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Abstract: Microbial fuel cell (MFC) wes enriched using
sludge in wastewater treatment. The microbial community of
activated sludge and enriched MFC were analyzed by FISH
(fluorescent in situ hybridization) and 16S rDNA sequencing.
Bacteroidetes group were pre-dominant in activated sludge by
FISH. a group, y group and Acintobacter group were dominant
and they were similar to distribution. The average value of
10 peak of MFC is 0.44C. When MFC wase enriched by
sludge, y-Proteobacteria, Plantomycetes group increased 70%
and 60%, respectively. In results of 16S rDNA sequencing,
Sphiringomonas sp. was comprised in a proteobacteria and
Enterobacter sp., Klebsiella sp., Acinetobacter sp., Bacillus sp.
were comprised in y proteobacteria and Chryseobacterium sp.
was comprised in Flavobacteria were isolated from sludge.
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o SR o]&ste] 8t Hlol x3hE #71=2] 3464
NAAE A7 lelldA|z gkt 4= Q= Aot [1]. 559
= AATEAIR AMgshe 7 PIAER] 259 ST
(metal reducing bacteria)©| Hj7IA] $lo] AxPdHo] 7Fs8)
Th= 2 [2-4]0] ¢x) o] F- ofof] 3t A7} fo] X3y
ojstet. o]& miziA] glo] APl 7hsdh ndES A7)
ka4 &AJv] A= (electrochemically active bacteria, EAB)
olghaL gt} [5-6]. TA Leixl thxA<] EABEZ: H &
9 )AL (Fe(Ill)-reducing bacteria, FRB)S! Closrtidium
butyricum [5], Enterococcus gallinarum [6], Rhodoferax
ferrireducens [7], Geobacter [8-10], Shewanella [11-12] 2
Sulfate-reducing bacterium®! Desulfotomaculum reducens [13]
so] @ol &eA lem, MFCUH e mdE wdell thaiA
HieFA Rl Wbt wjujekARl Wb o= A o] AT I
oA X3 Foltt. i Aol = of2] 7HA] probeE ©l&
Sfo] A4 Hleko R BRR1E 4 gl= nARES uljeAe)
HHHQ fluorescent in situ hybridization (FISH)S ©]8-51
d&eA] Toll A48k EABES MFCOIA “s3hiljeF $-2|
P8E R AlESH o] vAE vk W= S8l
=T B3t o] F wileFA] WhHRL 16S rRNA sequencing
= ol83lo] F TS FHowA EAB T8 MFColX 9] A
At 58 welsl] Hils MFCe] A3st vdE 55 vjot
slo] MFC 52 17171 918k Zlo] 1 Hjolrk

2. 4% R 9y

2.1. 14 23 &1 sample At AT 44
2000 690l R4t s alsAe)ge] BEeAS Aol
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MFCS] 3002 AFg3Igiom, MFCe] K58 915 213
H4E ARSIITE Q1= 15 mg/L KH,PO,, 30 mg/L
(NH4)2504, 50 mg/L MgSO4 . 7H20, 3.75 mg/L CaClz,
0.25 mg/L FeCl; - 6H,0O, 5.0 mg/L MnSOs4 - H,O, 105 mg/L
NaHCO; 2] basal solution} trace mineral solution (10 mL/L)
o7 JEH, 1719 glucose 2} glutamic acid®] = =4
3lo] BOD 5% 220+20 mg/l ¥ pHE 7.0+£02% %4
stlTt [14].

2.2. MFC A|&H] 74 9 3¢

MFC A2EQ] 142 MFC, A|87] (resister, Korbi Co. Ltd,
Anyang, Korea), multimeter (Model 2700, Keithley Co.
Cleveland, Ohio, USA), Hlo|E] +37] W JFHFE &
wohs FEE FJ3IRlal, MFCE o=, = 9 ol
W wow A5, A2 graphite felts (GF series,
Electrosynthesis, Lancaster, NY, USA)E ARE-313101, ol
W3} 2R Nafion 424 (30 x 70 mm; Dupont, Wilmington, DE,
USA)E ARSI 71015 120300 $HH4 multimeter
2} DMM monitoring program (Korbi, Seoul, Korea)<- ©]&
slo] pCold] =7 Ads1oitt.
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Fig. 1. The schematic diagram of MFC system.

