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Figure 1. Geobacter and Shewanella productivity metabolic pathways. A: acetate metabolism of Geobacter'''; B:
lactate metabolism of Shewanella, the solid line indicates aerobic metabolism, and the dotted line indicates anaerobic
metabolism!'?. CIT: citric acid; ICT: isocitric acid; Mal: malic acid; OAA: oxaloacetic acid; OXO: 2-ketoglutaric acid;
PEP: phosphoenolpyruvate; FUM: fumarate ester; SUC: succinic acid; PGA: 3-phosphoglyceric acid; Glu: glutamic acid;
Asp: aspartic acid; Gly: glycine; Phe: phenylalanine; C1: one-carbon unit (tetrahydrofolic acid is covalently bonded with
one carbon group at NsN, and is converted into formic acid, formaldehyde, methanol, and another one-carbon unit under
redox catalysis); EMP: glycolytic pathway; PPP: pentose phosphate pathway; Ed: Entner-Doudoroff pathway; TCA:

tricarboxylic acid cycle.
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Electron transport by iron-reducing bacteria. CymA, MtrA, MtrB, MtrC, OmcA, MtrD, MtrE, MtrFm,
and STC are cytochrome proteins.

Figure 2.
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Figure 3.
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Microecological processes of iron-reducing bacteria in the environment.
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Table 1. Common species of iron-reducing microorganisms in the environment
Bacteria Distributional environment Electron acceptor, metabolic substrates  References
Geobacteraceae Landfills Fe(III), phenol [19]
Peptococcaceae Gas field/Poland Fe(Il), benzene, phenol, benzoic acid  [20]

Deltaproteobacteria Geobacter

. Oil well sediment
strain TMJ1T

Shewanella decolorationis S12

waste-water treatment plant

Betaproteobacteria Polluted aquifer
Geobacter grbiciae
Clostridia Desulfitobacterium

strain UKTLT field

Shewanella oneidensis MR-1

Freshwater aquatic sediment
Soil of the original coal gasification

Sediments of Oneida Lake

Activated sludge of a textile-printing

Fe(III), methylbenzene, phenol [21]
Fe(III), CHCl, [22]
Fe(III), methylbenzene [23]
Fe(III), methylbenzene [24]
Fe(III), methylbenzene, phenol, 25]
p-cresol

Fe(IIT), U(VI), benzene, phenol [26]

http://journals.im.ac.cn/actamicrocn
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Figure 4. Environmental remediation of iron-reducing bacteria.

3.1 HL2REBEHREH

4 S T G UM A S IR BT RN SRR
A A AR E A s e m g, 4
PSP A 4EHERL Hg 1.5%10%t, Cu 3.4x10°t, Pb
5.0x10°t%, 4B ALY iR IFEYHE
RN AT R A e o, RIS - A T . Al
FMA R . 04k w8 WFSFEEN, W]
PR 4 i ok R BR Y R SR LA RN S
HE R A2, O IR
EAEY, INIABIE SR MER M E .
U, Geobacter IR JE U(VI)AEBMERRY UIV)EY,
Shewanella oneidensis MR-1 0] LLi& 5 Mn(IV),
U(VDEEE 48 &P, Buoh, BRI ik feis ks
R Cr(VDIBJFOMAREEMERY Cr(IIL), 345U
SHPES B AR A ALY, DR Cd. Hg. As i
Se A5 HAh 4 Jm A2 4 JE P00, Bk R 2t 94k

actamicro@im.ac.cn

Bl sy sk E e JEm e 1, 83 A
4B BRI . Shewanella oneidensis MR-1 Yl{k
120 d J&, AbHEMRIE IS 190 mg/L (S8R K,
80 h 7 ZPRFIRFN T 47.70%"%, (EAF A,
BRIE I SO AR SR AR A B - n] LS PR
COy*" . PO, OH 4§ B FilVHl Sz o A RITLVE , =X
i A A Ve A AN 2R T BT
3.2 B YYREAR

BRI D TR A Al R v i R AR i 2 A L
A —E R A ISR, S ERAEY) .
B is e N H Bk, B R AT T A S
Pefpid . AT i R K2 | bR e
PER G BRI, AL SKZ TR
WA RS RAT . TR AR I RV T, AL
i G DXBRA] T8 | DR AR PR B B3Ry DR AU 5%
AR TRV LE A A LIRS, DT & H5ET5



RS | UEDSR, 2021, 61(8)

2225

PAEIZAVE . BRIE R B R TR B SRR A L
Z b, Hl J5 A i Fe(ID)id o] LS8 Hy 8 1mi mk f
54 Fe(Il), 11 SOFe". SOFeOH %12, H AT H R
MR IERE T, BRI APLE . HEER .
R PTG Y

3.3 BRARIFEETEKITRa R HsRILER

A=Ak A R BRI R A0 4 A2 TN SR ek T
MFKEBE WA, TR . A
B B, MEYE R AT AR R L
BN FE 2 A5 B R R B b R L 4 )
R AR T T R AR )R VR 3 I 22 L 32
T, HIENRe Jy i HAE HARMEE P A iz, A
AT MBS K A5 Y, 80T DAF=/E B,
Ub, BRI D B A i K AR B A T A T
] 8y oz FH AT

