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Enrichment of a Microbial Mixed Culture Capable of Dechlorinating
Tetrachloroethene to Ethylene and Ethane, and Dechlorination of
Tetrachloroethene in Soil-column Reactors

RV, A Y, PR ST
Toshihiro UENO, Hiroaki ISHIDA, Kanji NAKAMURA

ABSTRACT; Chlorinated solvents such as tetrachloroethene(PCE) and trichloroethene(TCE) are
common groundwater contaminants. A microbial mixed culture capable of dechlorinating PCE to
ethylene and ethane was enriched in a fluidized-bed reactor using soil sediments, anaerobic sludges
and activated sludges as inocula. DNA sequence analyses of 16S rDNA clones obtained from the mixed
culture showed the existence of clones which have high similarity to 16S rDNA of Dehalococcoides
ethenogenes 195, This result indicated a high possibility that a bacterium phylogenetically close to D.
ethenogenes was responsible for complete dechlorination. Soil columns were inoculated with the
enrichment culture and continuously fed with PCE and organic compounds. PCE(4 mg/L)) was
completely dechlorinated to ethylene within 5 h of HRT with 30 mg/L of ethanol, 30 mg/L of lactate, 60
mg/L of propionate or 50 mg/L of sucrose. Although dechlorination was slightly inhibited in the
presence of sulfate(64 mg/L), complete dechlorination occurred at 12 h of HRT.

KEYWORDS; tetrachloroethene, dechlorination, electron donor, sulfate, 16S rDNA, Dehalococcordes

1. 3eeic

FhZrpoxFLr (PCE) hVronxsF Ly (TCE) hEDEHIERLEWEI RS A7) —
SO OBERIRBBEOEGER . UTHEAINTE D, B H-OHHEEREZFR T 2 alethdams
hTWndo HHE. NS OFMERMEYIC L2 TIE - KBRS THO»ITRD . KER[EL
o TVN% e ZHUIIH LT, PCE % TCE 3. B&E&MH T, MEMOEMICL . Yooz FL v (DCE) .«
eV (VC) 28T 2F LRy oAMEIND DML TED. IhEiGH L=MED
AP (bioremediation) DEAZEEAREIITTHN TN S P9, ZORINIETHBIERLRIGTH D, FIH
TE2E TSR (Brh) & UTRABRPEIREINTND Y9, /=, PCEZIF VL VIETRE
BB T 2WEW & U T Dehalococeoides ethenogenes 195 TR —HE SN THE D ZOEIGKED
HEBFHEGERE UTHATES % L LARDS, SBRAUGRA-PES T2 MEDR S ONTIER
BRESDE V. T ITIE WEIKR) 72 &/ —IC X b HRUER U PCE SFE 2R Y LTHIER S

* EHTIFECHBNEREL Y 5 —
(Kurita Water Industries Ltd., Corporate Research & Development Center)
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LEMERIL. BRABREM T PCE ONMIERET /20T, TORREWET %,
2. EBAE

2.1 HEERY) 70 5 —i2 &3 PCE SHREOERIEE
RERBOBES Figl IImd, B4
% . = = I b, . QUE— t
EEIZASLOHZAHTLPERD a0 : : @Igas meter
|
|
|

WHAEEBIL 4L TH 2, Wb FL DY LM meter
— 2 &R/ MBI Z 278, ho LP8E electron donor PCE
BIZEHZ R, 7702HDHNI/SA b
YEEALEZ BB, 32 bO—)VER
TIIFAK PCE @ 90% LA EDLEDK T '
WEhi. samplin‘g port fluidized bed

FRCEEERE IR X LT 100/120 A
v A DORARELT A bEEML. V7 inorganic medium

75 —T8HO 3 LEEIREHNE LR

THEIIIHAS LADHERBIE Lz, &

FIFERAEREYE (RKUSTE, TEMETE, Fig.1. Schematic diagram of Fluidized-bed Reactor.
ERTE - #TK) 2HMURDSHE

