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Advances of enrichment and screening of electroactive
microorganisms from activated sludge
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Abstract: Activated sludge contains a variety of microorganisms and is the key driver for pollutant
degradation and transformation in wastewater treatment plants. Electroactive microorganisms (EAMS) is
the important component of activated sludge and plays important roles in wastewater recycling and energy
recovery. This review summarizes the methods for enrichment and screening of EAMs from activated
sludge, and sums up the species of EAMs obtained from activated sludge so far. In addition, the existing
problems of enrichment and screening for EAMs as well as the future research direction are also discussed,
so as to promote the discovery of EAMSs and the development of wastewater recycling and energy recovery

Foundation items: GDAS’ Project of Science and Technology Development (2019GDASYL-0104005); Science and
Technology Planning Project of Guangdong Province (2016A030306021); National Natural Science
Foundation of China (91851202, 51678163); Science and Technology Planning Project of Guangzhou
(201707020021)
*Corresponding author: Tel: 86-20-87137655; E-mail: xumy@gdim.cn
Received: 06-05-2019; Accepted: 17-06-2019; Published online: 19-06-2019
EeWB: " REPESLAEIRSh & B 1 8 LI (2019GDASY L-0104005) ; |~ A4 FH%1141(2016A030306021);
% [ /Bl 3E4: (91851202, 51678163); J iR 141(201707020021)
*BIS{E&: Tel: 020-87137655; E-mail: xumy@gdim.cn

k= HEA: 2019-05-06; == HEA: 2019-06-17; MEE & HER: 2019-06-19



RS YT R b S MR W R B SR R T

2091

technologies in which EAMs play the leading roles.

Keywords: Electroactive microorganisms, Activated sludge, Enrichment, Screening, Wastewater recycling

and energy recovery

H, 75 14k 13 4= 4 (Electroactive  microorganisms,
EAMSs) 2 45 g 1% 18 o 40 il o 1% 26 55 5 M ok i+
PR EAZ A S A S e g — 2 ™3 F i
RIM EAMs EE R, —RaT ¥ A SR
ipUR e AT Ra iU N v ey 4 N 3 % N 78
Y7 1 B A3 A ) (Exoelectrogenic microorganisms);
T3 — 0T LU WM A0 ) Lk 58 1B B I R AX
o, BN HE S A il A4 9 (Electrotrophic
microorganisms)!*®l, XIS S T ZRE S
JCEMEM AR, 56 H . AYRelR st ab T
S )y T SRR R PR i,

TG 1 15 Ve T2 ) I PR T U8 R A 0 i R I AR
AR PR R 2K v 75 e i A7 A 4R B DR A R e
Ak, 2 F R R 2 B K b 31513 EAMs
SRS T E PR A A R A, AR K
TS YRR Ak . EIRAL (FEAE K [l A BE IR AL (IR
ATt APl SR RE AR ) i A R AR
FHA M T G T s S Je b
EAMs (IS K LD REIG PERE A0, NIk Ak st
B, MRIEELTR IR AR IR AL ERR, IE AR R R L
TG TR /E N EERNE, S5 T 2 F EAMs HHEET
T, PAF T ZRHTN EAMs, A SCHSZRR T
G PET5 8 EAMSs s S ML I, 45 T G

*1 BEMREMERHF AN

15 IRy B A3 EAMs TEANE RS B, Rt
i T EAMSs &L E PRI IR, R T R
K lAEFE 7, UHHE— 2 = EAMSs AP IR IR I
FHRSCR, L, EAMSs AU BR S 1 4 R 7K B A
LS REIEA AR KR

1 HEEHEMEY R E SR
1.1 HEMHEYNES

i T EAMSs ZEIE M5 e H AR XS FRERAIL,
T EAMs B4 e E RO, 8 H T ZE TS
Jer i) EAMs i1 E 4 . CET 1 EAMS B AT
FEREAM EAMs T EA 1A FAZ s D RERE
PE, I Fe IR 5 SR E L U R
(Microbial fuel cells, MFCs)Hi#l &4k, EWH
fi#3ts(Microbial electrolysis cells, MECS)HL I & 5%
AR AL -H A2 R G E Ak X UM R B
2 A RSO AR s I L, BARANER 1 .
111 FEREEX