BRI 5 AR Z Mk (nZVD AR RS A 0]
FHbFAKIER . nZVI BB RS/ LR TH RN
J IR, BEA SRR R K A A BT
AHLEY TG Y™, (R e HOR 21 5
TSR, bRk g i),
£ nZVI B R KIIERE |, 51 BRIE R
Fe(IID)iA 5L, REfS A R =Mk Ak AL
WYXt nZVI iGN, A A Fe(D)
WAl AS 5 R HAR R B 2 sk, iR
J RO R AL BT , A R T 4ERF nZVI K 1H
-se g W, s S YRR T . E
BRIGEAR S IR R b, IR SR W] D2 i
TNREAL, 15 YRR R 20%-50%"7),

4 HARWEKIRELSL RIFR
b 8y BL A
B 58 R P o A () L T 4

PR, e PG I A L . B FER Y
Bk R HE Geobacter #1 Shewanella WiZs, 1
HA D7 B aE . R38O A= L RE
MR AR RER AN A =X, AR R
(bioelectrochemical system, BES)srRZFf, Uil
AR R | AR W e S R A I R v
(18 5).
4.1 TAEYIERE

JEK AL PTG S AE R R Y RE IR, R Gk
PR REFELY N 1500-1700 (KW-h)/t, T2k BT
B RE R R 2 HRERERY 9.3 A5, 1911 4,
Potter 5 YCTE B BE T FI R A 1 Y 15 57 W b 30
TGRS, JERE T A Y & H AT R
BN B MRk H Tt (microbial fuel cell, MFC)
AACAT A A Y o ok R AT AL, RS it
RERE A= RO RE AL AL BB E . MFC FHAR LLBUAE W)
MEARTR], W] LA Z R IR, AN [R)Bik IR A4 BH AR
IV 7E 0.2-0.5 V B EA, 1 HL AR A 25 P AH
RN G B ROR R HL AR L G B RS . 1999
A, Kim IR &I Shewanella putrefaciens 1£ JCH,
TR RE S B I LS B, B R
TE TR RIS S 2 B [ AR - BE AR A
BE D0 o3 B AN OL AL 7 v B A W 5 B4 T
MEC [ B D8

FAr, MFC Bf = UKk 3] 4700
6400 mW/m*P 2 5y A2 A AT AL 4K
W, BRI MEC /N I, (R
A HTAESIEEE | IS IR . Pribadi S5F
I MFC 25 5 B IR RIR, NHy -N ZERARL ]
96%A I, [N A i 333 mA/m’ (HLAES, Bl
an, R B MEC BIRR AL BRSSP K, ST
HL Tt 227 LA COD [ 25 BRBY 5 DL LR N1 Ay 3k

http://journals.im.ac.cn/actamicrocn



2226

Zhicheng Cui et al. | Acta Microbiologica Sinica, 2021, 61(8)

(A) ¢ (B) |}
_’ I
o
CO,
M
H* W ‘ H*
Ac
M
H, 2 Biofilm H,
Anode Cathode
Cathode PEM
(©) ) (D) .
e e
— —
G- Na* -
€ ¢ CO, 0,
CO,
Cl- H Ac/Orgnic
ollutants
\ Na+ ) 2+ + H O
c \
® Biofilm H, Biofilm
C Cathod
Anode AEM dEM Cathode ¥ + oy Organ?c ode
pollutants
5. EYMBLFERE

Figure 5.
microbial desalination cells, MDC; D: MFC-Fenton.

B MFC, ] 50 28 ME R AT ML ) Bk
EBAIEF] 42%P%) ) Fabrice 20443/ MFC
MR AR, HmHEe ) 5 o, R
JEIRF] 1700 mW/m™1, MFC PR A4 L 3% 1 T Ak
TG I AL s AR AT DL SRR T . 2R 4
FEER AR ST B S0 S R AT, DA R 46 1 41
SN FZIEHTIA . MR TSR
IKAEFRTZ, R MEC 22 BR75 ey Y [l ] i ] L
MRS Re, HoA —E R A
4.2 YRS

MFC 7= 1 v RETCIAAE R i s, R
JEHHLE S PR L T DL B B R oK A BRI L,
FARFAELR I, M, JT4ESk MFC 245 A4

actamicro@im.ac.cn

Bioelectrochemical system. A: microbial fuel cell, MFC; B: microbial electrolysis cells, MEC; C:
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Table 2. Comparison of types and performance of biological desalination cells
Reactor Anolyte Catholyte Proformance
types NaAc/ PBS/ Electron o NaCl/(g/L)  COD Salinity Coul.ombic References
(mg/L) (mmol/L)  acceptor removal/%  removal/% efficiency/%