sk E]ellA AFHE 2EHAE MFCO] =150
Z}zf gk 5 oF 24 MK FRF open circuit R AT
= WS BUEH 9o, 24413 & AFTIE o] 85
o] 200 Q] A& 57} =l dds § S=oll= BOD
220 mg/L (pH 6.8~7.2)] 1F¥ [15]15 1 mL/min®] #<5
oF w AIRFG 20 B3 7HdH 07 FISHlar, FEY-
ol 1 mL/ming] #5502 372 L3ld S7FE 59
slo] 553 =2 AAEE sl FAlshEA A3k
&St &3 skt ZH7ke] MFCOIA Bgsl= A5
multimeter©l] =3]F|o] PCof| AFz40 2 HEHr) w3hafor
2 35C 2] g-2nleF7] (HB-103S, Hanbaek Scientific Co.,
Bucheon, Korea)ollX] AAISIATE.

2.3. Fluorescent in situ hybridization (FISH) 3% [16-17]
FeheF - o) e s s 218l wEhiet

A1) AR B9l SE T MFC S 45
< 1 g FI31o] 3%l pH 72| phosphate buffered saline -§-<Y
(PBS) 9 mLell *FISII). 2zke] A5t HiEle] Sl PBS
FloA] 1 mLE w3131 3 mL2] 4% paraformaldehyde/
PBS solution © = 4°C oA 16A17F 13Tt 14E A=
£ 47C, 12,000 rpm O 203 A4 k] s A
AAE PBSE AHsIlaL, L A4S 33] WHEESISITE 414
21E AXl 178% A% ZH 1 mL 2 polycarbonate membrane
(diameter, 47 mm; pore size, 0.20 mm; type GTTP 4700;
Millipore, Eschborn, Germany) ©. % &JZ}5}1%] 50%, 80%,
100%2] ollghee]] k40w 7k 394 A2)gt 5 37] T
A ZAZA)ZEE. Table 191= FISH - 98]l 13702 probe
== ARESIRleH, T 10719 1ase] ST 4
probes A7} F-2H polycarbonate membrane©l] Ho]
el 3 46°C ol 90 F2t EAJEAIZALE 21 F 48°CoflA]
ulg] A% washing bufferoll 153 F<F ARAIZ 3 A%
A7 confocal laser scanning microscopy (LSM 510, ZEISS,
Germany) & &3l &Rt}

Table 1. Characteristics of oligonucleotide probes used in this study

Probe Probe sequence (5'-3) Specificity Ref.
ALFIb  CGTTCGYTCTGAGCCAG  asubclass of Proteobacteria  16)
BET42a  GCCTTCCCACTTCGTTT P subclass of Proteobacteria  16)
GAM42a GCCTTCCCACATCGTTT y subclass of Proteobacteria  16)
CF3192  TGGTCCGTGTCTCAGTAC  Bacteroidetes 16)
CF319b  TGGTCCGTATCTCAGTAC  Bacteroidetes 16)
Aca23a  ATCCTCTCCCATACTCTA  Acintobacter spp. 18)
PLA46  GACTTGCATGCCTAATCC  Planctomycetes 19)
HoAc1402 CTTTCGTGATGTGACGGG  Acidobacter 20)
Cyan785 CTACTGGGGTATCTAATCC  Cyanobacteria 17)
DSV698  GTTCCTCCAGATATCTACGG Desulfovibrio spp. 21)
LGC354a  TGGAAGATTCCCTACTGC  Firmicutes 22)
LGC354b CGGAAGATTCCCTACTGC  Firmicutes 22)
LGC354c CCGAAGATTCCCTACTGC  Firmicutes 22)

2.4. 16S rRNA sequencing

MFCE] 53hjeF - A=l F21eo] Qli= EABE2] 8=
S8l A=l F-2H w555 LB agar plateol] BljoFsh <
colony PCR=Z DNAE F=319It}. %% DNAE universal
primer set (27F, 1492R, Solgent, Korea)E ©]-8-5>1 PCR
#2171 (PCR Thermal cycler, Takara, Japan)S A28}

A
2.5. Scanning electron microscopy (SEM)

MFC®] sahijc} F 452 Ade] sk WgoR w9 @
% [5], S3500N (Hitachi, Japan)S ]3] =4al3ic}.
3. 844 n3
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A3}= Fig. 20| YERNITY. Bacteroidetes7} 5.5 x 10° cells/g
2 7P 8& B3, a proteobacteria, B proteobacteria,
y proteobacteria, Acintobacter®} Firmicutes?} 212} 3.5 x
10° cells/g, 2.4 x 10° cells/g, 3.8 x 10° cells/g, 3.9 x 10° cells/g,
3.1 x10° cells/g AEE Wo| BX519 01, Desulfovibrio =
1.5 % 10° cells/g A=2] BAES VRN, Plantomycetes
S} Acidobacteria 5.0 x 10° cells/g, 2 x 10° cells/g ==