BEOD PCE L EFit 54 %8K L. PCE

SREOEREE R T > /-, A OMAEIL Table 1 3L Table 2 12 g @b TdH b, AKREET MY
DAL D pH & TEEICHEE Lz, EFRIL 20°COEBZETIT> 7.

e Ol

!
"""""" sampling port

Table 1. Composition of basal medium for fluidized- Table 2. Composition of trace metal solution.
bed reactor.
Compound Concentration
Compound Concentration MnCl,+4H,0 1,000 mg/L
Urea 50 mg/L CoCl,-6H,0 1,900 mg/L
KH,PO, 50 mg/L ZnCl, 700 mg/L
Trace metal solution (Table 2) 0.1 mL/L, CuCl,+6H,0 25 mg/L,
AlCl;+6H,0 100 mg/L
H;BO; 60 mg/L
NiCl,+6H,0 240 mg/L
NaMoO, 2H,0 420 mg/L
HCl 1 mL/L

2.2 18885 AT & B PCE OMHRER

THEHD LAOBEE Fig2 limd . FTEMEDSKEFNTE2 L5 HIEAZ AL 3 20 240 mL #5
ZAT WL, EH5 LY 7)) U R— h 2RO e &1 T AITIETE 5 mm BEICHS
ZE—X (Kiff 2 mm) . FO LAY (SEXPRETE 0.35 mm, BIBRE 04) 2FRE Uz, H2 LAPEHEIC
BHZR, F7u2H0NNE54 S 2R Lz,

LECHEN S ACFTEBE O PCE L Bt S AR K Uiz, HEEEE DAL Table 3 1IZ7R 9380 T
Hb. KT 20 COERETIT o/ BB Bl LT M) D LaEAWEED, BT b oA
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BT NRWE D BEN XA THEE Uiz, ERBGRIC, PCE 25 (PCE # csDCE IZ29#)
DOER Y UTERROFHEFK ) 77 ¥ —0OF5E 10mL % Fig2 IR U 2BBOY V7Y U7 h— Mk
Li=. 51T, Eibts 142 HiZIZ. PCE #8HE (PCE 25 L VIZHE) OFE L L THEERY 77
F—OFERI0mL 2HBE 28EHOY 7)) VR~ MIEEL =,

Table 3. Composition of basal medium

for soil column reactors.

Compound Concentration
NH,Ct 38 mg/L
KHPO, 50 mg/L
NaH,PO,+2H,0 80 mg/L
NaHCO, 100 me/L
MgCL-6H.0 17 mg/L,
CaCl,*6H,0 6 mg/L
Trace metal solution 1mL/L
Na,S-8H,0 250 me/L

deionized water

electron donor inorganic medium

Fig.2. Schematic diagram of Soil column Reactor.

2.3 16SrDNA 7 11— OHIREERTINT 35 — i & 5088 L USRS

DNA OffiHl. PCRIZ 4L 2 16S rDNA Of8IE. 70— ORE S LUEERFI OB EIZHR & Do HE
IZHEo770 16SDNA Z D—V R HA L7 2RI FET Y7 L— M, 2327 ) 7iZid Bact0009 BL
U Bacti492V0D 75 4 ¥ —R7 (Table 4) %, HHIEIIIE Arch21FPB LU Bact1492 O 75 4 ¥ —R_7

(Table 4) %MA\\T PCR KIS%1T\\, 3TEEOFIREEHE (BstUl, Hhal Rsal) TN L7z, 7HDO—2
BZKBTHB LN NS — 0D 3SBEDEEZE T TN TXTRELTH -7 4 D% E—O Phylotype
Y LTAE L=, 70— OHBHEED 2 BLED Phylotype I22WTC, 7575 ) 7Iid Bact0009 %2, i
BEld Arch21F 2 7514 v —& LTV, REY D-— 2 ORI % Fi5# 500 bases I DWW THE L /=0
B 5N =IEHEFNF —F LA ¥ —% v b _LC Ribosomal Database Project (RDP) 24T, FT#gFE%E

ELUTzo

Table 4. PCR primers.

