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Abstract: Synthetic electroactive microbial consortia, which include exoelectrogenic and
electrotrophic communities, catalyze the exchange of chemical and electrical energy in cascade
metabolic reactions among different microbial strains. In comparison to a single strain, a
community-based organisation that assigns tasks to multiple strains enables a broader feedstock
spectrum, faster bi-directional electron transfer, and greater robustness. Therefore, the
electroactive microbial consortia held great promise for a variety of applications such as
bioelectricity and biohydrogen production, wastewater treatment, bioremediation, carbon and
nitrogen fixation, and synthesis of biofuels, inorganic nanomaterials, and polymers. This review
firstly summarized the mechanisms of biotic-abiotic interfacial electron transfer as well as
biotic-biotic interspecific electron transfer in synthetic electroactive microbial consortia. This
was followed by introducing the network of substance and energy metabolism in a synthetic
electroactive microbial consortia designed by using the “division-of-labor” principle. Then, the
strategies for engineering synthetic electroactive microbial consortiums were explored, which
included intercellular communications optimization and ecological niche optimization. We
further discussed the specific applications of synthetic electroactive microbial consortia. For
instance, the synthetic exoelectrogenic communities were applied to biomass generation power
technology, biophotovoltaics for the generation of renewable energy and the fixation of CO..
Moreover, the synthetic electrotrophic communities were applied to light-driven N, fixation.
Finally, this review prospected future research of the synthetic electroactive microbial consortia.
Keywords: synthetic electroactive microbial consortia; electron transfer; division of labor;
intercellular communication; ecological niches
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Table 1

*1 ATHEBEMEHEDER—X

Summary of synthetic electroactive microbial consortia

S. oneidensis
MR-1

K. pneumoniae
S. oneidensis

K. pneumoniae
S. oneidensis

No. Microbial Division of labour Bacterial Ecological niches Results Reference
consortia relationships
E. coli (1) E. coli digested glucose to Cooperation Undesigned (1) Glucose was [22]
B. subtilis produce electron donor of converted to electricity
S. oneidensis lactate for more than 15 d
(2) B. subtilis digested (2) The coulomb
glucose to produce riboflavin efficiency reached 55.7%
as electron shuttle
(3) S. oneidensis acted as an
exoelectrogen generating
electricity
(4) S. oneidensis catabolized
lactate to acetate, feeding E.
coli and B. subtilis
S. cerevisiae (1) Engineered S. cerevisiae Commensalism The spatial niche = The maximum power [23]

acting as a fermenter,
converting glucose into lactate
(2) S. oneidensis acting as an

was optimized density reached
with enhancing the 123.4 mW/m?* when
biofilm formation feeding with glucose

exoelectrogen, generating of exoelectrogen
electricity from lactate on anode surface
(1) Engineered K. pneumoniae Commensalism Undesigned The maximum power [24]

acting as a fermenter,
converting glycerol into

density reached
123.4 mW/m’ when

lactate feeding with glycerol

(2) S. oneidensis acting as an

exoelectrogen, generating

electricity from lactate

(1) Engineered K. pneumoniae Commensalism The spatial niche = The maximum power [25]
acting as a fermenter, was optimized density (104.7+£10.0) mW/m®

converting glucose and xylose
into lactate

with enhancing the co-feeding with glucose
biofilm formation and xylose from corn

(2) S. oneidensis acting as an
exoelectrogen, generating
electricity from lactate

