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Abstract Under anaerobic conditions, many microorganisms are capable of extracellular respiration involving
electron transfer to or from extracellular substrates such as iron ( hydr) oxides and humic substances. Electron
shuttling is one of the significant strategies for extracellular electron transfer, however, the involved mechanism
has not been thoroughly understood. Electron shuttles can be divided into endogenous electron shuttles that are
self-produced by microbes themselves and exogenous electron shuttles that are natural substances or artificially

synthesized materials. Electron shuttle-mediated extracellular electron transfer generally involves the following
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reactions; the oxidized form of electron shuttles ( ES, ) accept electrons from the oxidization of organic matter

and become as the reduced form of electron shuttles (ES, ), then ES , transfer electrons to extracellular electron

red
acceptors and return to ES_ . Through these steps, electron shuttles can be reversibly oxidized and reduced. This
review mainly focuses on the electron transfer mechanisms of different electron shuttles, and the factors affecting
extracellular electron transfer such as the molecule diffusion, redox potential and electron transfer capacity of
electron shuttles. Electron shuttle-mediated extracellular electron transfer has significant influence on
contaminants degradation and microbial electrogenesis, thus the better understanding of their mechanisms is very
important to their implications in bioremediation and bioenergy.
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Table 1 Representative examples of endogenous electron shuttles
electron shuttle microorganism attribute E'y(vs. SHE) ref
(mV)
2 ,6-di-tert-butyl-p-benzoquinone Klebsiella pneumonia 1.17 quinone 18
(2,6-DTBBQ)
phenazine-1-carboxamide Pseudomonas chlororaphis PCL1391 phenazine derivative -116 17,19
riboflavin ( RF) Shewanella spp. flavin -208 20,21
flavin adenine dinucletide ( FAD) Shewanella oneidensis flavin =219 22,23
flavin mononucleotide ( FMN) Shewanella spp. flavin -219 20
melanin Shewanella algae BrY pigment 5
E',: measured at pH=7.0, T=25%C and p =1 atm relative to standard hydrogen electrode.
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Fig. 1

Schematics of electron shuttle-mediated extracellular

electron transfer (example of FMN) ™’
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Table 2 Representative examples of exogenous electron shuttles

electron shuttle attribute E'y(vs. SHE) (mV) ref
9,10-anthraquinone-2 ,6-disulfonic acid ( AQDS) anthraquinone -184 24
9,10-anthraquinone-2-sulfonic acid ( AQS) anthraquinone -225 24
9,10-anthraquinone-2-carboxylic acid (AQC) anthraquinone -254 24
alizarin (Ali) anthraquinone -344 24
lawsone (2-HNQ) naphthoquinone -137 24
RZ( resazurin) indicator -51 20
vitamin B12 vitamin 25
cysteine amino acid —348 26

E'y: Measured at pH=7.0, T=25 °C and p =1 atm relative to standard hydrogen electrode.
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Fig.2 Schematics of electron shuttle-mediated extracellular
electron transfer (example of AQDS). (A) AQDS mediated
extracellular electron transfer between Klebsiella pneumoniae
and a-FeOOH™'. (B) AQDS mediated extracellular
electron transfer between Geobacter sulfurreducens and
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Impact of electron shuttles on the reductive decolorization of azo dyes

azo dye microorganism( s ) electron shuttle results ref

reactive orange 14 anaerobic granular sludge riboflavin 1.5 ~2 times faster 35

amaranth Shewanella decolorationis S12 AQDS/AQS electron shuttles both at ImM, corresponding first-order 32
rate constants increase 75% and 133%

acid yellow 23 Bacteroides thetaitamicron FAD 3.5 times faster 38

remazol black B Shewanella strain J18 143 AQDS 3 times faster 35

GemSperse orange EXS  Shewanella strain J18 143 AQDS 4 times faster 36

PRI A G RIIN , Z R AR5 P AN,
H OB ERE R E I AMMII5 R 24 5, 24
T, AL PRIX 2675 YLy 1) A R A R . 4l
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Impact of electron shuttles on the reductive dechloridation of organic pollutants

pollutant microorganism ('s) electron shuttle

results ref

chloroform methanogenic granular

sludge

carbon tetrachloride  anaerobic sludge humic acids/AQDS

carbon tetrachloride  Acetobacterium woodii hydroxocobalamin

carbon tetrachloride  Shewanella alga strain BrY  vitamin B12

pentachlorophenol soil microbes humin

RF /cyanocobalamin

the first-order rate constant was 5. 1- and 91-fold higher in
RF and cyanocobalamin amended cultures, respectively, 41

compared to the unamended control culture

increase the first-order rate of conversion of carbon 42
tetrachloride up to 6-fold

30 times faster compared to the unamended control culture 39

almost fully biodegraded to chloroform (1.43% ) and CO 25

(91.9% ) ; no biodegradation in unamended control

fully biodegraded to phenol; no biodegradation in 40

unamended control
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Table 5 Impact of electron shuttles on microbial electrogenesis
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microorganism electron shuttle results ref
Shewanella oneidensis MR-1  riboflavin removal of RF reduced the rate of electron transfer by >70% 21
Escherichia coli ATCCA157  pyocyanin 13-fold and 23-fold increase for the peak power output and the average power output, respectively 45
Shewanella putrefaciens 200  AQS the average current was 2. 9 times higher 20
FEscherichia coli neutral red the average current was 10 times higher 46
Shewanella putrefaciens neutral red the average current was 10 times higher 47
R 6 WAL R G LT RO S G A 1 S )
Table 6 Impact of electron shuttles on pollutants degradation in bioelectrochemical systems
pollutant electrode material electron shuttle results ref
pentachlorophenol  graphite solid-state humin dechlorination rate was higher by 15-fold than that of the immobilized 48
system to 116 wmol C1~ g~" humin d !
trichloroethene glassy carbon methyl viologen degradation rate was 4.5 peq/(L-d) with methyl viologen, but no 49
trichloroethene was degraded without cells or methyl viologen
perchlorate graphite AQDS reduced rate was 90 mg-L~' with AQDS, but no perchlorate was 50
reduced without cells or AQDS
methyl orange carbon paper thionine decolorization rate increased by over 20% , and the power density was 51

enhanced by over 3 times
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