Primer Sequence (5'to 3) Reference
Bacteria Bact0009 GAGTTTGATCMTGGCTCAG This study

Bact1492 ACGGYTACCTTGTTACGACTT 11
Archaea Arch21F TTCCGGTTGATCCYGCCGGA 12)

Bact1492 ACGGYTACCTTGTTACGACTT 19)]
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2 .4 Terminal-Restriction Fragment Length Polymorphism (T-RFLP) (T & 2f##f

HEEK) T —THONET S22 - )VROFE» SHME L= DNA 7 > 7L—FI, 4724,5,7-
hexachloro-6carboxyfluorescein (HEX) T L 7= Bact0009 & 6-carboxyfluorescein (6-FAM) THE:
L7= Bact1492 D75 A °—~7% B\ PCR RKIit %47 o72. PCRIBIEEYZ 7 /0 — X EZIKEIZH
i7. 16SrDNA (#11.5kb) WiH 2S1eE2 %80 Hi L. Gene Elute Agarose Spin Column THH L7z,
TH ) —)VHRIC &b DNA 2B L. DEORERFKCARSE, ER2HIRER (BsU1, Hpal)
THIWT L 7= I8T L 7= 16S rDNA % ABI PRISM 310 genetic Analyzer i~ & b Gene Scan £— K THHfT L,
T-RFLP @ Electropherogram 1§72

2.5 A ®

PCEBLUTCEIXAHRZ O NS5 7 (GC-17A, BE8UERT) AV, EFHELHEE (ECD)
THHF UTze 15 AIZIE DB-624 (0.025 mmIDX30m, MEE 14um) 2V BT AEEE8CL L
7o DCE, VC, TF LY, TH Y, AFUBIEy /) —)VEARI O 57 (GCIA, EEEHE
) ZRAW. KERAS T RS (FID) IZ& b 247 L7ze DCE L VCIZHAZ AIC Silicone DC-550
10%+Chromosorb WAW DMCS 60/80 (3.2 mmIDX3.0m) #ZW., B LEER 45°CL Lize =F L
VR ITA VI H T LI Unibeads A 80100 (3.2mmID*2.1m) ZAV, BZLEEZ80°CL L.
A& EH S NI Porapak Q 80/100 (3.2mmIDX20m) ZAV, AT LEER 50°CL Lize T4/ —
AT H T 12 Gaskuropak 54 60/80 (3.2mmIDX20m) 2RV, 7T AEEZ 80°CE Uiz, HHEET
HEERATEL (Shodex OA, BEHIET) ITL DA Uiz BB AR A4y 207 57 (ICT000,
BE7FY) T4 ANV RTAX) LD BH Ule 775 A1 Excelpak ICS-A23 Z Vo

3. R

3.1 PCE #fE O ERISE

WK ) 70 & —DEBEE % Table 517, MHHER% Fig3 IR T, Figd TR b=F L8| =F
Vo, VDO mol BEE R TER U, BEE UTERECGER L QWD AY U HBE) T 5 —0
BSBREEHD, WPy —%2EEE L= 24, PCERBLICAMShD Lok, EBEE 91 8IC
(&) 72 & —IZ#K LI PCE # aeDCE ICitEE(a s L5k o7 (Fig3A) o L L. ZOD& 268
HF ¢id asDCE HX S I h 3 = Lidhh o7z B, FigdA TidiuEko PCE. TCE B
BRERHP-EDN 100 HUEZ 1 pmolL A FCH o7 F7-. transDCE £ 1,1-DCE DI h 2 2
Cidi <. 01l umol/LKETH > =0

