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production. Electroactive cells, including exoelectrogens that release electrons to the environment and electrotrophs
that obtain electrons from the environment, have the ability to exchange electrons in inward and outward directions
with the external environment and play a central role as microbial electrocatalysts in BESs. In the last decade, with in-
depth researches on the electron transfer mechanisms including direct and indirect electron transfer pathways of
electroactive cells, BESs with electroactive cells as the core component have been widely used in ecological
environment management, green energy development, high-value chemical synthesis, and so on. However, the
inefficient energy conversion rate of wild-type electroactive cells remains a major bottleneck for large-scale
applications of BESs. This bottleneck is mainly caused by narrow available substrate spectrum, slow intracellular
electron generation rate, weak bidirectional electron transfer capability, unstable biofilm structure, and low microbial
electrosynthesis efficiency. Thus, this review focuses on the latest research progresses in the synthetic biology
engineering of electroactive cells in the past five years. By disassembling and analyzing the bidirectional electron
transfer mechanisms, the synthetic biology strategies are classified and summarized for electrogenic cells and
electrophic cells, respectively. Electrogenic cells can be engineered via strengthening the intracellular electron
production and extracellular transfer efficiency, with a special focus on broadening the substrate spectrum, improving
intracellular electron release, accelerating extracellular electron transfer and strengthening electroactive biofilms
formation. In terms of electrophic cells, they can be engineered via enhancing electrophic electron uptake and
conversion as well as product synthesis efficiency, specifically promoting extracellular electron uptake and conversion
and regulating cellular metabolic pathways to electrosynthesize chemicals and biofuels. Finally, perspectives on further

engineering of electroactive cells and potential applications of BESs are proposed.
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MY R EOR, VR BTAES B R X
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1.1 FrEAREE FEEH

Jit 41 B ¥ 4% 33 (extracellular electron transfer,
EET) 527 HL 40 IR W il i HLE FR W0 4 b oD ik
AR08 28 B il 1, JF 1% 36 4% FAD. NAD' .
NADP' DLk J5i 4y FADH,. NADH. NADPH fif 17 .
I H R A o AR AR B IR TR T R £ B
NADH JE A7 76, Ak NADH J& # 4 W\ 4 2 41 i
W BRI RE R i, fEAF TR T I R ET
7E NADH Jit &0 B 19 1 F R IE N IR B g il o
b 5 4o s b3 T A S I A M R A, A
Z 107 AL B A T 2k 2R ARG
REWZ MRS, 2581k, HWF g7
B LS C ) 2 W] O H A 74238,
BV F 200 3 T A7 B 0 i € 3R Bl 5 PR A K G
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i, ED R P I P A R AR R (e
K. R, BEKSE) (A4 5 Rk 2 R A%
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(D WRERNFHEEE AL e
REHEHEAMMR IR EE RO, B
BRI, ThEe I, TR T A K EE TR
77 2 R EACRR T, Sl TRk
G RN N SN IU R AUy RN VAN 1SN =) 15
e B AR T2, HitC R H MR
wE, Horbo AL BT O R, B
LY I 5 2R W Ay L IR TR Shewanella oneidensis 11
% J& & i MuCAB & 42 fl Hu #F B Geobacter
sulfurreducens ] Pec 4% . 1542 J& 18 Jii MtrCAB H
THBIEET, A NADHAMBER BT, &
PP R 25 T s 6 % 31 9 R4 i (3 3K CymA, Bl 5 i
JE J5T 7% [6) 24 Jfd €5, 3 Fee A Il STC 4% 346 22 411 58 4t fifa £,
R H Gk MurCAB. 5 o 45 1) % 8 x4 IR
MtrCAB (8 R H £ AR AME H AL R4 R
MtrC. A 5 1 il 21 2% 40 0 £ 3R MitrA RGN A1 e
(1) B-#if MtrB 41 % “% . MurB £ - 41 fi 4 Y 47 B
4 MtrA FI MtrC, AR | A 5T 4 TR A% 3 2
AR B0l Al, S, oneidensis MR-1 3[R 4L 5 14
MtrC FJEY) (MurF) « 3 4~ MuB [ R4 (MuE.
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Fig. 1 Bi-directional electron transfer mechanism