3Cell  1.60 50 Fe(CN)s~  PBS 35 - 93.0 - [71]
3Cell 3.00 10 0, H,SO, 35 92 94.0 - [72]
Stack 1.64 47 0, PBS 20 - 72.1 80 [73]
Stack 1.00 100 0, None 35 91 44.0 80 [74]
3Cell 1.00-2.00 50 0, PBS 35 77-82 63.0 53-68 [75]
3Cell 2.00 50 H' PBS 10 38-54 37.0 53-68 [76]
Bipolar 1.00 50 0, None 10 - 86.0 97 [77]
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A, FIH MFC 77 A i HLRESR B FHAR A . O, 77 2E
H,0,, H,0, 5 Fe*" KR 1 7= 4 -OH, il
it -OH MR AR fRTS e, R TG S %
TREE AR BEFE 1 A IA) A . Wang 2532 H T B35 O 0
MFC-Fenton & &, FHARAA YRI5 G R fif )
e = P B RS T P AR TR R TS
P AEROR . AUEYI R 8 T LUSRE I RN
F K MFC-Fenton A= ¥ 4k22 250 (K] 5-D), K
MR BB R Shewanella ¥ N A= 1)
Fe W J5U, Fe™ PRkt A S5 S i , SEB0 T 1A &
BB ERIBRR , DR T 25 S I o P 5 AN 4%
IERER AR KRR A T Z KR, 0,
YRS — D OCHRE A 25 A, O WRBE I i T B0
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R AT, AR T P R AR R
72 A 1 Z2 1 HoO, 38 23 AR A TG M 5 O A 2 0
T HoO,, SEMARZR 1975 G W R OR .
MFC-Fenton {E A —Fi B4 MET £R, X T A
STATARY) . GYRLEK . B AN . AL
FT AR 2R 5 T o3 X A A AL TS e R R R HH AR
T b BRAGARTS81
4.6 THAEYIRRL B SRR B AR S ER
MFC iR Z= 4, SUEEY R AETRZ o &
PR . HRAESE AR Dy BRI BT, 7 AR i )
T I HL U B TS Y W R A Ak . SRR K P
e i A7 TR A WA TS e A s T, BRI 5
HATCEE R XY, e st 22 3|
JEESEW, SEOT AT TR 15K AL BRACR
18 o Yet LA H) L 1 (photocatalytic fuel cell, PFC),
PH A, 25 T A i 0] 4 52 16 RIS T 7 A 25 - F,
TRF, s A A Y 25 7 BRARORS 15 e P A A o0 i
L 75 HL 35 22 3R N AL 2Bk . PFC X504
MRERRRE ST . GE FIVEET, (HJEMERL s
Yise e, AR —REZE . Stk
5 14 W) b 5 5 (photocatalytic microbial fuel
cell, PMFC)TEA: Wil {5 Jey . MEREARA w5
YLy p b By T AT B LR, SR R T
VIR XEE G850 B AL R 5 T A W R A 1) /N3 v
6] 71y, Ak TR A IR o A e i v
[ PR T HX TIE R e 4, [l 4 g
TOCHEALFIAE YRR 1% . Zhou S5 ] Z2£Li0
RA AR DI T PMFC, HLRL R 1A & AR
AN BRI G, R o N AR T A W i —
B A A RS IR RS 4Bk
BMORRE, S5 MFC AMHLL, HREERS T
50%. SEHEIE MR R e R 2 o R Ak, T
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LM SHIFE A A TTE M PMFC 1A R e
PEFNTS YL PRASCR . Th 2 Mg i aod i B AR A0 5] 1
ke g 7Rl WIEmA R ) PMEC, KR 4-F 5
k45 MFC #1 PFC ML, 7358 1 1.5 £ Al
1.8 5151, R{Lantt, PMFC S48 . Yokl A
AR YA EE, SR R AR REE™
TELEDIMRIVETS Yoy . R APETS G pia 3y T H
ARG B S
4.7 WAEYBAZEREARETTKEEL P RBE
Jvdi|

I T L T P S A A A T ) 5 R 2R Y A ) H
2R g, MTmAawee. Avem ™y, ik
MERTGRYEAR B, A7ES T 2R HED
H, Tk 274 R (microbial electrochemical technology,
MET). MET 5{&5E WA BB L, 77 A2 H)
RO AT R AL TS e RBRACR . st i A
CEER T RERLFRAN T A, Al T IR S KT
YeyhESNEL , BN, Lovely &% it i & nY e
W, B ATEPERS UV E SRR HAR, A 5
AR ULV), S AR iy B8 B, BV Al S2 Bl
T YL 14 2R R R TR ™Y 3 el VR YT A S )
AV, 8 AR R IS A 26 43 4 A0 3 i BR 5 %o ¥ e )
HEAT & RN AL, AT T K AR i
HHLYIRESR . 1LAh, MET 57500, e S HA
BRSPS A YRk a0 37 D3 [ 1)
YRS R GE, AT S R A T Gl TR R A P
(14 [F] it L BE, FEFRERAESL . 5 KBEEAL T
BAT RN S, R HB MET 1eK7™
HL 7 SR B GE T TRATE SR ME L3k 31 K-
Bl & B4 ORHRE 7 1 e 5 W 4% 3 AL R 9T 0 TR
A, MET {4 Z B P RE B AR IK A — 2 23300 K 3 1)

AR

5 kZ

BRI AL F AR AT 2, MRS IIEE
PEET5 YA AL | KBTI AE S RE R AL AL T T TS AR
T Ik A — 26 A 755 i R B il JE 98 R0 FH B AR Dy T
AR T A kit D PRy )R ) R AMIAH S B A B FH g
WA T IR IR B ML P AL RE TS, AR T A ZR BR
S5 T Bk i S H R 5% 1) L AR AL AR T A
R AN AE s BUA A BRad I e b H R A i A
R IIR LR T3 A 2R B /NSO, Tixk
THEIMERING, ZFHAEY . ZRi 732k
AT, REmPRIERIRL ., FUE M R LERACR
VIR BT R IR R