FO®%, FiRCERLE - HTTKOBGER. EHEESAEEL (152, 183, 286, 293, 349, 359
H) . EFHEHEAY / — VPSR 0—R, T7OEA U, nBE AY ) —VBLUTY ) —1LO
BT LIz (Table5) » 7=, PCE 2REOEMAEET 2 /-9, FAKD PCE #E#% £IF, HRT
#E { LT PCE &fix iz, 2B, 349 HB LU 359 HIZIE aisDCE & VCIZ L > TERSh=HIE
EHRMUED. ZOTEREE U BERIE CIE®IC biostimulation (EFMAEDE AW ELE) o
BUBEHERDTDN. KT asDCE #TF L 2 VICBERIETZ 3 RF Loy Vi 5 2
EWERENTNG 9,

RHEB L UREEEOFERE, 360 BH7=0 »5 csDCE BTF L >, EBIzxy oAk BiERaIn
Ik 7z (FigsA) o L L. WEKkOTF LY - o4 VEEIdFK PCE #ED V10 LT TH >/,
FIC, 49 D oA Z08 (FigdB) #2175 & & HICHAXBENE Uiz, BEH R DR %
Fig3BIZ/" 9, &P, FigdBIZ PCE, TCE #E#RELRMP o0 Wihd 0.1 pmoll-gas LT TH >

—166—



oo Fo. AP UHRABET TOWBEETH Tz, HEHXEIT 12/HTIHT—EH o 7=, 449 HUE, HF
HENBE(LTF L VIV T 75 —ICf L= PCE D 1%~2%TH D (B E2TH 5%EE) . H
HEhZTF LY - H VL BRRERETH o/ (F—FEEE) . JOLDIT, BLREREERM LR
DOREK) 7O Y —EFBET LI LICLD PCE #TF LUy VICHMET BMEYE 2 ERISET
BT EITEEh LT,

Table 5. Medium composition and operating condition of fluidized-bed reactor.

0~208 day 208~252 day 252~349 day 349~547 day
PCE (mg/L) 12 6.0 12 12
(umol/L) 7.2 36 66 66
Electron Donor Methanol, 0.51 Methanol, 0.51 Metharol, 0.93 Sucrose, 0.69; propionate:Na, 0.15;
(G4 Butyrate*Na, 0.11; methanol, 0.12;
Ethanol, 0.12 .

Inorganics urea, 0.05 g/L; KH,PO,, 0.05 g/L;; trace metal solution(table 2), 1 ml/L
HRT ) 13 13 24 24

A. Concentration in Influent & Effluent. B. Concentration in exhaust gas.

1,000 1,000
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0.01 0.01 :
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Fig.3. PCE degradation in fluidized-bed reactor. Fluidized-bed reactor(Fig.1) was supplied
with PCE( —0— ) under the conditions shown on Table 5. cis-DCE, —&—;VC, —o—;ethylene, —O—;
ethane, —#—; in the effluent or the exhaust gas.

3.2 WEHK) 70 ¥ —CHEBRERI N MEYE ORI

D7 U5 —RTiE 300 HH 7 b S HERIERE mm BEO Y 5 —a—)Wkilik ok, 2OV 52
—WARIEED & DNA ZHiH, 16S rDNA % PCR TR L. HEE AT 2ME YOI 21T 072,
FEATIE 16STDNA 7 01— 2 EfS L., #HIFREEZ TUINT L7z, YNy —> THEIT 5 5% BLUPCR
MREMAEZRYINT L, T-RFLPICX W 2F T2 5% TIT o

F5R% Table 6 B LU Fig 4 [ZRT s HED* S & Dehalococcoides ethenogenes Subgroup D#xFE (M
B4 : 97.4%, RDP O similarity score : 0.856) @ 16SrDNA 70— D85, 48KF6N=NIF U7
Dra—>0D>b 4 D& EDE (Table8) o F/=. T-RFLP T3 LD D. ethenogenes Subgroup ¥iZF
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—HT2UHREDY—2 (FHh#h 96 bases, 195 bases : FZR{E L b & 4~6bases /& <HHEH
2 19) PERAIN. INSORRENPS. RMFHIC D. ethenogenes 195 W23V N7 5 ) 7 HERHIC
HELTWDZ LR ER =,

BB, BELEBOIO—2 NV F )T 148, Ml : 48) 0> b, HBEEN 2L EOHDIZD
WTIEEESZHRE LD, FOPICRESN TV IHEEERE S B REEEGXD 70— VdRH =5
Rlproiz.