2 B2 Yehlow, Cyanobacteriai= 1% 10° cells/g
2 7P ube A E Bl ol @& A| Y] A 5
73 [23-2415 BH, 7 Aol whel vgEe] B9
ZJol= QIANE, A A2 © 2 Proteobacteria’} 713 T 3
£ HO|1, Bacteroidetes = Y52 B35 BHYE 2 A4-A3)
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Fig. 2. Bacterial community structure in activated sludge by FISH
analysis. (o: a proteobacteria, B: P proteobacteria, y: y proteobacteria,
Acinto: Acintobacter spp., Planto: Plantomycetes, Acido: Acidobacteria,
Cyano: Cyanobacteria, Desulfo: Desulfovibrio spp., Firm: Firmicutes,
Bacteroi: Bacteroidetes)

3.2. MFC 3 4 4

I EHAE MFColl 43t F-of| open circuit 2 Ef el 4]
vebd Hojdsh (V)2 ok 0.3 VE UERY, &8 A Y
EABES] &A1 &R1g = a1, SAEHAE MFCO
FRI8kaL 36417 HE 5= o5 Afelel] 200 QO] A7
< AT, WA FaS 3h sshloks AlFtelglt) o] %
o] AF7I7 Fet sshuleko] ST HFL] AYakeko]
AR 072 F7FR= 41 current profiles E3f & 4= Slt).
SShleF A1AF 1097378 ZF2Fe] MFCellA Ak = A
%01 0.07~0.25 mA= g FES et st
Zzke] MFCollA] Ak Hdl A5 a2 217} 0.25 mA=
ERttt 55t MEC7F QP 21Q1 74t BAlell ol
o (‘F3hlleF AlZF 1797)ol Aakel F #k peak 10715
Aelslo] #2478 A¥= Fig. 39 ERNSITE Fig. 3914 =
o] ol AAE i A 0.24 mA©I AL, w9 AT
F A5 At 55 YERR= #3221 coulombic yield (CY)+=
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Fig. 3. The signal trends from the microbial fuel cells inoculated
activated sludge during the enrichment procedure.

33.MFC Y ¢] n|y & FZJE=Z

EABE©°] A/ deloll T2t A2 19970l A=-2 e
slo] SEMS o]-galo] Aol Faky EABSS w3t
718 Fig. 40l YERNI© ™, Fig. 4 (a)= s3plok 7o) A=
XS SEMO® et 2107 FaploF Holl= wjitalar
7W5EeE A=e] Bgo] It FehileF o= A2
3E¥ol EABE°] biofilme A8l 3= A5 Fig. 4 (b)°ll
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Fig. 4. SEM images of the electrodes before (a) and after enrichment
(b) using activated sludge.

EUAZ MFCel| sshilst 32 v 3w
WL Fig. 5ol YeRIQITE SeiA]ollA] 7 e w2 E
YUeRd (Fig. 2), Bacteroidetes 13- ZAA A Q0 & 3.1 x
10° cells/g AER AL B oAk, W3E-S v A
o] 44% A T2 ZAEUT. a proteobacteriaS &3Pl%F
Aol AAFe] & WSt $1eH, B proteobacteriai=
ok 10% Y% TAE B0, v proteobacteriai= 70% 3%
T7FE 1o, 6.5x 10 cells/g® 7P W AR B},
Acintobacteriai= 77% s RS 2™, Plantocycetesi
ok 60% =712 BIAINE, 2] ARS8 x 10° cells/g® S*
bt} Acidobacteria= 1 x 10° cells/g® 2F 50% A B
11, Cyanobacteria’= 53PN A5-2] A=) 1% 107 cells/g
2 W37} ATt Desulfovibrio= 6 x 10° cells/g= 60%
A% 242 WAL, Firmicutes= 3.7 % 10” cells/g? °F 12%
o] AR T7HE BAtE AAl ndEe] ) &7
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A2 Zdefell whet i ®skE Hol7|e SpA|ut, 7]Ze] u)
2 v AEe] o] thE A FESHY [25-26]. Glucose
£ 71 E ARESE o] 8] u|AE A= [27] Proteobacteria
7F 7P W S UERA A3 vlasiA] B =iellA
+ glucose, glutamic acidE 71A%E ARg-slo] AFs3lom,
u] A5 AA|FFo] v proteobacteria > o proteobacteria >
Firmicutes > Bacteroidetes®] 0= WERFE R glucoseRt
= AR Ak} AR AR d3kE LRI 53t
wjeF A} vlarste] sshlek $oll Aol A Ins
& A7ndE 3 Bo] AL I5EY 7ol =
Zlo= Jekec)