B JEU A 5 AR W AL A BOR S B — iR
T 75 Gl -RE DR AL AL S, Al MRS S B Dl ik
PN — 2 SN, AR R AR R E S
BL, AnEBRFERN TS g . AR Al M AR Ak
HRE IS5 o TEARRMDIFE T, T Z A Y
e RGPS S SRR 1B AT . S ARSEPRIA A
RN R R =i RS R (o N N -
ACA M A R TS Y A P O i . IR TR SR AR AR
Py e Al 2R R B D RE I BE A% (U8R A5 TR,
IR R YRR R,
AARTHERIE I A T Qe RETR AR AR T AT Y
HOR, eSO R

2 % Wk

[1] Lovley DR. Dissimilatory Fe(Ill) and Mn(IV) reduction.
Microbiological Reviews, 1991, 55(2): 259-287.

[2] Lovley DR, Phillips EJP. Novel mode of microbial energy
metabolism: organic carbon oxidation coupled to

dissimilatory reduction of iron or manganese. Applied and

Environmental Microbiology, 1988, 54(6): 1472—-1480.

http://journals.im.ac.cn/actamicrocn



2230

Zhicheng Cui et al. | Acta Microbiologica Sinica, 2021, 61(8)

(3]

[4]

(3]

[6]

(8]

[10]

(1]

Gorby YA, Yanina S, McLean JS, Rosso KM, Moyles D,
Dohnalkova A, Beveridge TJ, Chang IS, Kim BH, Kim KS,
Culley DE, Reed SB, Romine MF, Saffarini DA, Hill EA,
Shi L, Elias DA, Kennedy DW, Pinchuk G, Watanabe K,
Ishii S, Logan B, Nealson KH, Fredrickson JK. Electrically
conductive bacterial nanowires produced by Shewanella
oneidensis strain MR-1 and other microorganisms.
Proceedings of the National Acadewy of Sciences of the
United States of America, 2006, 103(30): 11358—11363.

Logan BE, Rossi R, Ragab A, Saikaly PE. Electroactive
Nature

microorganisms in bioelectrochemical

Reviews Microbiology, 2019, 17(5): 307-319.

systems.

Kato S, Hashimoto K, Watanabe K. Microbial interspecies
electron transfer via electric currents through conductive
minerals. Proceedings of the National Acadewy of Sciences
of the United States of America, 2012, 109(25): 10042—10046.
Bretschger O, Obraztsova A, Sturm CA, Chang IS, Gorby
YA, Reed SB, Culley DE, Reardon CL, Barua S, Romine MF,
Zhou JZ, Beliaev AS, Bouhenni R, Saffarini D, Mansfeld F,
Kim BH, Fredrickson JK, Nealson KH. Current production
and metal oxide reduction by Shewanella oneidensis MR-1
wild type
Microbiology, 2007, 73(21): 7003-7012.

Li DB, LiJ, Liu DF, Ma X, Cheng L, Li WW, Qian C, Mu Y,

and mutants. Applied and Environmental

Yu HQ. Potential regulates metabolism and extracellular

respiration of  electroactive Geobacter  biofilm.
Biotechnology and Bioengineering, 2019, 116(5): 961-971.
Nealson KH, Scott J.

The

Ecophysiology of the genus

Shewanella. prokaryotes. New York: Springer:
1133-1151.

Tang YJ, Meadows AL, Kirby J, Keasling JD. Anaerobic
central metabolic pathways in Shewanella oneidensis MR-1
reinterpreted in the light of isotopic metabolite labeling.
Journal of Bacteriology, 2007, 189(3): 894-901.

Li HJ, Peng JJ. Recent advances in studies on dissimilatory
Fe(Ill)-reducing microorganisms. Acta Ecologica Sinica,
2012, 32(5): 1633—1642. (in Chinese)

REMH, Z#HH. S FeDRRMEMTIR R, £
24, 2012, 32(5): 1633-1642.

Segura D, Mahadevan

R, Juarez K, Lovley D.

Computational and experimental analysis of redundancy in

actamicro@im.ac.cn

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

the central metabolism of Geobacter sulfurreducens. PLoS
2005, preprint(2008):  e36.
DOI:10.1371/journal.pcbi.0040036.eor.

Tang YJ, Hwang JS, Wemmer DE, Keasling JD. Shewanella

Computational  Biology,

oneidensis MR-1 fluxome under various oxygen conditions.
Applied and Environmental Microbiology, 2007, 73(3):
718-729.

Alves MN, Neto SE, Alves AS, Fonseca BM, Carrélo A,
Pacheco I, Paquete CM, Soares CM, Louro RO.
Characterization of the periplasmic redox network that
sustains the versatile anaerobic metabolism of Shewanella
oneidensis MR-1. Frontiers in Microbiology, 2015, 6: 665.
Reguera G, McCarthy KD, Mehta T, Nicoll JS, Tuominen
MT, Lovley DR. Extracellular electron transfer via microbial
nanowires. Nature, 2005, 435(7045): 1098-1101.