3.4 BBETHS5KICL D PCE OO

WEIER ) 70 5 —D SR L7152 FEF & L. Table 7~9 OFEMHT 3 ZFO LA S A (No.1~3)
EEEE Ul HEILRER ) 72 ¥ —OFERE 215 D®ICER LAY, oL & RERY 7SI —
Tid PCE 7 cisDCE IZBUERILE Nz 0H T, ZNLBEORIEEMIRD shikd o7z (Fig3A) o

Table 7. Experimental conditions of soil column No.1.

Operation time (day) 0~33 33~93  93~205 205~224 224~252 252~343 343~380 380~438 438~540

Electron donor Methanol Methanol Methanol Ethanol FEthanol Ethanol FEthanol Ethanol Ethanol
(mg/L) 100 100 140 140 60 30 30 30 30

PCE (mgfL) 1 2 4 3 4 5 4 4 4
(umol/L) ® (12 29 (18) 24) 30) 24 24 @24

Sulfate (mg/L) 0 0 0 0 0 0 0 14 61

HRT &) 7 15 23 15 15 12 12 12 12

K13EHh> LD PCE Methanol
WIBFER % Figh~T7 12
T WTHhOHIEHS
LITHNWTE, &L 100
H#&7/=b & PCE ¢
cisDCE IZBERbEh
B L0035 140
HE TIZVCIZAERRE T
cisDCE DU OBiE &1L
IFER S rolze —
A, REK) 7O H5—T
T PCE DS—FV iZ4s Operation Time (day)

%é%®t° TIT Fig.5. Dechlorination of PCE in soil column reactor No.1. PCE( —o—)
A S LOEE: 142 H was fed to soil column reactor(Fig.2) with methanol or ethanol

IZHREBIERY 72 ¥ —DiE as the electr‘on donor under the conditions shown on ‘!‘able 7. PCE, ——;
R (Fig.3, & 356 H) TCE, —— ;cis-DCE, —&— ;VC, —— ;ethylene, —=— ;in the effluent.
10mL 2TBAZ LD 2 ‘

BHOY 7)o FE—1b (Fig2) KL=, FOBRE. WThOTELZ ATHEREREIEA. 200
~300 HICIZ PCE PNHFFTLICZF L ABIER(L (=F L Mb) shd L5I0Ro7z. =F L At
TOEF BEEEK U775 A No.3 Tied B <, R 200~220 H (HEE# 60~80 H) ICHEEh
= (Fig?) o /=0 T —)vEBKLUELZENS A Nol TRHE L., &iE 250~300 H (FEE# 110
~160 H) I o7 (Figh) o

Ethano! Ethanol+Sulfate

Ethylenes (mg/L)
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%iﬁﬁﬁ AT Table 8. Experimental conditions of soil column No.2.

TF L ACD R — . -
ENTBAETH Dot Toner T Tate —Tanos T Lo~ Semme
%ﬂ&;ﬁ E % EQ[%B‘\J e Egg 74110 7;0 7:0 320 640 340 04()
T 78 688 (umol/L) ® (12 29 (8 (249) e2) 249
%ﬁ') 7.:: (Table 7 HRT (h) 7 15 15 15 15 15 15
~9) o FORER.
WFNOHS AT PCEIFTF L < Lactate Nucrose
L (Figh~T7) . Table 10 10 | I N
ERLELS W 30~60mgll X\ f 4 f
SEBEOTY -V, U 2 5 1‘“?’
Ju—2 (Y3f) HBLETD 11y
EA VBT 4mgll @4umolll) ® 2 \
PCE #xF L L IZ4# L. PCE, 2 0.01 Ak -
TCE # U cisDCE % SRty o L

(Z321 001 mg/L, 0.03 mg/L, 0.001

0 100 200 300 400 500

0.04mg/l) BIFIZ, /= VC (&

BEEEAICISThT0RN)

%00l mg/lL U FICAEETE 22 Fig.6. Dechlorination of PCE in soil cloumn No.2. PCE( —o— )
) . was fed to soil column(Fig.2) with lactate or sucrose

EhbPolz, B, EREEL as the electron donor under the condition shown on Table 8.