(Left) Direct electron transfer via cytochromes and conductive nanowires; (Right) Electron shuttles mediated electron transfer
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R . 5 S. oneidensis 18 i # [F] £ 12 /- 5 XN
] B AE I AN [A], JETRE R SR IA 2= R0 A,
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BB (Citrobacter amalonaticus) F1GRJE 11
(Sporomusa ovata) IEEEFERIZEAT T, AT 40
(P B 2 B, (R A R A R Y
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il I A B 58 A AT, DR E A AR R
Bk — 35 48 7 W AR G B A T R R I R R ROk
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Tab.1 Summary of engineering exoelectrogens by synthetic biology
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JERAARS R 1 WA o e

S. oneidensis

JH0 P PR TR, 1 R S AR A B0
P. aeruginosa

S. oneidensis

E. coli

P2 CINARIHE B , R15 5 201 NAD R g 12089
Ak B A 8 A A B AR o e
E. coli

SR AL FLRRM SR IR T CRP 3%, 439 9 1 Mond LR 9 71 ik 00

S URFAE NG AL TR T 3 Ol SR Sl 5 I HL AR, 434 5 L R A S

S5 R A ] D W i R RV 67 VAR ] 1 0 R A A A e T
FIRFIEANE L IZ R A R R A AR 12T

FIRFIE CTR GG A K Catol ,ato2) , SEACFTIR IR S HESE R gelA , 782 LR AR B A2

it ik NAD & 3 Bl nadE, 78 Js 9 NAD(H/) s 51

it %3k yeel \pncBnadMnadD* nadE*FE [, 58 NAD (1) 4= 4 45 ™

I RIE gapA2pfIB fdh* mdh 5, 31 NADH ()25 ™!

THR LR 0 SR K] Idh A, BT fi 4776 H P9 = 1) AR 20 f ol 1%

T # B R 755 NADH it 28 NDH-2, £ 58 2 f 7 Jl il A6 I B\ EET 38421

JBREBINS. oneidensis [ MtrCAB i3 R G 15 E. coli B4 fu 4 v 7 1& i g 717
FJEE S. oneidensis F E. coli 40t 2 il & ik R 4

BRI E 2 40 mA/m®
P IR FE K 0.39 A/m?
BRI 0.085 mA
KT 2.1 mW/m?
KT 8.3 mW/m?

R INZ% 5 4.0 mW/m®
IR INZE% % 162.8 mW/m’
R IhE % 105.8 mW/m®
RN 2% 5 3.0 mW/m’
i LA 4.7 pA
NAD(H)# £ 6 mmol/L

Fe( )it J5# %2 % 83 pmol/(L-d)
HLIL 9 B A 31 25.32 mA/m’

SRR IE PCA & 452 phzA1BICIDIEIFIGI 3£ R % , LA a1 (] F2 i oh FL AR 3 ™) e K ITh &% 181.1 mW/m®
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i ek YIRS AR 2L 38 CymA , 3 FiL 42 336 28 2R oy ) 5 2 Jo i
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SIRFIEK E B. subtilis (1% 35 A REE K% ribADEHC , LAFE i MR IR /0 L AR 807 5 R Th & i 233.0 mW/m?®

A R R, G AL (ISR W, BRI B GO, M = S A B IR R 5
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Fig. 4 Optimization of cytochrome mediated direct electron transfer
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BT FERZBIE 2 K9E, B, LinsE ™ §IRTE
G. sulfurreducens W' % 7€ th — Fh B B& UK AR &
4 (short pilin chaperone, Spc), Spc HJ DL it i
HURH LA 5 pil A 45 5 T2 A A€ 1) Spe-pil A & 4
U EREAHARE (K5 ] X—#7EY,
W B AR W — A E R R, ARk pilA B
B B RIS AT Jo v 58 A SE IR B ) = AR . HH
T Geobacter 5 7% 5 B A% A I PR BE, 18 A% # 4
MR SRy, A TR RESRE B
J& ¥ 0 B, Lovley 5 M7 SR A E. coli fE
JRAE T, b E S W EEOWEME, E
MU BB B A RS GspilA, MTT3RA T 5
G. sulfurreducens T RIS A ) T LB B A5 (H
3 nm) FHFE, ZI5ERENEEIREMG TR
T 1) 38 B A e-Pili R 4 VOB R [ 5o ]
R 7t B B A5 A USRS 1 2 B T R A,
K 22 IKAZ 1 B 6 55 4 245 /) ) DA 0 7 6 1) 86 B
3, A Rk FUE PR AR TR R A BT Y A )
MBI F R . Ueki M Wit ks & 5
G. sulfurreducens W & 12 5ol &, 75 A 52
FHEREHE T, AR R 8 S Bl
KL G5 . A U2 R B 7 pil A-6His # pil A-
HA, Mifir=4 B “His-tag” FK “HA-tag” )
SHEE [BS5W], XSRS RE T MR
A LA & J@ FUAH S Bk &5 &, 2 TF R8T A kLRI
RETHAAREINMNHAME. ET ERZ N
FETET LA W, 2T 5 g oK 2 g Fi s
TR0A= P 240 M 1 77325 DR 2R P T A A e R A AR T
B R, AN K 2R 1) 2 RE AL AR U K A R
B S RF E T M 0 M A 2 BT A ELAE DL AR
PR T L O BT IR AT
233 RIS G T BARA T8 FAEE