B2 AR R i E 0 B E AR TS T Y
SlEItER, FEUBREYMIE A i A7 T 2
P Rt if S5 SRk R T A e ks
JEUB, HOEAS RO Fe My — Mo -2 AT
PIISOR B EAMS PEIR AR T 7= A= 1) FL TRl Tk
Fe, MTTE K6 Fe™* it JEU il S ) EAMs

Table1 Comparison of methods for enrichment of electroactive microorganisms

WIRFS FHE W= {7953 E =GN
Methods Feature Advantage Disadvantage References
Fe® Fe** was reduced to Fe*" on Convenient; Commercial Poor specificity; Low [22-23]
anaerobic conditions efficiency
MFCs The method based on current Obvious; High community  Time-consuming; Low [24-25]
production from the bacterial diversity on enrichment efficiency on enrichment
metabolism of new species
MECs A potential is applied to the Strong selectivity Noncommercial; [26]

anode, hydrogen production
from cathode

The method based on
three-electrode set-up

Potentiostat-controlled
bioelectrochemical cells

Needs power supply

The potential of electrode [27]
can be controlled
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s SRR . T RIIIE R B EAMSs o2
PI O BGR IS PR Bk 22 O RIF S T BA 1
WOTEE R B AET % EAMs, Zhang Z5 LA EEREIE K Hh
(IR T5 TRAE i, R FeOs fE N ML F32 14,
B AESAS T LA Desulfovibrio MEHWFP . HAHTE
MR B P Shen 20U A5 /KAL) (R 4
HIRVE N ERY), I Fe(1)-EDTA fEHHL 732
1, BRI T RERS IR 1,4- ELERE I HA
TR IR R R AT AR B, B
EMEHTRARA, ZBIAEFTA K EAMs #BfE
PEAT FeS iR S5 BO3Y  3RAR BT AT A B I 0 LA
HAL 2 E R 205 e R 25 | AR Y e s
B g,
1.1.2 MFCs BiRE&E*.

MFCs Hitl & &1k E AL MFCs FHMLZE AT
WA E SR A= M R F L2 AR AT ' 46 EAMs
(1 1) - MFCs M4 A3 TG 5T 38 H B 1T 43K PR FfAL) 7R
HiZg MFCs FIXUE MFCs, Xing 8% Fi5 /KA B
Wt 5 e Ve R, FIFEEE MFCs 1R s 4

Anode compartment

PEM

1 MFC/MEC E&RIEREE

Figure 1 Schematic diagram of the MFC/MEC for enrichment

g, A5 T LA Firmicutes S HE 3 Fb ) B 36 M B
B, IR — R A AT RER) EAM——
Comamonas denitrificanst®?. Zhou 23 14 157K
REFR IS TS TR AR AR, IR XLE MFCs &
0 B B — BRI IR A EAM——Citrobacter
freundii LZ-1P%, Park Z57E#RZ YLt Fext
MFC FHBR A PR EVR S5 F4 2 e B AR DG 92 & 21,

FEBAT AT T YL RS LR, LATE Y5 U6
SRR G MFC B 5 45 3 i 19 Geobacter™,

Btz 5k, Zhao SETEWFTEIEHIHEALXT MFC B i
W RETE B W B, FLRRAE b IRt & fil
Geobacter 7EFAM/SFI B4 AR, 2K
7% EELRHRE MFCs XS ET5 e H (1) EAMSs i
FrEggERSS R I MFCs 3855 5 R
23] ELis A i i KP4, ik, Zuo TR &6 T
U-BUERE MFCs 38, ATk 7 HHLE MFCs
AEAERAN AL, T ELI2 R mT LA BHAR 28 P AR R 77
A EAMs 530 g4, Yu Sk kb B )
YOS RAE AR IR , R A4 T U-BVE MFCs