T 1,1-DCE % transDCE B4 U Il)gE:ch:;fiEgi% —%— ;0is-DCE, —s— ;VC, —o— ;ethylene, ——;
B UPRBHEND Z Lo, ’

Operation Time (day)

Table 9. Experimental conditions of soil column No.3.

Operation time(day) 0~33 33~93 93~281 281~301

Electron donor Propionate Propionate Propionate Propicnate S
(mg/L) 810 810 170 60 E
PCE (mg/L) 1 2 5 4 2 0.1 .
(umol/L) ® a2 30 (24) § * |
HRT () 7 15 15 15 E
= 0.01

Table 10. Electron donors which were able 0 100 200 300

to decholorinate 4 mg/1(24 pmol/L) of PCE Operation Time (day)

to ethyl in soil col X . . . . .
erhylene m soft columns Fig.7. Dechlorination of PCE in soil

column No.3. PCE( —o— ) was fed to

Elé;mn donor Hongentration soil column(Fig.2) with propionate as
anol 30 mg/LL
Lactate 30 mg/L the elgctron donor under the
Sucrose 50 mg/L conditions shown on Table 9.
Propionate 60 mg/L PCE, —— ;TCE, —— ;cis-DCE, —— ;
VC, —o— ;ethylene, —e— ;in the
effluent.

-170-



BETHS5MKIC L 2 PCE OF#8% Fig8IIRT, Fig8 TRt —F L Ve =5 L > DEEZ mol
BICRUE, WTNOFETE 3BEDOY Y 7)Y vV h—1b (Fig2, HRT 4~5 Bz 7=2) IKB»
TPCE HB=F L VIZ5EHMR (PCE, TCE, «sDCE (3EEHEMLT, VCiZ 001 mg/L BLTF) L. &
EFHEERIC L > THBERICKEREBEITD S hAab >

A. Ethanol 30 mg/L.

Average values in reactor No.1
from 351 through 371 day.

30
25

15
AV

N
0
0 4 8 12 16
HRT (h)

C. Sucrose 50 mg/L.

Average values in reactor No.2
from 402 through 407 day.

30

25

20
X

15

10 \\J/

VAN

0

Ethylenes (umol/L)

/’~\~~‘i—————I

Ethylenes (umol/L)

0 4 8 12 16
HRT (h)

B. Lactate 30 mg/L.

Average values in reactor No.2
from 357 through 376 day.

%0

= 25

g 2 /r\'"_'

<

5 10

Z 5

= __Q_J1J
O ©

0 4 8 12 16
HRT (h)

D. Propionate 60 L.
Average values in reactor No.3
from 290 through 301 day.

30
25 A
20

Ethylenes (umol/L)

0 jzfizth\‘ ol oS

HRT (h)

Fig.8. PCE dechlorination profiles with different electron donmors in
soil columns. PCE, —o—;TCE, —;cis-DCE, —&—;VC, —o—;

ethylene, —=— .,

3.5 B T TO PCE D53

THEA S I No.l Tldoddiz 379 Hh SEEHICHEEF b ) D ARIIZ . FiE#EE (Table 7) THBEA A
BK L7z, ®R%E Figh BLUFigilnd, HigEmr% LT/ 379 H&H 7 0 2BRWT PCE oL >
aEEI N, A7 O /EEOVL 7)) VIR~ Fig2) T PCE. TCE 8L cisDCE (33R5
H¥EELF, VCIZ 001 mg/L LLFTH o7 (Figh) » LI LAaHS, HRT4KICH =2 3FEHOY
7)) TR FTIEL BEEEEK LT o e FIZE VD 001 mg/l LR TCH=DITH LT, #
EnEk#id VCEENE <o/ (Fig9) o TOLSIC, HRT 4 BRI BWTERREE 1 2 »D8 PCE Ot
BEL (VCOaMR) 2HET2EAIRD SNz,