Kato S, Hashimoto K, Watanabe K. Methanogenesis
facilitated by electric syntrophy via (semi)conductive
iron-oxide minerals. Environmental Microbiology, 2012,
14(7): 1646-1654.

Nakamura R, Kai F, Okamoto A, Newton G, Hashimoto K.
Self-constructed electrically conductive bacterial networks.
Angewandte Chemie International Edition, 2009, 48(3):
508-511.

Rotaru AE, Shrestha PM, Liu FH, Markovaite B, Chen SS,
Nevin KP, Lovley DR. Direct interspecies electron transfer
between Geobacter metallireducens and Methanosarcina
barkeri. Applied and Environmental Microbiology, 2014,
80(15): 4599-4605.

Kashefi K. Extending the upper temperature limit for life.
Science, 2003, 301(5635): 934.

Botton S, Parson JR. Degradation of BTEX compounds
under iron-reducing conditions in contaminated aquifer
microcosms. Environmental Toxicology and Chemistry, 2006,
25(10): 2630-2638.

Abu Laban N, Selesi D, Rattei T, Tischler P, Meckenstock
RU. Identification of enzymes involved in anaerobic
benzene degradation by a strictly anaerobic iron-reducing
enrichment culture. Environmental Microbiology, 2010,
12(10): 2783-2796.

Kumari S, Regar RK, Manickam N. Improved polycyclic

aromatic hydrocarbon degradation in a crude oil by



RS | UEDSR, 2021, 61(8)

2231

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

individual and a consortium of bacteria. Bioresource
Technology, 2018, 254: 174-179.

Xu MY, Guo J, Cen YH, Zhong XY, Cao W, Sun GP.
Shewanella decolorationis sp. nov., a dye-decolorizing
bacterium isolated from activated sludge of a waste-water
treatment plant. International Journal of Systematic and
Evolutionary Microbiology, 2005, 55(1): 363-368.

Weelink SAB, Van Doesburg W, Saia FT, Rijpstra WIC,
Roling WFM, Smidt H, Stams AJM. A strictly anaerobic
betaproteobacterium Georgfuchsia toluolica gen. nov., sp.
nov. degrades aromatic compounds with Fe(IIl), Mn(IV) or
nitrate as an electron acceptor. FEMS Microbiology Ecology,
2009, 70(3): 575-585.

Coates JD, Bhupathiraju VK, Achenbach LA, Mclnerney M1J,

Lovley DR. Geobacter Hydrogenophilus, Geobacter
chapellei and Geobacter grbiciae, three new, strictly
anaerobic, dissimilatory Fe(Ill)-reducers. International

Journal of Systematic and Evolutionary Microbiology, 2001,
51(Pt2): 581-588.

Kunapuli U, Jahn MK, Lueders T, Geyer R, Heipieper HJ,
Meckenstock RU. Desulfitobacterium aromaticivorans sp.
nov. and Geobacter toluenoxydans sp. nov., iron-reducing
bacteria capable of anaerobic degradation of monoaromatic
hydrocarbons. [International Journal of Systematic and
Evolutionary Microbiology, 2010, 60(3): 686—695.

Esther J, Sukla LB, Pradhan N, Panda S. Fe (III) reduction
strategies of dissimilatory iron reducing bacteria. Korean
Journal of Chemical Engineering, 2015, 32(1): 1-14.

Beal EJ, House CH, Orphan VJ. Manganese- and
iron-dependent marine methane oxidation. Science, 2009,
325(5937): 184-187.

Egger M, Rasigraf O, Sapart CJ, Jilbert T, Jetten MSM,
Rockmann T, van der Veen C, Banda N, Kartal B, Ettwig KF,
Slomp CP. Iron-mediated anaerobic oxidation of methane in
brackish coastal sediments. Environmental Science &
Technology, 2015, 49(1): 277-283.

Fu L, Li SW, Ding ZW, Ding J, Lu YZ, Zeng RJ. Iron
reduction in the DAMO/Shewanella oneidensis MR-1
coculture system and the fate of Fe(ll). Water Research,

2016, 88: 808-815.

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Knittel K, Boetius A. Anaerobic oxidation of methane:
progress with an unknown process. Annual Review of
Microbiology, 2009, 63: 311-334.

Schout G, Hartog N, Hassanizadeh SM, Griffioen J. Impact
of an historic underground gas well blowout on the current
methane chemistry in a shallow groundwater system.
Proceedings of the National Academy of Sciences of the
United States of America, 2018, 115(2): 296-301.

Cai C, Leu AO, Xie GJ, Guo JH, Feng YX, Zhao JX, Tyson
GW, Yuan ZG, Hu SH. A methanotrophic archaeon couples
anaerobic oxidation of methane to Fe(IIl) reduction. The
ISME Journal, 2018, 12(8): 1929-1939.

Zhao Q. Formation mechanism and treatment technology of
arsenic pollution in groundwater. Guangdong Chemical
Industry, 2018, 45(17): 151-152, 138. (in Chinese)

BRIR . R KRR S Qe BAL R v B R . AR L,
2018, 45(17): 151-152, 138.