Power

Cathode compartment

¥ HE MFC/MEC A& BT T3S, 3= MFC/IMEC #5138 3 o3 b e BH BH IR % ;. MFC s Ah AR LT A, MEC 7740542

e

Note: Single-chamber MFC/MEC does not contain a proton exchange membrane, whereas dual-chamber MFC/MEC contains a proton
exchange membrane to separate cathode compartment and anode compartment; The MEC needs power supply, while MFC does not.
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RHE, BT BA —E IR Ochrobactrum
sp.. Achromobacter sp.Fil Acinetobacter sp.**!, MFCs
H A B SRR B B, AT X MR, SR MFCs
B E MM A WA R, BRI, BT
HHY EAM 18 SEACR I R AR 0L
113 MECs BiRE&EX

MFCs HiR & A1 I BA L LE/E MECs Hrii
AW A AT S T A R, R E
b sl AR A E RS & A E U, T LT
EAMs F- 245 5 e AE PRI ER TRV R PRSI AR, 1A=
WIS T 2 AEAE D R LS SRR EAMSPPL, MECs
5 MFCs [HIEASE AL, HAG BIBHMIR, LK
BB B WA i SR D R TEITE T MECs 75 %
—ANAMInE R, [ MECs REETMFERBE(R 1).
MECs A7 2 FIARIFG L, 4350k B2 OB EE (A G
JEFHE) . Zhao U5 KA it R ARG
PEVSVRAE I EFY), LIS MECs 1R @ 44
PAF T R TSR Ve b H B 7 4 DL Geobacter
g BRI Liu SRS
PRAATS I (Ot ith An — i s e AT IR A) R
U, RGN THEA, FIFIXEE MECs % & 4
PAF T HABRECHCRN EAMs RARIRYI(
& Desulfovibrio, Rhodopseudomonas. Shewanella
1 Geobacter)*!!, Nam Z5 (5T R IL, T8 i
AT DA FRALBREF A R K, T HLAT DL SEE K
B A BR, HBHRE 4 R A L
Deltaproteobacteria & =+ , # B W £ # &
Methanobacteriumt®, Yin Z5(BFo8 KB, 444
s (Biochar, BC)E A AL NE] MEC J5, FHK
F 7 HL B Thermincola fr = 2 U i B2 FRAR 1) 3%
Ty IR BRI, SR S A R h T B A ML R
B, PEOLBETRAR, RN ke,
114 (EBRM{C-BEBUZEREEEE

fE LAY -FE AL 22 R0 AR 1k R A Ak
RGN0 TAE AR NI A Y M S 7% 3 1) s 7
ZARMSEBNT EAMs B E (B 2). fER AR
ez il A H AR (BRI sl BH AR ) H 7 1) — Fh s %o

ARSI AR A R R — A TAE
HAR (RIS M AE B ) . — 1~ RV H oy 8 %
R DL R — 2 i ). Yoon 251 =1
WAL e B, DAVS/KAb B A IR TS e R
P, N T4 KA Ry AR, i) i (— J#D)
MEERS T HARE " HEE 10 EAMS IR A 15+
P Liu ZERRFSE R IR, 5 L B
FAE BN B AT DA A I P B RE T, T
HAEH TAEHEMIE A T LA Geobacter A 3 H H 1 P
AW Doyle S5t ML TE, ISLIRERE N
XY, 7E TAEHR M b & 3815 T L Geobacter
metallireducens & FZYFI I HLTEPERRE, FHMH 2
BT 2 bReliisgRm . MET MFCs, %A%
ALV EAMSs YRR T AL, T HLERE AR
SEVEH TR A S, R ENS Bl IR0 S
ERHZH EAMs, HZ % RS AN B it 5 F
MFCs, JITLLHRiI7E EAMs B4 F R A BR .

1.2 HEMMEYIRRIRTGIE S %

R T HU A B AREL EAMS, T AR i
EVIREE R RETRIRIEA TR S M 1 , DA —
HINHHT i EAMs 199328 S D REIG PEHLEE
MFCs 1 MECs S&4: ¥ k¢ R 502k EAMSs ()
g Y, B2 LM X SCEE P00

—‘ Potentiostat Ii

P T o

==

| \e
S

B2 [ERUN-BUFRGEEREREE
Figure 2 Schematic diagram of potentiostat-electrochemical
system for enrichment

Counter electrode

Reference electrode

Working electrode
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B Tz ikl B i A, AR
L, BRERCON B, BRI 5, Tk
SRR B AT ST T O 2 i MO i . FRAT]
T4 WO3 POKRERE Bk 1 S AL i a7k
gk sk 3 fo k(R 2).