EH T 24 A S rh A7 7 1 2 TR BELAS AR, P F A
Mlke 7 iE s B AR e A, AR R A
TALB A (ERE. MR N FAEEE 1L
BRI AR P AR, AT DUE I R A T Rk
BB, PRE T EURWEE ST, Y T R
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GRO AUAG AprfA fimA / N N, i )
Al Ny
» & Sl «!05'-’0
fimA A109UAG N
- _C

aaRS
: tRNA, .,
"

Translanon w

System(OTS)  fima A109UAG
RNA,

%F UAG codon
at position

. Cu-catalyzed

nsAA mcmpomuon

(a) W Hns A A FDZ 1M Y8R B 49K 2K,
LRGeS AR AC RS

(a) Construction of nsAAs-encoded modified protein nanowires coupled

with gold nanoparticles to enhance the pilus conductivity!'®!

hofBi
tac promather!  pilin .
‘aptpeniuce gine Gene for E. coli type IV p]]us assembly machinery
e Gene for Assembly of Synthetic PIEHnmh:anunwaires
/

\ .
\ —_—

I .é.,j: — . 11
—"310:/
515
05 01 0 o1 o2

‘oltage’V

() MR A E. colild T3 [F (115 BRI\ T R,
HT G. sulfurreducens N Y £ 44 & BEAERR (E1)
(c) Introduction of a plasmid that contained an inducible operon with
E. coli genes for G. sulfurreducens type IV pili biogenesis
machinery and genetic manipulation!'™!

“click” chemistry

+ Translation

Electrostatic
W interactions
o
* Transcription .
a .......
— ) itk -
PilA Spe

mRNA

(b) SpcTE R M Bh E’]e-pllmfﬁﬁ&i :
{i it S B T = 4 % A6 g g 110
(b) A model of Spc oligomer-assisted e-pilin assembly that
promotes the pilus secretion and elongation!'®!

————————————————————————————————————

pild
promoter 4
'

& T)Swnlcngmwincs 0

b |
Bt v E

-
Monomers with His-Tig

(d) ¥ & A 644 Z H 1) “His-tag " BiUHE 5 His-tag )
JUBE“HA-tag™ &1 5 i gl gl oo
(d) Decorating the conductive protein nanowire with a six-histidine
“His-tag” or both the His-tag and a nine-peptide “HA-tag 1%

Bl5s Sl FRPPKES FI T EE

Fig. 5 Enhancement of electron transport mediated by conductive nanowires

T HA A A 2T B L T AR 1 )
LS. oneidensis A, K N IEPERZ 1 R RIS E )
&, YangZs " 7E S. oneidensis MR-1 71 7§ 3 1k 5k
B 4 5L 2R FAT B Bacillus subtilis P 9RT5 1% 38 25 &
(%0 IE A% (ribADEHC) [ 6(a)], 1f T
B B B 2R R R A A B AR A 0 25.7 4%, WLl H
TR R I T 2313265 (H-F s Eis)
MI155F (BrmA&LE . 45REW, mmT
A 388 AR 1) AR B A B e LA H T AR B AR
BRSO . SR, MR 2 AR RS
S R G R B, 3T S e 4 i AR AR
o NIk, Yong%E MY RIHKIEKH P aeruginosa