of exoelectrogen
on anode surface

straw hydrolyzates

B. subtilis (1) B. subtilis acting as a Commensalism Undesigned The maximum power [26]
S. oneidensis fermenter, synthesizing density reached
electron shuttle riboflavin 277.4 mW/m? with
(2) S. oneidensis acting as an coulombic efficiency of
exoelectrogen, generating 5.6%
electricity facilitated by (2) The discharge time
riboflavin was more than 500 h
M. acetivorans (1) The engineered archaecal ~Commensalism Undesigned The coulombic [27]
P. denitrificans  strain M. acetivorans with efficiency reached 90%
G. sulfurreducens methyl-coenzyme M
reductase for converting
methane into acetate
(2) The acetate acted as an
electron donor of G.
sulfurreducens for electricity
generation
(752
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(E= )
No. Microbial Division of labour Bacterial Ecological niches Results Reference
consortia relationships
7 Paenibacillus sp. (1) Paenibacillus sp. acting as Commensalism Undesigned (1) The maximum [28]
Klebsiella sp. a fermenter, converting current density reached
G. sulfurreducens cellulose into glucose 621 mA/cm?
(2) Klebsiella sp. converting (2) The maximum power
glucose into acetate density reached
(3) G. sulfurreducens acting as 1 146 mW/m?
an exoelectrogen, generating
electricity from acetate
8 E.coli (1) The engineered E. coli Commensalism The spatial niche (1) The catalytic current [29]
S. oneidensis acting as a fermenter, was optimized by reached 1.84 A/m’
converting xylose into enhancing the (2) The maximum power
electron donor formate and biofilm formation density reached
electron shuttle flavins of exoelectrogen  728.6 mW/m’
(2) The engineered S. on anode surface
oneidensis acting as an
exoelectrogen, generating
electricity from formate,
facilitated by riboflavin
9  S. oneidensis (1) The S. oneidensis acting as Competition Undesigned The occurrence of [30]
MR-1 an exoelectrogen, generating competitor C. freundii
C. freundii Anl electricity from lactate Anl facilitated the EET
(2) The C. freundii An1 acting of S. oneidensis, in
as a competitor, competing which the maximum
with S. oneidensis for current density was
consuming lactate improved by 6 times
10 E. coli (1) The engineered E. coli acting Commensalism The spatial niche (1) The maximum [31]
S. oneidensis as a fermenter, synthesizing was optimized current output reached
electron shuttle flavins with immobilizing 3 804.3 mA/m*
(2) The S. oneidensis acting as E. coli into beads, (2) The maximum power
an exoelectrogen, generating resulting in the £.  density reached
electricity facilitated by coli was far from  (434.243.4) mW/m’
riboflavin the anode surface
11 S. elongatus (1) Photosynthetic Cooperation Spatial-temporal (1) A spatial-temporal ~ [9]
UTEX 2973 cyanobacteria directed solar separation was separation setup with
S. oneidensis energy from photons to setup with medium medium replenishment
MR-1 D-lactate replenishment enabled stable operation
(2) S. oneidensis used the for over 40 d
D-lactate for electricity (2) The average power
generation density reached 135 mW/m®
12 Synechocystis sp. (1) Synechocystis sp. acting as Commensalism The spatial niche They were used as a gas [32]
PCC 6803 a fermenter, fixing CO, into was optimized via sensor and powered
P. aeruginosa carbohydrate through building multilayer wireless communication
PAO1 photosynthesis 3-D microbial
S. oneidensis (2) P. aeruginosa acting as a communities
MR-1 fermenter, synthesizing
electron shuttle
phenazine-1-carboxylic acid
(3) S. oneidensis acting as an
exoelectrogen, generating
electricity from carbohydrate
which was facilitated by
phenazine-1-carboxylic acid
(1548)
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(E= )
No. Microbial Division of labour Bacterial Ecological niches Results Reference
consortia relationships
13 R. palustris (1) R. palustris harvested solar Commensalism Undesigned The methane production [33]
M. barkeri energy and performed rate reached
anoxygenic photosynthesis (4.7+0.2) pmol/(L-h)
(2) R. palustris transferred under light
electrons to M. barkeri
(3) M. barkeri used reducing
power to drive methane
generation
14 G. (1) G. metallireducens Commensalism Undesigned The previously [34]
metallireducens transferred electrons to R. unidentified dark CO,
R. palustris palustris fixation mode enabled by
(2) R. palustris used reducing electroautotrophy
power to the dark CO, fixation
15 8. ovata (1) S. ovata reduced CO,to  Cooperation Undesigned (1) Establishing full [10]
R. palustris acetate driven by light solar to chemical

(2) R. palustris performed N,
fixation and biopolyester
generation by using acetate

conversion driven by a
photovoltaic device
(2) Solar to chemical
efficiencies of 1.7%,
0.5%, and 0.1% for
acetate, nitrogenous
biomass, and ammonia