1.21 WO #RiRst R &%

WO AKERET B4 WO; &—Fh HAT /S gk
HRARFERE, A M G DS, PR
AR SR, EEEMAEYHEE, i
)z FAE B B (R EH B WO kRS B 6
A FFUR A WO, H#2UCk A A=Y i+
JEes kA BBk, TSI EAMS HAS I
L . WO GUKIRET 7] LIPS A EAMSs
MR-, fEHER i AR a6, TR T
22 B 40l A 75 AR ) T EL MR 0% WO Y
MaAh R A% 3 07 =X S A Y B AR i M Ah re A%
18 A A AL Yuan S8R G U WOz 99 K45
B, UL 96 FLARAE R hige B, X B s T e
(Y 12 BREEEAT HL A2 TG PR A BT Yang 257
WO 4 KAR4ET#54 MPN (The most probable number)
PRSI R B T 15 KA FE AR EAMS 1
P ks %% Marques 25 ) i K A
A B WOs G kL, SR J5 55 R AL PR FTEN4R
RIS T R — 2 1 AL R AR A EAMSEL. Fi 1
WO AASET AT AP . BT R0XT EAMs i
ARG , FRASEAR AT 528 EAMS il it
IS TS, (HIE WO KA EHE & AR & 4%

*®2 EEMHMEMRETFIES A

122 SEUYIBEEE

SN AN 2 ¢ (Outer membrane c-type
cytochromes, OMCs)J2&IFMTIR #0453, BT
AT RLKE R 19 200 1 5 0 o R A T ) 4% 38 31
HNESOOL OMCs S Er gk bk AR 11, AT 3o 0 )5
i A R G FEAL AR RN Benberkigid Ak
il 1 Pk O 2 RO IR S 5 100 W I S i T e
B RS S A T (T AR S
FH DY R B Kz (3,3',5,5'- Tetramethylbenzidine ,
TMB) -5 2o S8 Ak Wit S vy e A= BH i 149 B 60 728 A (22
WE )R A I G M) ) MM RE T, e %t EAMS
PRSI I 6 o AN i Sl B E2E7E 96 LR 58
B, PR ELRON F A G, PRI TR . &
3 S OGP GRAE ) ) R AT I BB D A T, TR
I s HLAT M AN B 0 BT . Wen S5
D7 VE BT X L TE M AR W Shewanella
oneidensis FHRE AN, Zhou 457 I 7 58 A
T X} Escherichia coli 1 Geobacter sulfurreducens
PCA-1 HiEPER B % . TMB A il 2 i
IR RUENELF . ReTEEILA, RTZIrkT
XA IR SN L RE T B TR A,
1.23 FERTRE

Yy BEOL 53~ S5 F4 M 5T AT 43 Ry e A 1k ot
VARG RE, ARAEAR DR B, ARk ekt AT
DIHEA B ZBAE PN, T AR 1 GoRHAR X E A ) 4 i
N o YeRHA JFI 01k EAMS A [ PR L Tl
P YUl 7E R AR 24T 0T LIAE S i b B, 732 A 9k

Table 2 Rapid methods for screening electroactive microorganisms

Tk FHE s A 275 3Tk
Methods Feature Advantage Disadvantage References
WO; probe WO; nanorods accepting electrons  High throughput; Rapid; Complex synthesis of WO3 [51]
resulted color change Sensitive nanorods
TMB A colorimetric assay based on High throughput; High Unsuitable for evaluating [52]
immunomagnetic capture and efficiency; Quantitative exoelectrogenic ability
bacterial intrinsic peroxidase activity
Dyes-reducing A photometric assay based on High throughput; Convenient;  Unable to evaluate exoelectrogenic [32]