FLE 1 OprF, HJ 5 25 389 o0 40 ff RS 328 1, 46k 1 ok
EA R WA T Z, e e RS T

i rERE . EULEEAE B, Lin 25 P @ i i ik fod
WA 8 T Az AEAR g5 A4, i — DItz s &

G, A5G FLE AR R S W R AT
e 3F 40 ff 3% 2 1) AE ) B R B sl A,
S. oneidensis —#EAEVREE ) [ 6(b) ], HAHE
T PR AR P A B, 1R RGN s O DR
R B AR AR 2 18.8 i, IAF) 2.63 W/m®. iR
RIS IR, S. oneidensis MR-1 H 73 1 ] 3 &
AU ok, AR AR SR R S
SRR A REASGE Y, BER SR E T
1B R I [R5 S, oneidensis I T 2 W)
G RIER % (ribDCBAE) 0 2 & A AW & ki3t
A% (mtrCAB) [E6(c) ], AR ERAEY) M E
FEL AL B 2 BE BN T 110% Y. itk

mERE,

4b, P aeruginosa F L H B A Lo WA Wy g -1-
Wi WyR-1-FR 18 . SRR = S AL R i S
R M B AT IR 2 F AR T Fengi“f[”] WITTEE.

coli F1 5] N\ P. aeruginosa ["] PCA & fili& 1% (phzAI1B
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ore MELA . ] ~ @ FAD
s SFAD =& = FAD te Oo FMN,
RSR g o MN,,
. ~ MEMN,
SFMN= 2 = FMN a A = RF,
z é i g " \'E S CymA *rr
= N 2 N 78 Tl ® /Cym
F e o z & RO .. e
2 riboflavin |2 B SRRSO M A g
- G- o ~ '\ - ‘.
. £ e < (&) o= Usha ! =
l pYYDI-C4 I | 1 =3} - R iy o 3 "
= | i x * Bfe «EE o
l PYYDT-LS l e w3 OpF > _ = =
i * g e =
) — — g B - —— 2}
—|+ = = = = NADH —> NADH e =
Lactate’ E 2 / /f o == =
OM IM

(a) FHIRFILBAL TR I 5 R S 55

(a) Enhanced flavin synthesis and secretion by heterologous expression!™!

Lactate
Acetate

Electrode el NADH
’ GTP+RSP

(c) FLFLMEOFEMICABIE &Rk, RibIsh il i

(c) Co-expression of cytochrome MtrCAB and flavin synthesis
pathway to enhance extracellular electron transport!!??!

FyIN
NAD
RF }

(b) SRALFGR T FETE AL A 4% =4 A T A Re
(b) Enhanced expression of flavin to form self-assembled

three-dimensional artificial biofilms®
—

Phosphoenolpyruvate
Erythrose-4p

Chorismate

Py iph:/”--GF

e
(d) FiEFIAPCAS HE#RF 1% MombB-omaB-omcB-omcS
BREARS, SR E BN HE B EE R
(d) Heterologous expression of PCA synthesis pathway
and the ombB-omaB-omcB-omcS chromoprotein system,
enhances both direct and indirect electron transport!*!

Be6 SEiLHsh il T EARA T 0 TR

Fig. 6 Enhancement of shuttlemediated electron transport

ICIDIEIFIGI), &1 7> Wi PCA I & W & 48
5, [ MFC DhZ % E 4w 1015, 5% 181.1 mW/m’.
Bift, FanZf ") JF K iEditing fR 35 3 K 4 4 48 1T
$ PCA & W E KR G. sulfurreducens W) H.3% T
74 5% ombB-omaB-omcB-omcS, ¥4 % S. oneidensis
A [Ee(d], WEumil |4 e B g
TAEH %, HPCAAMMAMBER cRILEL R
TR, A R e R A 310.2 mA/m?,
FEEP AR 1.84 ffF o ASRE R HL T BRI FEBR T
AJ D4k S it 2 PR AL IR R TR 4G B i 2 B A A
R RRERE = AN S v 1B ) A (11 ) VAP SO oS S = A
EADIIE RS, 18 A% 7 R AR
JTEN W B T e fE ARV E NS, b B AR
HEARY G M RRACHE AR, B N
AP R AT IR B I . AEME R B

LA R NORBAORE AR 7 A5 5 T T2 N BEE
B fi .