Anderson RT, Vrionis HA, Ortiz-Bernad I, Resch CT, Long
PE, Dayvault R, Karp K, Marutzky S, Metzler DR, Peacock
A, White DC, Lowe M, Lovley DR. Stimulating the in situ
activity of Geobacter species to remove uranium from the
groundwater of a uranium-contaminated aquifer. Applied
and Environmental Microbiology, 2003, 69(10): 5884—-5891.

Lovley DR, Roden EE, Phillips EJP, Woodward JC.
Enzymatic iron and uranium reduction by sulfate-reducing
bacteria. Marine Geology, 1993, 113(1/2): 41-53.

Choppala G, Bolan N, Kunhikrishnan A, Skinner W,
Seshadri B. Concomitant reduction and immobilization of
chromium in relation to its bioavailability in soils.
Environmental Science and Pollution Research, 2015,
22(12): 8969-8978.

Chen Y, Wang H, Si YB. Research on the bioaccesibility of
HgS by Shewanella oneidensis MR-1.
Science, 2013, 34(11): 4466—4472. (in Chinese)

Frfa, F3F, Ao, Shewanella oneidensis MR-1 kR A
YIRS, FRER2E, 2013, 34(11): 44664472,

Xiao Y, Xiao CY, Zhao F. Long-term adaptive evolution of

Environmental

Shewanella oneidensis MR-1 for establishment of high
concentration Cr(VI) tolerance. Frontiers of Environmental

Science & Engineering, 2019, 14(1): 1-11.

http://journals.im.ac.cn/actamicrocn



2232

Zhicheng Cui et al. | Acta Microbiologica Sinica, 2021, 61(8)

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Castro C, Urbieta MS, Plaza Cazén J, Donati ER. Metal

biorecovery and bioremediation: whether or not
thermophilic are better than mesophilic microorganisms.
Bioresource Technology, 2019, 279: 317-326.

Colwell RR, Walker JD, Cooney JJ. Ecological aspects of
microbial degradation of petroleum in the marine
environment. CRC Critical Reviews in Microbiology, 1977,
5(4): 423-445.

da Silva MLB, Johnson RL, Alvarez PJJ. Microbial
characterization of groundwater undergoing treatment with a
permeable reactive iron barrier. Environmental Engineering
Science, 2007, 24(8): 1122-1127.

Nano GV, Strathmann TJ. Ferrous iron sorption by Hydrous
metal oxides. Journal of Colloid and Interface Science, 2006,
297(2): 443-454.

Guo Y, Zeng Z. Progress in bioremediation of organics
polluted water. Guangdong Chemical Industry, 2015, 42(14):

151-152. (in Chinese)

e, WA, AL RO A R EORBE RS TR

16T, 2015, 42(14): 151-152.

Li JP, Fu QY, Lu SW, Lu WX. Brief analysis on the
application of biological methods in water pollution
remediation. Journal of Green Science and Technology,
2016(4): 66—68. (in Chinese)

BRMG, AAKIH, B e, BESCEE. AW 0r A AK TS Y
SRR RTTE. LR ERHE, 2016(4): 66-68.

Wang WD, Li S, Lin W, Li YM, Zhang LK, Han JH.
Removal of Cr(VI) from solution by carbon black/zero
valence iron composites coupled with metal reducing
bacteria. Ecology and Environmental Sciences, 2019, 28(10):
2062-2069. (in Chinese)

EYER, B, Ak, SEM, KER, SR, BiR/E
WL A IR G 4 )8 IE X P Cr(VD I LBk, A=
BB, 2019, 28(10): 2062-2069.

Ma LY, He MM, Chen SH. Development and application of
nanoscale zero-valent iron and dissimilatory iron rreducing
bacteria in environmental remediation. Guangzhou Chemical
Industry, 2020, 48(21): 14-16. (in Chinese)

LRLR, MW, PR, Sl Bl IR R AL AN K AN B
TEFSEAEE P AR FEIERE. ML, 2020, 48(21):
14-16.

actamicro@im.ac.cn

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Yang ZL, Wang XL, Li H, Yang J, Zhou LY, Liu YD.
Re-activation of aged-ZVI by iron-reducing bacterium
Shewanella  putrefaciens  for  enhanced  reductive
dechlorination of trichloroethylene. Journal of Chemical
Technology & Biotechnology, 2017, 92(10): 2642-2649.
Logen BE. W EA, F#E, %1%. Microbial fuel cells. 25 1
R JERT: AR2E Tl L, 2009: 4-6.

Potter MC. Electrical effects accompanying the
decomposition of organic compounds. II.- ionisation of the
gases produced during fermentation. Proceedings of the
Royal Society of London Series A, Containing Papers of a
Mathematical and Physical Character, 1915, 91(632): 465—480.
Kim BH, Ikeda T, Park HS, Kim HJ, Hyun MS, Kano K,
Takagi K, Tatsumi H. Electrochemical activity of an
Fe(Ill)-reducing bacterium, Shewanella putrefaciens IR-1, in
the presence of alternative electron acceptors. Biotechnology
Techniques, 1999, 13(7): 475-478.

Yang WL, Logan BE. Immobilization of a
metal-nitrogen-carbon catalyst on activated carbon with
enhanced cathode performance in microbial fuel cells.
ChemSusChem, 2016, 9(16): 2226-2232.

