou

Fujian Provincial Key Laboratory of Soil Environmental Health and Regulation, College of Resources and Environment, Fujian
Agriculture and Forestry University, Fuzhou 350002, Fujian Province, China

Abstract: Electroactive microorganisms (EAMs) with capability for extracellular electron uptake are
microorganisms that can use electrons from extracellular solid to reduce carbon dioxide or other oxidative
substances into extracellular organics, reductive inorganics or intracellular life-supporting organics. The finding of
these EAMs broadens our knowledge of microbial diversity. They have significant practical applications in biomass
energy synthesis, contaminant treatment and chemical detection. In this review, the substance transformation and
electron recovery efficiency of representative EAMs with capability for extracellular electron uptake were
introduced. The direct electron uptake mechanism based on membrane-bound proteins and the indirect electron
uptake mechanisms based on electron shuttles were summarized. Application potentials in the microbial
electrosynthesis system and the microbial sensor were proposed. And future research directions of these EAMs
were discussed from the perspectives of mechanism study, biofilm micromechanism and engineering application.

Keywords: electroactive microorganism, electron uptake mechanism, membrane-bound protein, electron shuttle,

electrosynthesis system, microbial sensor
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