2.4 HEHEVMENSREMFEL

HEEAEMEFERETRIIREED
(extracellular polymeric substances, EPS) 5 Hii%
PR A BT I IR 54 o Horfr, AR L I
%) FLF5 s #F DNA  (extracellular DNA, eDNA) .
MaAh 2 pE. MRAME S P, SEA L EYE
AH AR 90% LA | [FIES, X 48 EPS By
i 52 3 A0 M B R A T AT I 2 4R A, AR A
TR, oo R, R FE A e AR R 45 2
J7IL, AT I (AL A (A] B s . AT SRR T A
VI EPS 73 LA K 22 Bl 428 R - (R i e e
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2.4.1 RIERINLE MRS
(1) eDNA eDNA J& EPS EE i /r 2 —,
WAEYE R B 5w s R AR 55 7 OB TR M A 1)
M 1o KB R U eDNA 7E R € A P I
s SRAE A MR R 40 i S A2 i B
A J N % 7 THD RS B A2 G E N AE ™. Furst
2 8 FH eDNA H A 26 B PR e 05, 8 A B
DNA A& & HA I EW, % S. oneidensis 41 ffl
A 7 BTy s b5 B R, R F DNA A &
A A Sy T 2 T A R R AR 17 v S R O O B B A
BRI S, ARMEYREERGTER
= A m KRR . bR TR AE RS A,
eDNA /2 21 3 - 20 At s 40 A - =l 26 4 5 1 A B A
= EA i, eDNA RefE 5 Wy e 45 & 1f AR B 75 24
Wi, 23 P aeruginosa AW NE N HL T RS AL
2 R, BE X BE 4 R R 0 AR
K, VR EL ARe S m s, TR
eDNA 1] §E & — Py 75 11 P Ak S W

(2) Mush2¥E s 2 HE 2 BPS i A 1) 32 22
RSy, SRV SEMBEEEYIMES. N
TR Z FEA K, Zhuang 25 ™ £ G. sulfurreducens
t, i RIEIEE GSUIS01 (2 A RIERED ,
YT M A 22 B A3 I 3R B T 25.5%, 1ERE T AHE R
JEFEFIGE L ) A VIS B, RIS B2 w8 T 40 B b o B
G RMSE. SHRERMLL, ZRBARED
HH K Fe( I S8 A0 42340 5 /i A0 H 3 7 A2 i
b 7 BRIl S RIBE NSRS TS, B
W R AT R B A & L R 2R 8%, i85 S sh & 1)
i R R IR AR KM TR Z 5.
Zhang % " Fi| Jfl CRISPRi/dCas9 JT & T 5 sh %
WA B SR DR 2 %, 38 I Ao FH 3 A 6 T 30 weaf
BER, KRR . SRR, fsh
Z BT e R BT AR S M ) SRR R R . R
SRl T T 4k SRR % 2 B 5 i 4 5 5 R] (9 A B4R
G, BT ARSI R 2 FEAL I R R i 4k 2%, TR
Tt R o R A W RS R TR AR SIS, A R T AR A
TE ISR A FR AN AR A A R G 1 B F B9 5 S A o

(3) MushiEE  TEAEDIE AN B R A
KEFE AT RS, F o AR A V) R 36
PEE I (CdrA. AggA. BfpA %5) FliEEfa /5
MEEER (ME. curlis HES. FRARK

I TR ) e P R AR IR A SRR R AggA M WA
K, AggA I TRAR o T BULE W I I8 AR 5 P 1 3
9 Y, M TE P oaeruginosa ', CdrA VE N —Fp £ 2
FI4E ARG B 2, ATl S 2 0 ) T A IR OR 4 5
ST 6 A/ D5 T PR FEE K T R i o A R T R T

B 7RI R I ThRERI R R B Ah, AW
FREE JoT Hh I A AR A K R A A SCHE AR FH s i B
Courli MEEE) o curli 72 VI 2 i 3 ™ A 1 48 41
B EEE AR Y. Yong 55 KRN T &
J& S A curli 2L F Y )RS T AN AR, 5k
LT AR5 AR r R B s A AR At T
Hiem S 442015 . H—MRsE I EE—HEE,
W RAEAE PR AR VIR T O R CRE ) WIAR R
B AR S 391 23 O TR B B AE I ) A A%
B R R E R Y Liu g Y UE R AR
Bt TAR R R AE IR TR G, IR v A s
J SR LA 7 UGN EE 2 A i A i (5
MG T AN 73 SO & . Bt
—BIEWIEE R TR AT s AR s ok, i
e BN A R RS A b E M R R, et
2 6 7 R R T R B DA S B VR TR . IR AT
g5 RN, VR R B A MG AN 2 R E A
FAL AT LU ARV R S A A, DL A
eh ) o A LT B0 A TR AR
242 A AEEET