Oliot M, Etcheverry L, Mosdale A, Basseguy R, Délia ML,
Bergel A. Separator electrode assembly (SEA) with
3-dimensional bioanode and removable air-cathode boosts
microbial fuel cell performance. Journal of Power Sources,
2017, 356: 389-399.

Zhang YC, Jiang ZH, Liu Y. Application of
electrochemically active bacteria as anodic biocatalyst in
microbial fuel cells. Chinese Journal of Analytical
Chemistry, 2015, 43(1): 155-163. (in Chinese)

TR, FERREA, XUB HLAL AT A YT R P
it FHAR FR A AL . A BT dk2, 2015, 43(1): 155-163.

Ma DM, Jiang ZH, Lay CH, Zhou DD. Electricity generation
from swine wastewater in microbial fuel cell: hydraulic
reaction time effect. International Journal of Hydrogen
Energy, 2016, 41(46): 21820-21826.

Yu Y, Ndayisenga F, Yu ZS, Zhao MY, Lay CH, Zhou DD.
Co-substrate strategy for improved power production and
chlorophenol degradation in a microbial fuel cell.
International Journal of Hydrogen Energy, 2019, 44(36):

20312-20322.



RS | UEDSR, 2021, 61(8)

2233

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Ndayisenga F, Yu ZS, Yu Y, Lay CH, Zhou DD.
Bioelectricity generation using microalgal biomass as

electron donor in a bio-anode microbial fuel cell.
Bioresource Technology, 2018, 270: 286-293.

Webster DP, TerAvest MA, Doud DFR, Chakravorty A,
Holmes EC, Radens CM, Sureka S, Gralnick JA, Angenent
LT. An arsenic-specific biosensor with genetically
engineered Shewanella oneidensis in a bioelectrochemical
system. Biosensors and Bioelectronics, 2014, 62: 320-324.
Velasquez-Orta SB, Werner D, Varia JC, Mgana S. Microbial
fuel cells for inexpensive continuous in situ monitoring of
groundwater quality. Water Research, 2017, 117: 9-17.

Kim BH, Chang IS, Cheol Gil G, Park HS, Kim HJ. Novel
BOD (biological oxygen demand) sensor using mediator-less
microbial fuel cell. Biotechnology Letters, 2003, 25(7):
541-545.

Dewan A, Beyenal H, Lewandowski Z. Scaling up microbial
fuel cells. Environmental Science & Technology, 2008,
42(20): 7643-76438.

Kadier A, Simayi Y, Chandrasekhar K, Ismail M, Kalil MS.
Hydrogen gas production with an electroformed Ni mesh
cathode catalysts in a single-chamber microbial electrolysis
cell (MEC). International Journal of Hydrogen Energy,
2015, 40(41): 14095-14103.

Call D, Logan BE. Hydrogen production in a single chamber

microbial electrolysis cell lacking a membrane.
Environmental Science & Technology, 2008, 42(9):
3401-3406.

Wang B, Gao GD, Li FX, Zhou QX, Song XJ, Zhai HH, Li
YN. Advance in application of microbial electrolysis cells.
Chemical Industry and Engineering Progress, 2017, 36(3):
1084-1092. (in Chinese)

El, mEE, FRAE, BB, RS, Bk, 2L
T SR N T . fE bR, 2017, 36(3):
1084-1092.

Fu L, You SJ, Yang FL, Gao MM, Fang XH, Zhang GQ.
Synthesis of hydrogen peroxide in microbial fuel cell.
Journal of Chemical Technology & Biotechnology, 2010,
85(5): 715-719.
Dou Z0, Pavlostathis SG.

Dykstra CM,

Bioelectrochemically assisted anaerobic digestion system for

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

biogas upgrading and enhanced methane production. Science
of the Total Environment, 2018, 633: 1012—-1021.

Liu H, Logan BE. Electricity generation using an air-cathode
single chamber microbial fuel cell in the presence and
absence of a proton exchange membrane. Environmental
Science & Technology, 2004, 38(14): 4040—4046.

Kim Y, Logan BE. Microbial desalination cells for energy
production and desalination. Desalination, 2013, 308:
122-130.

Tang C, Sun Z, Chen DH, Huang MH, Zheng W, Liao LZ,
Cai Q. Simultaneous removal of Rhodamine B and
electricity generation in microbial fuel cell with AC/PTFE
cathode. Chinese Journal of Environmental Engineering,
2016, 10(11): 6165-6170. (in Chinese)

JER, NV, BRZROM, TR, FBAE, BB Y, KR
AC/PTFE B AE YRR AR LB T FH B R fm) 2 7 oy
PERE. B THEA4R, 2016, 10(11): 6165-6170.

Jafary T, Al-Mamun A, Alhimali H, Baawain MS, Rahman S,
Tarpeh WA, Dhar BR, Kim BH. Novel two-chamber tubular
microbial desalination cell for bioelectricity production,
wastewater treatment and desalination with a focus on
self-generated pH control. Desalination, 2020, 481: 114358.

Perazzoli S, de Santana Neto JP, Soares HM.
Anoxic-biocathode microbial desalination cell as a new
approach for wastewater remediation and clean water
production. Water Science and Technology, 2020, 81(3):
550-563.

Cao XX, Huang X, Liang P, Xiao K, Zhou YJ, Zhang XY,
Logan BE. A new method for water desalination using
microbial desalination cells. Environmental Science &
Technology, 2009, 43(18): 7148-7152.