TR 14 mg/L K Uiz & S2idh 2 AT 4 mg/L 2. 61 mg/L vk Uiz & 1 40 mg/L 7288
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THH (F—FER) . FBEARSDEE TN EEL LN T2 WIThOKHFITBN TN A

HOTIIFELT7 DT VBRSOBHBIBHEINT, A¥UBgHah,. APV ERDEZ>TNHh3

DRSNS, AV UL BEEEEKL OV ad o7 343~380 HTIE 8 me/l BETH-7/=h, W

BEEKT2LAS EEIELRD, 61 mg/ll OREEEEK L7 438~540 HiZ 2 meg/lL BE o7
(F—HE8)

A. No sulfate. B. Sulfate 14 mg/L. C. Sulfate 61 mg/L.

Average values from 351 through Average values from 382 through Average values from 442 through
371 day. 407 day. 540 day.

: aoivjwfr\ﬂ %ﬁ:;F7%:§tﬁ_
N\
T

ol

N DD
<

—_
(=}

[ ST o]
LI =2
F.-—-O—

—_
(=}

o K
- Qe—ig 0 Q.

8 12 16 4 8 12 16 0 4 8 12 16
HRT (h) HRT (h) HRT (h)

52

Ethylenes (umol/L)
o
™~
Ethylenes (umol/L)
o
Bthylenes (umol/L)
o

T

=)

=
-
o

Fig.9. PCE dechlorination profiles in soil column No.l in the presence or absence of sulfate.
PCE, —o— ;TCE, —*—; ¢i5-DCE, —&— ;VC, —o— ;ethylene, —=— .

4. ER

AEETIE, REEKY TV —IZLD PCE 2IF L VD1 y VICHET 2 MEDE 2 ERBE#ETI
LI UTze RV T & —TIIHE L= PCE O 3% BESELF L VST F LY, =¥ & LT
[EU & N7z 5 D O PCE MMAIC ARE TN SN S DT b5 Vogel & 23 A ¥ VARG T PCE
D—EBH COIHMEEINZ L2 WMELTRD, £V 7 U9 —TH PCE O— X EHORIETHREX
NTWBZ EhgREh S,

FEKY 7 0 5 —TiZ %% PCE # cisDCE 12 F T UBIER b h o 205 MAEDHE 2R L.
Fi. BFHEEEAS /U oEE, A8, PVI—)VESBEAWIEE T LICLD, &5
ICBHEFOHEA. TF L DT H UHERTE LS IRo/e — . TF L2 - =¥ AEDFEZ 2 BRI
MU IR asDCE 22F L Rxy VICEIEFHLT A REF Uy WAH 2 & DRI NT
W59 iz, REER) 75 —OFERE PCE Y Ay /—)VTE#ETZZEIZL D TF L UDERT
BT EHDHERINTND P, ThHDT edb PCEDTFL VDT VICBIRERLIN S LS50k -
70, BEFHSEHEEERELEZHENWS LD, BLATFL Y - =9 U{tEEE HOWMEMNERE S
NEEOEEZIOND, REKD T V5 —OFEERN LI-RER. 5EMIC Dehalococcordes ethenogenes
Subgroup OiEBEDPFET D DD o205, D, ethenogenes195 13 PCE # 1 F L VICBIRE TS
BINVFIVTTHD I, K7V —TEID D. ethenogenes DITHEFH PCE D TF L Atz - T
HHOEHERIN,

TN D LTI, WEIRY 77 5 —CHEREE U-EEEMET 2 Z XIC kb PCE D=7 L U ICBiR
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FbEha Loichb, BHICH > PCE 2850 T 25 2 L DT/, Ellis 5 %3 TCE &3
B cHEREE Uk TCE % HIBICHERE L. HBEHET 52 I bt T KkHO TCE 25 L &~
BB TER L BME L TWED, RERICL - TIF 5 N/=51E S bicaugmentation (HEMEY
ERWEREE) OR-00OBERY LTRIATE280E 2 5hiz,