(1) 20 & #f A& & B2 (quorum sensing, QS)
QS 2 2 B 240 Jf 2 1) 3 i J% 52 1 75 3 R U 4 A 1
REAEAT IR . ) QS R G HE— > N-Bt
F 22 % IR NG (N-acyl-homoserine lactones, AHLs)
R & WA —AME 5 )8 . LuxR 32 4, 4 AHLs 7£ 4l
LA AN RS 5 32 B LuxR 456, 0 B4
il B R SRk, b R 2 AR P I TR i AR T
Kk, AHLs {552 4% QS R4t M H ik M2k
YIRS ) BB R R . Jing 25 U R I AR 8
Bl PR 43 W AHLs 1T LA4e i A= 4 J5E T 1 B[] A 4
SRAEVI R B AL s . b R AHLs W] PLdE
i EPS & 0 5% B 6 PR R 1 v B Ah 2R B AR R
FRE, AR E AHLs 385 e 12 1 i 11 B 9% BORn 5
Ao i A AN I e 22 1) 1) LB T S DA AR 3 A P RO ik o
Li % O ] QS R Gt ity #4102 T B
ARG LA AR SR AL, 2 RGHR LA



%3% www.synbioj.com 1047

UHEE AT R R KR BN AN e 1% 7188 A 5.5 4, FEIREETS Qeih B AT B A
ISR B, R R T AR R OR T 4815 KN, LIRS AN A BGES R K,
[ 7], FEBANMAR S EAR AR 2T QS RGN L A T TR & AU B+ g

A

Population-growth &

fitness - Decision

- % making

infplementatip

Physiology

.
\ 2 Shuttle exporterk® R

& degradation
Extracellular electron transfer (EET) -
(a) HIEEPSD 540 40 T A= 2 A B AT - S 2 1) ey 40 M 2 90 4 e o)

(a) Construction of PSD system to re-edit the allocation of cellular resources between microbial growth and electron output!'™!

Flavin 4 Cr(VI) ® WO,

|...' NIR light responsive AT
I_' ¢-di-GMP module Adenlylate L m
. A R ) T cyclase J =N
u £ IPTG yase ‘S\JNJ
- ‘ P ~AMP
- / 60 e
L] s
CRP
. Prac . " 1
™ # L . Ta_Ifcts
-
= “ "@GGDEF Diverse outputs
. - - *a
Fe'" = Photosensing IOurput' ¥ H i "
= % DGCs di —(‘i MP Mitr respiratory Cytochrome ¢ Heme synthetic Flavin synthetic
Fe* - %ol 2GTE bttt pathway maturation system  pathway pathway
] A S
Cathode = [ Increased Enhanced -y
electrical | +— electroactive ( . -
output biofilm gt |
(b) MFCHBEF NIRFE 1 e -di-GMPRE LT 15 2 45 7] (1o & e (c) S. oneidensis MR-1 ffJlc AMP-CRPH &4 41 1)
(b) Schematic illustration of NIR light responsive c-di-GMP AE EETH if 5 HL )
module based-AND logic gate in MEC!#I (¢) Regulatory mechanisms of bidirectional EET mediated by

the cAMP-CRP complex in 8. oneidensis MR-11"%

Biosynihesis core pathway

(phzAl, phzM,phzS,phzITy Antioxidation

S1C4 £ (soeld soudB, katd kat)
production 05 sysiem
: -

» 30C, -HSL
)

t%?\ .ug_;].\? .;—.: E:;;Ev‘w" (&roEL) :3-
CORI, PN . CI-HSL
poolllly R

DNA replication and repair
(recd)
& Sigma factors
(rpol,rpold)

Carbon catablic pathway ‘
{ The internal resistance of MFCs J (gl pgl, celd edda, gied)

(d) St A2 R RSN i BRI, (R EE A0 30 P i o

(d) Enhanced expression of the global regulator irrEs promotes cellular resilience and electron transfer efficiency!""!

B7 S P P TR 3 B RS PR AR R IR

Fig. 7 Enhanced intracellular regulatory element to promote electroactive biofilm formation

Heat shock response
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T D P R A 2 P AR 1, TR B R 4 g A
YR T I LR A AN AT AN L g, kR R
FIF 3w AW L R AR . Kokt — b
W QS RGr M F I o T AL, IR TRAT
Xt EHAREEVE B S M AR, ER AT IR
o R B SRR 1 B A A T AL