YI(Rhodofera ferrireducens). 1 EFRYERMEY)
(Sideroxydans lithotrophicus) ES-1 25 ZF i JiG
A b R B TR R 2 (1 b G TR A
MtrABC RARZEHZEAL, HUFT 1 Js 28 FL A 1 4 i
BRENEGY) Pec WA EHMIENRLS TN
AR E M ImeH, CbeLW™ ) FHREAREAM
PpcA . PpeD™ 1) K A4, 2 26 (15 A /& OmbB-
OmaB-OmcB, OmbC-OmaC-OmcC P2, #f
HF MtrCAB 42, Geobacter 2513 40 4
REAEEY Pec RS2 M ERE AR
Yy, WA Z 500 e s i mmiE, JfH
REWS AR 3l N A1 i 1t 2 PR (L) B M o (i LAk i
Jir F A7 ) 36 45 1 3t 9 5 R AN [m] 4 v - B A
BB,

AF HG T 200 M 68 3R 2 i A0 L S A A
HEAEAAN R IR 536, Lovely 5P+
KB I AT R (Geobacter sulfurreducens)?5 Hi,
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Figure 1

Mechanisms of extracellular electron transfer of electroactive microorganisms. A: Direct electron

transfer mediated by ¢-Cyts. B: Direct electron transfer mediated by conductive nanowires. C: Indirect electron

transfer mediated by electron transport carriers.
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Figure 2 Mechanisms of interspecies electron transport between electroactive microorganisms. A: Indirect
interspecies electron transfer mediated by soluble electron shuttles such as H,. B: Direct interspecies electron
transfer mediated by conductive nanowires. C: Direct interspecies electron transfer mediated by c-Cyts. D:
Direct interspecies electron transfer mediated by electrically conductive materials.
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Figure 3 Designing electroactive microbial consortia basing on the principle of “division of labour”***1 A: A
synthetic microbial consortium composed of genetically modified E. coli and S. oneidensis was rationally
designed and constructed to efficiently harvest energy from xylose®. B: R. palustris formed a direct electric
syntrophic coculture with M. barkeri. R. palustris harvested solar energy, performed anoxygenic photosynthesis
using sodium thiosulfate as an electron donor, and transferred electrons extracellularly to M. barkeri to drive
methane generation!**’.
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A Commensalism B Cooperation c Competition
— — —
N — T
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4 C. fireyndii e3¢
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Glucose /-b - Glucose 7 & =\
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@ Lactate < Acetate . 3
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o iy (28] | / 5a)
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4 HEMMEYEENEIERXRD?DY

Figure 4 Interaction relationships of electroactive microbial consortia
S. cerevisiae-S. oneidensis consortium, the glucose was metabolized by engineered S. cerevisiae to produce
lactic acid, which was in turn used by S. oneidensis as an electron donor for EET*). B: Mutualism. In E. coli-
B. subtilis-S. oneidensis consortium, E. coli digested glucose to produce lactate as a carbon source and an
electron donor and B. subtilis produced riboflavin as an electron shuttle, both of which facilitated the electron
transfer of S. oneidensis®*. C: Competition. The competition enhanced the metabolic activity of S. oneidensis
MR-1 on electrode, which facilitated the biofilm formation and therefore helped S. oneidensis MR-1 to gain a
competitive advantage over C. freundii An12".

22-23,30 .
[ 301 A: Commensalism. In
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Optimization of ecological niches in electroactive microbial consortia
representation of the membrane-aerated bioreactor with dissolved oxygen concentration proﬁle[
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[32,108]

. A: Schematic
108

structured 3-D microbial communities in solid-state agar-based microcompartments>>!.
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Figure 6 The application of synthetic electroactive microflora . A: Schematic diagram of the
biophotovoltaics system based on a two-species microbial consortium with constrained electron flow'. B: To
harbor artificial cross-kingdom microbial consortia for the consolidated bioprocessing of lignocellulose to
short-chain fatty acids. C: A dark CO, fixation mode enabled by the electrosyntrophic interaction between G.
metallireducens and R. palustris®¥. D: Designed a biohybrid coculture for tandem and tunable CO, and N,

fixation to value-added products[m].
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