PCE OBSEZEAICHATE 2EFHEERE LTI, A, REEB. 7UvEA B BB A5/ —
Ve TH =), KEREDPBEINTNS V99, TBHS LTRRTY /-, AB 704 BB
LUPR IO —RDRATE DT DRI N BEFHSEROMLER/NEITE S D TRV 30~60 mg/L
EWSEREEOETFHL5E (Table 10) T4mg/L O PCE 2xF L VIZBHEE TS 2 2 &b D ol

H8H S LT LD PCE SMER T 3 DOBFHEREKEM T HIENS L 8EHR LH HRT 4~
5 RFTIIEFHRSEIC L >T PCE OAEEICAKERETEREIN Ao =. L Lads, =L
ACHFET B FTICET ZHEEEFHRSROEKEFT L >TER D, 7oL VBEEKLEYT S
5 — No3 TR TIF L AIRI 2 LD IR o/. MBICBHERUSICB W TEEEFS
e LTI DIIKETH D, KEIRTIEAMMEIAY VEL D F L AMEOAPENE SR TN
% 99, Femmell & 3Ty —)NVEAWEBREICERTTO L VBEHNEADRAOKZERE DK
HEEFEEIND O, KEZDEDBGIIBVWTAY VELI D BT F L UAEEOABERITL S Lk~ TH
%o RERIIBNTHT7OYL VEEEEK LETIEA D ADHDRADOKEBEEMEHRIN-720,
IF LV ALEPL D EIEETEL O LRI N,

T3H S LTI 30 mg/ll DT ) —)VC 4 mg/l ® PCE 212F L VIR TEE, FOHE. 14 mg/l
H DT 61 mg/l OBHEEZEFK LD, A2 AHO (HRT 12 KR) TOUBEKEICET R >, LY
L. B L2 T VC BEX LR L. PCE OBEZEMFHREE 4 Lo THEZNIEANIEDH SN
720 Lorah & OHFEEA A4 2L > T TCE MEEEIME T L. VCHBERETLI L E2HEL WD, PCE
DOBREEIZNT IFEEOEESREI S TRV, TF L AE L HESETHIC L 2 5ia PriEhE T
RIS THERT DHIKZEIC L BHENEL 5N,

5. F&®

D) REPEV 72 I —IZE D PCERLF L VBI VTS VIR T 2MA YL SRR L -,

2) FEIER) 7 0 ¥ —DiEJR L Dehalococcordes ethenogenes Subgroup @ 165 rDNA 27 01— D851
o D. ethenogenes19513 PCE 2 TF L VICBHER(L T 2/30 7 ) 7L LTRES N TN BN XY
7 U5 —TIFRMREL D, ethenogenes LW T ) THPCE O F L ALEH> T2 3D LH#
gahi=

3) WEIR) 7 25 —CHEBERIN-EREEET L &ICL D, TIBAS MIZBNTPCE BT L
VICERIER(bE NS LBICR b BRI Do THGHNIC PCE 2 T3 &N CER, DI
D5, REERIC X - TE SNEIED bioaugmentation DRFEFH YL L CHATE280EEZI 5N
7o

) TEAS LML ZFEERTIE, =4 /), HEE ROD—2, ToEd U BEETFHEEKE UTRHIA
T&E. FNFN 30mg/l. 30mg/l., 50mgl. 60mg/lL OEFHE(ET 4 mg/lL @ PCE A543 L.
HRT 4~5 BT PCE. TCE. cisDCE #BREESEHELITIC, £/ VCE2 001 mg/LLLFIZT5I &
DTE,

B) Wi 4> (61mg/l) iZH5 L0%H (HRT4h) T PCE OBuE#{bA2EFHE (VCHEENLR)
Li=h, A2 440 (HRT12h) TRSESICHFINE.
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