() WRZEFR RO FRE —ME
T A= 4 A B b R % 22 o A ) 2 R L R T P
FSnr, HiWMARMT ZMES ST, FE
H c-di-AMP. c¢-di-GMP. cAMP-GMP 4. H o,
c-di-GMP ¥ N AT 12 2 5 A AW TV B 72
T o A B AR A T Y 2 B B R R A e 4%
AEPRRITEAS M il R I bold B[R & —Fh &
B SR T, 0 AP c-di-GMP IR DL
BEAEYIIE I B D42, Moreira 45 " 4878 T bold Al
c-di-GMP (5 5 T2 MM BEEK R, HFRILEA]
[F 25 7 AT B ) P T o X AN IR R s
B A YR 7T R TSP 1 R D 45 2R R 1 T 1 RIS B
BEo SRTT, R HUA M 51N R R B 5 A
T RBBIERIRIE, & HIA TR % T E 3)
I IA) IR, A LS B Sk A 45 G40 Y e-di-GMIP 7K
Fo MtZ T, JeBfEE R RIE . LAl ]
SRR RN E AR TR, MR 4 TR RS
B N 224 HE % . Hu % " 78 E. coli |
L ER c-di-GMP & &l BphS 1R (4 B HZR 3 &
F B BphO 4 #8120 @ 48 1] . b BphS £ 7 ot &
2 (S5 RERMES RS S) M DGC i 5
(2 c-di-GMP &%) [E 7], “iE R E&H
IPTG I}, ZLANETF I c-di-GMP & sk i 42 32k £ 4
JETE R, A &R S0 A H R A e it — P AR . B
Ji, BN GBI RGOS AR R, DAL
W5 R A A o L R, A B SRR P N 30% T,
1T c-di-GMP {5 538 2% 1 17 4 B AT A7 AE 2 DR
I RTRE, ARSRBIWE AT DR R B ALt A% T B
R CASR R IAT 1 I R s R I R

3 ZRWMERNT EMEDMBRTFLES
ol xR AR A 4% 1 R, 3 R T BRL - AT LB )
1 22 A AR T 2%, AT VR T A A
W IE T A DL A8 72 . RpoS 17 772 H &l
W FE RN 4 Jm R T B, AR A —Fh L ) o (R
TEI A KR e IR . Yo 55 1 Jd8 I fi

k& RpoS, 3R131 P aeruginosa 1.7% W AJ J& il 35 %
AR E AR, Ho % A s B AR 4R 1 50%
ik ) 42 pAlem’s M4, cAMP-CRP & & 14 1£
S. oneidensis W32 I H AT R T 2 B o g A AT I 4%
EET AR KL [K7(c)], Cheng%s ™ @it
{E S. oneidensis 1 5| N\ K H 1341 1 Beggiatoa sp.
PS IR H IR AL MR EE R, B4 T RN
(] cAMP /KF, F1 R ) cAMP-CRP & A4 1F [ 1 1
Pt ¢ 7Y 2 Hf € 2 R0 B 3 AR W R DG ik R R A UK
o, Al Cr(VD)ik Gk 24w 3% . AR, Luo %5 MY
4 Deinococcus radiodurans F 2 W A% i 5t 5 55 P 1)
4= Jay PR T 8% IrrE 51 N # P aeruginosa 1, 45 R
ANy SRR drrE W] CT 2 R v ) HE AR s R R S
FAN G Wh, I H R E R TR AR,
T I A AR AS R & R AL ) B 2. E
# RT-PCR 7 #r& W, &/ & IrE Be T 3 2
5N EACH NS 508 % 1 2L R Rk, BAE Y
e QS RG. ¥esgids. &R — &%
RO R T 7Cd) ], 455 B 7m TR B bk I 22 9%
e T 70%. N T HE— O Al T AR U 4 )R
WA LrrE WG R, RS i B B PCR %
@ IrrE RAZSCEE, ke 1 R A 5 vy HLOE MR A R
AT HO A REZ R K. 56 LR Ta R E
N, B BT A SR T DR R A e PR 4
WA 2, 33F T iR A Ak 2E A PRV A A — P T (5 A )
Jiik, AESERR N AR BRI 7T

3 WEHLANIE O R s

ERBRAR AR ZE M RRHET, W
YT B R SR 1) FE AR AL R P BB 8 A R COL HETL. it
b CO, i FR AN E6 4k, BURR ok HE 32 4 1T 38 1 5%
s Tl DI R £ A A A R A R 1 A A L
ARG, WIE A FSRECE IR B B
WIE S, KA CO,N NEEA R M IRk 2 i
I R AN TS IR, M N IR R AL
FEYDE A R T SR, BT I AR R T
8 T8 RN L M P SR A RCR AR M P R
W (BIIZJR 7 NADPH Al ATP) X 5h e AL 2 b &
BRI 58 ) 1 22 S S0, P E 20 T H e B R
P A R, A E IR T IR AR AR
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DS A A RS (R2): D3m0 i 20
LT SR AL 2R, RGO B RE B A B v
JE P9 A A R A I TR, Q424 R
0 v B AL A A ORI B AR, M A R
R ERPEE A AN T, SEHl R
(I it RO T AR 5