Jacobson KS, Drew DM, He Z. Use of a liter-scale microbial
desalination cell as a platform to study bioelectrochemical
desalination with salt solution or artificial seawater.
Environmental Science

4652-4657.

& Technology, 2011, 45(10):
Chen X, Xia X, Liang P, Cao XX, Sun HT, Huang X.
Stacked microbial desalination cells to enhance water
Environmental  Science &

desalination  efficiency.

Technology, 2011, 45(6): 2465-2470.

http://journals.im.ac.cn/actamicrocn



2234

Zhicheng Cui et al. | Acta Microbiologica Sinica, 2021, 61(8)

[74]

[75]

[76]

[77]

[78]

Kim Y, Logan BE. Series assembly of microbial desalination
cells containing stacked electrodialysis cells for partial or
complete seawater desalination. Environmental Science &
Technology, 2011, 45(13): 5840-5845.

Luo HP, Xu P, Roane TM, Jenkins PE, Ren ZY. Microbial
desalination cells for improved performance in wastewater
treatment, electricity = production, and desalination.
Bioresource Technology, 2012, 105: 60-66.

Qu YP, Feng YJ, Wang X, Liu J, Lv J, He WH, Logan BE.
Simultaneous water desalination and electricity generation
in a microbial desalination cell with electrolyte
recirculation for pH control. Bioresource Technology, 2012,
106: 89-94.

Chen SS, Liu GL, Zhang RD, Qin BY, Luo Y. Development
of the microbial electrolysis  desalination and
chemical-production cell for desalination as well as acid and
alkali productions. Environmental Science & Technology,
2012, 46(4): 2467-2472.

Wang W, Lu YB, Luo HP, Liu GL, Zhang RD, Jin S. A
microbial electro-Fenton cell for removing carbamazepine in

wastewater with electricity output. Water Research, 2018,

actamicro@im.ac.cn

[79]

[80]

[81]

[82]

[83]

[84]

139: 58-65.
Zhao MY, Cui ZC, Fu L, Ndayisenga F, Zhou DD.
Shewanella  drive  Fe(Ill) reduction to  promote

electro-Fenton reactions and enhance Fe inner-cycle. ACS
ES&T Water, 2021, 1(3): 613-620.

Xu N, Zhang YY, Tao HC, Zhou SG, Zeng YQ.
Bio-electro-Fenton for enhanced
degradation. Bioresource Technology, 2013, 138: 136-140.

Tao HC, Wei XY, Zhang LJ, Lei T, Xu N. Degradation of

system estrogens

p-nitrophenol in a BES-Fenton system based on limonite.
Journal of Hazardous Materials, 2013, 254/255: 236-241.
Zhou DD, Dong SS, Shi JL, Cui XC, Ki D, Torres CI,
Rittmann BE. Intimate coupling of an N-doped TiO,
photocatalyst and anode respiring bacteria for enhancing
4-chlorophenol and current
Chemical Engineering Journal, 2017, 317: 882—889.

ThA M. SUHEA—B A W e i B G R L Tt e 4-
S A R E . AR R AR S, 2017,

Gregory KB, Lovley DR. Remediation and recovery of

degradation generation.

uranium from contaminated subsurface environments with
electrodes. Environmental Science & Technology, 2005,

39(22): 8943-8947.



HENAE | MAEEEIR, 2021, 61(8) 2235

Iron-reducing bacteria in water regeneration and energy
conversion

Zhicheng Cui, Liang Fu’, Qi Zhao, Dandan Zhou

Engineering Laboratory for Water Pollution Control and Resources Recovery of Jilin Province, School of Environment,
Northeast Normal University, Changchun 130117, Jilin Province, China

Abstract: Iron-reducing bacteria are typical dissimilatory metal-reducing bacteria that are widespread in nature,
including marine sediments and deep formations. These bacteria can reduce the Fe(III) of iron oxides to Fe(Il) and
play an important role in the biogeochemical iron cycle of iron and carbon. Aside from Fe(III), other high valence
state metals and organic pollutants can also serve as the terminal electron acceptors of iron-reducing bacteria;
therefore, these bacteria can be utilized for the pollution remediation of soil/groundwater and toxicity reduction. In
microbial electrochemical systems, the electrons produced by the oxidation of organic matter by iron-reducing
bacteria can be directly transferred to the electrode to generate electricity. Many microbial electrochemical
technologies have been developed and are commonly used in wastewater regeneration and energy conversion fields,
including microbial fuel cells, microbial electrolysis cells, microbial desalination cells, microbial fuel cells coupled
with Fenton processes, and photocatalytic microbial fuel cells, which are utilized for microbial power generation,
biosensors, biological hydrogen production, directional fermentation, seawater desalination, pollutant
decomposition, and mineralization. Here, we summarize research progress on iron-reducing bacteria, including
metabolic mechanisms, micro-ecological functions, environmental remediation, water regeneration, and energy
conversion. We highlight outstanding questions in the study of iron-reducing bacteria and point out directions
meriting future research. Generally, this review will aid both theoretical and applied studies of iron-reducing

bacteria.

Keywords: iron-reducing bacteria, bioremediation, wastewater renovation, microbial electrochemical system,

electron transfer
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