high-polarity dyes degradation
outside the cell

Commercial

ability of mixed cultures
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AR RN, PRI Rl e e 2 Ak i 3% HLAT A
H AL R A . FRATTA AR X —Jrik,
NG5 SN YL IR K 36 PR VG e o 4 B A T HoAg A
F, 3% P A9 I €2, 5 B EC 74 (Shewanella decolorationis
S12)4. s, BA1iRIE PO CIHRAE R R,
WIT T Rtk v gk 2 R EE NA-OG, SLELXS
EAMSs FHLE 4> B e B Xiao 25t A1)y s
P T %} Shewanella oneidensis MR-1 K H28 25k ef,
TE PR PGER I, PO R AT UM 96 FLAR
AT DA R A0 M (SO J8 T, i el i) Ao
EAE I U E D A AR R T, AT SE R
XF EAMSs 1 il s s i, FATERERIfE . A
6. R AR, RTREB RIS R A, BF5E
RINIEAE BT AT Al 52 U] i A M i I € 1 A
AR AT B IR PR B Ay e B — 4
e LA .

2 MiEMHT RS EAMs

AT A A TN R T TS e H EAMs (1) )
RETE R 5, F500 R A5 EAMS TEE K BT I5 AL FIRE TS
il B ER, s CNE TS TR S S
T 40 ¥k EAMs. | H AT IEFTREUY EAMS 4
WA LR Taw, HEZEXHA
Proteobacteria, Firmicutes 11 Actinobacteria, JiH:
L Proteobacteria J& 2 (I 3). tt4n Rezaei 6F|H U
AU MFCs & 5502 2] 17 n] UIA A =16
WE4T 77 B4 Enterobacter cloacael™; Xing % M
MFCs B AE YRR E 3545 T 5A A S RE A HLIE 1
Comamonas denitrificans®; Wu % M\ MFCs [#
WARAT T BBE A S5 7S U 4 0 FL Ak 2406 PE T Bacillus
sp. & BRANGEAN, BT E WNTEPETS Ve 3RS T
FAA IR, 10 Lee ZEDIRA TR ETG IRAE R
FERPIE, AN MFCs (Y PRI A 18 o g 3] T 2 7
HLAE T B9 B Candida sp. IR11P%, safkmmi s, %
H AR I TGS T H 4 B RE T 1) EAMS # LA H
RAEY R E, FEFESEUAESARR, 7 HEEE
BAR . IXTEARKFREE &M TiE M58 EAMSs 1111

T 2 UM AR KA IR A0, A & i
TE T BATISRAFAE— 28 14 SR B FIT 38 B o

I JUAR Pk Ji 1 v 38 1 B Rt S 3R AT
TIEFERBUE T Je b v R SE M TR 1) EAMS
JEIN A R BRI TR Z A% Eddie %@t
WU A W) BB AR A D VR I s BRI A, kA T
i R REEAT N T IR B S FR BT A= W) Tenderia
electrophaga 53 ILRIAL, Ffib—B o85G 2%
HAMEEAMGER, HENLZEE AT LA AR B I
(LTI CO™, Mei 45 ik 52 A A LS F
MFCs FHAEYIBEANET 16S rRNA ST, &
PAEARIR ST AW B A3 5 h Zoogloea
Simplicispira 25K {HEA HL I A R L.
Xiao 5538 ) FEBERR I F 434 T 7 AN R IR B A
Y, KRBT 2 R A A TSR AZ O
AWy, FEt G UE T IX 2 SR HE
B, B ARIE A 5 A I AR N B AR L
R SRR T2, (R — DGR T s RS
Ve B HE PR PR TORRAR . Bl T4
A, R | HLAH AL 53 SRR 8 A AN
DL FR L A AN RAL e 3l e P R AR 2
Ry 43 B AR UE M5 U8 i O M R BB A )
AR SHE
3 MEBS5RE

REEFE AT IG5 I H EAMS 119 & S0 ik
AT T REWSS M2z, (B Bk mm
EAMs RS0 R, R b s—.
—J7 TS T TR S Sk AN AR AR 4T
HiTH KA AR KIS RS T N 2 24 iR EAMS
PAERFEFRTR, 51— 2 s s e s
TEE L EAMs T 2 5 B B A e g4 .
T AR EAMs BAER T HA, $EEiEE
15U H EAMSs EAN TR A2 RR0R , TR 2L
TFIUA D R TAE