3.1 IER(CIEFmARaE 7R

Wik FEL T 2 7 4 e mT o A T 1 O
BUOHL T, TR T B ) AR S T A, B
TEBE SN BAE, DARAMMMENE, K
PR 7T M. HEEZ R, dEd ek
I T 10 HL T AL 3 AT T B ) A B
R TTRFEE AR IR AR . AL, BTN DL I
oy g T A I B R R ) R AR R R AR, e
e H, 450 H 5 o A5 7V i A ik R A D P T A% 3B
., Flin, Dong &5 M BT T — R T4t R
1 OmesS [ B #2205 FL 1 5 I fL 12, fERA N,
i 5 W PR ) TR A A K B BRI (Synechococcus
elongatus PCC 7942) i, FKiLKH T Geobacter ]
AP N2 M €4 25 B 1 OmeS, 1453 TR 5 i 40 e %
T LR v ) P MR FLRE T, N, P FR UG TR
WHEL 1346 [E8 ], MM, WadE "™ @it

TE E. coli h YR FRIL S. oneidensis i1 40 i (0 & 5K H
MtrCAB. FccA. CymA, 3T MtrCAB-FecA-
CymA i HZ E A E G AR MG B g2, [H15E
coli REWEWR UM A AL IR e o B IR )5 g, # i
TN HRAPRHEBRA D Re R RS R T,
PR ER AR 165 (K8 ]. ®EIRT
A Mitr i 4% J5 BERE o5 35 40 i B 3H IR A 7 X0, Bl
TR 2 i B R A S L ) B ARG R,
FENOE ORI A R IMBER R . Wik, N
— N TR IHLH] . Feng 25 7 iR IE H Ok H
S. oneidensis MR-1 ] MtrCAB i& 12 85 [ B & 2K 1A
ccmABCDEFGH 1] E.coli 1o 38 3d Hi AL 2 [ 7 (¥ 1%
£, AL B R AR AP D AR . 1 —
RTINS HLER R, R IF R napC (U
PN c BRI BE e 2R Ml mend (W FEZEFR G Aok
BN 5, JLUTATABEHIRR, AR B B R ZE
Mg & N 18] EET B R B R7> [IE8Ce) o B 1 H 4
JiONEERe AR e A o N R R B G| A 7 S W NS A
I g5 GO T 2R 7 e B4 1 v iR H 5 L
BERs, AR IE R ). lln, Tefft 55 1
T S. oneidensis K& i) Mtr i& 12 Fl NADH fit &5
i BNIES e S v o ) i R PR e S VAN Wake
T30 77, A YXE) NADH it &0 ok 6 A6 41 i A
AL R I3 A . FECIRBN BT R AEA T, Bk

F2 BRI A A BSOS T
Tab.2 Summary of engineering electrotrophs by synthetic biology

FHLRE M

BT

TR R

iR I P 2R P T SO A A

S. oneidensis FIBFIRB T 5, AT I I Al ARk I R S B SE ] hyaB hydA,  2,3- T ZEEA R 10.06 mmol/L
IRE) T A R
E. coli TR IE A0 M (4 3 B 1 MtrCAB FecA \CymA B ER A Bh %18 B AR IR T B BEFARR ™ HiA 30.56 mmol/L

SR, W BRI R AN I LU
S. elongatus PCC 7942
AR HL 2N ARG B A L A S S A A R R

R. eutropha

o-HE R AR (ZSSD , e it o~ B A )

FIE T Z B AF I CrEBIL2, (e #E B 40 & A ™Y
SRR IE A B Ta-F2 AL RS, (2 3E 70-OH-DHEA & "™
SRS T BE AW & 815 phadBJ ter vadhE2 3£, 524k T B A 0

S. cerevisiae

R. palustris

SRR IE B R (1 OmeS Fl nif FEA , {2 3F N, i gzlis

RS TR RSk TR A e PR A S VR AR T S R A DGR L T alsS L ilvC
ivD \kivd Rl yghD , fFAREHAU ) 55 T REAN 3-FJE-1- T A ™)

TR RIREE T RRRE & 1, IR Ak 57 A I BB A, A AU VAL 1 7 P R P

SRR AL E-1,5- — BB R AL , 34k PHB &
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Fig. 9 Microbial electrosynthesis of chemicals and biofuels
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