Biomass ratio, (Carer/ Coefore)

o By
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Fig. 5. Comparison of bacterial community structure before and
after enriched culture in activated sludge by FISH analysis. (a: o
proteobacteria, B: B proteobacteria, y: y proteobacteria, Acinto:
Acintobacter spp., Planto: Plantomycetes, Acido: Acidobacteria,
Cyano: Cyanobacteria, Desulfo: Desulfovibrio spp., Firm: Firmicutes,
Bacterio: Bacteroidetes)

3.4. MFCO] | E 53

53F Wik MFCOll -3¢ EABES vkt § e
5 16S tDNA sequencings ©]&3lo] 543 4=
Fig. 60l LFERASITE. EXdEeiAolM 971e] o] 4+ 3
t}. a proteobacteria®| <31= Sphiringomonas sp. (AC7),
v proteobacteria®l| <8R= Enterobacter sp. (AC1, AC2),
Klebsiella sp. (AC3), Acinetobacter sp. (AC4)$} Bacillus sp.
(AC6), Flavobacteria®l| <58= Chryseobacterium sp. (ACS,
AC9)°] -7 =S}, HluleFA] FATHQI FISH A3te} vk
sto] T TS5 A2 59| sequencing AE H]w || HH
y proteobacteria”} FISH 237} 179 H % S7hst 213}
sequencing® 2|3l 5% Enterobacter sp. (AC1, AC2),
Klebsiella sp. (AC3), Acinetobacter sp. (AC4)$} Bacillus sp.
(AC6)= Hlawshd ARt AHE & = Qlvk. vajFlel
W A e A3 Blasshs 2l o= iRt /e
7} 7Fssk ot} AA o proteobacteria (Sphiringomonas
sp.)7F 570 HAE AA] BAEE °F 10% Hel= 7t
TS B8O Bacteroidetes®l 5= Flavobacteria %21
Chryseobacterium sp.%=. -573°] = UARE, AA| A
44% %= FAAE BYTh VAR TEE o= Ak Tjefo]

7FssARE, m8Ee Tl etsh=dl @A7E it

TS

2
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AC4
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100 |ACS
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AC6
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Fig. 6. Neighbor-joining trees showing phylogenetic relationships
of 16S rDNA sequences clones from MFC with activated sludge
to closely related sequences from GenBank. The scale bars on the
bottom indicate the distances between sequences.

4. 8E

S skrAElgelA AR S SYEAE o838kl MFC &

shiloF - 2] 7] G4 vhele]ol £ S4S FISHS)

s F 9 T2 2Eslko] 16S IDNAS ©]-8-atq

AR A3 vt 22 dES A 7 ASlHh

@O 45879 8= RS FISH 245 F3to] AL
3t A3} Bacteroidetes?} 7V 2 EYH|ES B oM,
o proteobacteria, Acintobacter®} Acintobacter”} AFSE
X SAS vERSIT

@ IEHRAE HES MFC 58 ©]5-2] coulombic
yield= 0.44 CE UEPton, sspuef ¢k 59 v
AE TR EE v proteobacteria®} Flantomycetes”}
sapaloF AR 247 70%, 60% 5 AR ST
Relom, 2A| AR v proteobacteria, o. proteobacteria,
Firmicutes, Bacteroidetes 2] <=0 % ZY7} 6.5 x 10’ cells/g,
3.7 x 10° cells/g, 3.7 x 10° cells/g, 3.1 x 10’ cells/g =
LT

@ 5 23k T 52 16S rDNA sequencing = ©]8-3F 1]
3= 57 A3, a proteobacteria®l Z53V= Sphiringomonas
sp. (AC7), y proteobacteria®ll %35= Enterobacter sp.
(AC1, AC2), Klebsiella sp. (AC3), Acinetobacter sp.
(AC4)$} Bacillus sp. (AC6), Flavobacteria®l <53H=
Chryseobacterium sp. (AC8, AC9)°] FHE T}
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