(1) WAFAREEET BOKREALII R AY EAMS &
ESEEIS TN
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FEFEKREIEALL AR, EAMS TSP R 75
I ZRIINRERED, B BOK P AL e
e RERAL L RE, WE—2P i M ST
R TALsB R b, SelRem . BE T HE
FON; S BT 8 ARG IR 1 EAMs AEAEMELL S RGEH Y
HEIIRER A P B A BN PRI A &R

(2) mxfpEE N HE T R R IR EAMS mi3L

AERA MR R RIS Jerf, EAMSs 1
5 T B 0 A= 0 R A A 0 A A i ) 45 e [) & 42
YER o I LA PR e i 1) T A ) B 37 4 2
(Microbial Culturomics), it 454 JF bR R RERS
B, BEFRIE AL . MALDI-TOF JFgAIN . 4%
BER RNA JEE 2RI P45 FB, AT LAZELRIE
FRUR IR 28 SE RV 25T, R BE SR B i O T RE AL
A ) LA 1 K R AT A R

Sources References
1007 Citrobacter freundii 17.-1 Domestic sewage [33]
51 L Citrobacter freundii KVM Activated sludge and groundwater [69]
100 Enterobacter cloacae FR Industry effluent |70]
100 Escherichia coli US/41 Industry effluent [71]
53 L Proteus mirabilis Industry effluent [72]
Aeromonas sp. SCS5 Activated sludge [73]
WEAeromonas hydrophila XB Anaerobic sludge [74]
100 100, Shewanella sp. MFC2 Anaerobic sludge [75]
95| | Shewanella sp. MFC6 Anaerobic sludge [75]
48| L Shewanella putrefaciens Sludge from primary clarifier [76]
e 100 Shewanella sp. MFC14 Anaerobic sludge [75]
— Shewanella decolorationis S12 Activated sludge [77]
100, Pseudomonas aeruoginosa ZH1 Anaerobic sludge [78]
99 Pseudomonas sp. VITDM1 Industry effluent [79]
100 | Pseudomonas sp. M-P2 Anaerobic sludge [80]
100 W[ Pseudomonas sp. wyz-2 Anaerobic sludge [81]
Pseudomonas fluorescens P1B-1 Industry effluent [82]
4|7Alcaligenes faecalis Anaerobic sludge [83]
B 100 Comamonas denitrificans DX-4  Sludge from primary clarifier [30]
100 — Ochrobactrum anthropi YZ-1 Sludge from primary clarifier [31]
59 {Ochrobactrum sp. LMG 20570 Anaerobic sludge [83]
Rhodopseudomonas palustris G11 Activated sludge [84]
1y Paracoccus denitrificans PS-1 Sludge from primary clarifier [76]
100[— Geobacter anodireducens SD-1 Sludge from primary clarifier [85]
L Geobacter sulfurreducens S1L-1 Activated sludge [86]
72 Bacillus pseudofirmus MC02 Activated sludge [87]
Bacillus sediminis DX-5 Activated sludge [88]
100 Bacillus sp. H Anaerobic sludge [89]
49) 52 [Bacillus sp. A24 Anaerobic sludge [83]
100 Bacillus subtilis Industry effluent [72]
20 Enterococcus sanguinicola BAA-781 Anaerobic sludge [83]
Geobacillus sp. S2E Anaerobic sludge [90]
L o Thermincola potens JR Anaerobic sludge [90]
ol Clostridium butyricum EG3 Industry effluent [91]
g8 — Kocuria rhizophila Anaerobic sludge [92]
L Corynebacterium sp. MFC03 Domestic sewage [93]
Calditerrivibrio nitroreducens Yu37-1  Anaerobic sludge [94]
G0
Taxonomy: Proteobacteria Firmicutes Actinobacteria Deferribacteres

3 WEMSETESBEHEELAER

Figure 3 Electroactive bacteria isolated from activated sludge
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(3) MFFIF I T &M AEY FE G 6
EAMs M T HIFSY

H1 22 7K R U8 Ak B U S o il A Ak S el
RBAGIE G 2T, TR A2 RhER AL
25, W& @R HORE 2N, Rz
K BEIE AL AL R A Tl A A X 28, T G
Bl KRBT RESE R SR 10T . 7E0ESLRt |, HEh G
BAEYEROR T, i B B A i K B IR
A6 EAMs, B HEREMESEMAED Bk E
FARM R
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