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Table 1. Several kinds of recalcitrant chlorinated aroma-
tic compounds

Chlorinated aromatic
hydrocarbons

1,1, 1-trichloro-2,2-bis (4-
chlorobiphenyl) ethane (DDT)
polychlorinated biphenyls (PCBs)
chlorodibenzofuran

Structural

Polycyclic
compounds

Phenol monochlorophenol
2, 5-dichlorophenol

pentachlorophenol

Phenoxyalkanoate 2, 4-dichlorophenoxyacetate

(2,4-D)

2,4, 5-trichlorophenoxyacetate
2,4,5-T)

4-chlor.-z-methyl phenoxyacetate
(MCPA)

monochlorobenzoate

2, 4-dichlorobenzoate

3, 5-dichlorobenzoate
2,4, 6-trichloroebnzoate

Benzoate

monochlorobenzene

1, 2-dichloroebnzene

1, 3-dichloroebnzene

1, 2,4 -trichloroebnzene
N-(3,4-dichloropheny)
propionamide (propanil)
N-(3,4-dichloropheny)
methacrylamide (dicryl)
N-(3,4-dichloropheny)-2-methyl
pentanamide (karsil)

Benzene

Phenylamide

Aniline monochloroaniline
3, 4-dichloroaniline

2, 6-dichloro-4-nitroaniline
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e deldet. et EARAHA Fol Lolrte )
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(Chaudhry & Chapalamadugu 1991; Héggblom 1992;
Reineke et al. 1988).

Oxygenolytic dechlorination

Oxygenolytic cleavageo]| 2% =443 A
monooxygenaset} dioxygenaseol| 23] Zmj=w 17
= 27K¢) oxygen atomo] aromatic nucleus® AU
EEER DR RE R,

Pseudomonas sp. CBS3 (Markus et al. 1986; Schwei-
zer et al. 1987)= Fig. 1|42} o] Hlxle] 7 3ka}A] o]
dojr}7] Aol 4-chlorophenylacetate (4CPA)E 3, 4-
dihydroxyphenylacetate2 A 71} o] AL re-
ductase (35 kDa)$%} dioxygenase (114 kDa)®] 2-com-
ponent enzyme systemel ]3] 2wz 2719 Al4{
A7h 4472 ARIERA FA6]) Seiasiol doider
Reductase’= monomer2i] NADHZXE] dioxygenase
2 Azre A3} 7|54 3. Homotrimeric iron-
sulfur proteingl dioxygenasex 3709 Rieske-type

i W orle

iron-sulfur cluster®} mononuclear iron center® 4]
o] 2)t} Mononuclear irone]] 2]3l iron-sulfur clu-
ster2 2] Az AbAEAZ AEEH o] iron-peroxo
complex®4] &4 3% dioxygenase”} 4CPAe) =43}
o} dihydroxylated product® AJAJ gk},

Romanov®} Hausinger (1994)= Pseudomonas aeru-
ginosa 1427} ortho-halobenzoate 1, 2-dioxygenaseol|
2] 8} oxygenolytic dechlorination®}#& 7% 2-chloro-
benzoate® H-3l gty ® 73l t}h 371 2] componentE

CH2COOH CH>COOH
O, Fe2+ HCI
OH
I NADH + H* NAD* H

Fig. 1. Oxygenolytic dechlorination of 4-chlorophenyla-
cetate (4CPA) to 3, 4-dihydroxyphenylacetate cat-
alyzed by 4CPA 3, 4-dioxygenase of Pseudomonas
sp. CBS3

FA % dioxygenaset NADH-dependent ferredoxin
reductase ZXE] ferredoxing 7A dioxygenase?]
terminal component® HALE A3t} o] FA A
2CBAX= decarboxylation® = EA]¢]| catechol® A
3} =}, 3-chlorobenzoate (3CBA)] ojgt gedA-3} ulb
2.0 7| A6 A2 reductive dechlorinatione] %
o] &rel#} it} (Mohn & Tiedje 1992). 18|} 378 =
Ao o] ©edss) 712t= Alcaligenes sp. strain BR60
< E3 ¥ 3% 9} (Nakatsu & Wyndham 1993). BR60
Z#22] 3CBA dioxygenase: 3CBA2] 3,4 $|X|= AL
3}A)7# oxygenolytic dechlorinationel] ¢J3}| protocatech-
uate® AAsIAL 4, 5 $A|el ®E-E3le] 5-chloro-
protocatechuate® AJAsl= 27148 &£448 7|2He
wolc} utelr] o] &EAFE 3CBA 3,4-/4,5-dioxygenase
o3 g

Monooxygenased]| ]38 =343} ¥l2-2 pentachl-
orophenol (PCP)& 3|3l Arthrobacter sp. strain
ATCC 33790 (Schenk et al. 1990)3} Flavobacterium sp.
strain ATCC 39723 (Xun et al. 1992a)d]4] B ¥ ¢t}
PCP: Fig. 264 *3 PCP 4-monoxygenases]| <2]3}

AR A E WA 4§ E o] tetrachloro-p-hyd-
roquinone .2 W 3E T} o] &AE monomerZA
NADPH-dependent flavoprotein© 2 ¥rajz o},

Reductive dechlorination

Reductive dechlorination2 2702 Az}7} ALEHA
Qo] 2ol aeleel] o HHHE FAolch -y
A BANA Lo of AL el 27 3ol
PCBs, hexachlorobenzene 5-3} 712 v}l 3} v}sk=313}
EES g4aX8r)9 7t AL e AT
Hostx) 0k, 3714 ZH A= reductive dechlorination
o] B 315 ¢lc} Coryneform strain NTB-13% Coryne-
bacterium sepedonicum KZ-4% 2, 4-dichlorobenzoate
(2,4-DCBA)Z reductive ortho dechlorinationA] 7 3|
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Fig. 2. Degradation of pentachlorophenol (PCP) by Flavobacterium sp. strain ATCC 39723 via oxygenolytic (A to B) and
reductive (B to E) dechlorination. A. PCP; B. tetrachloro-p-hydroquinone; C. 2, 3, 6-trichloro-p-hydroquinone; D.
2, 6-dichloro-p-hydroquinone; E. 2-chloro-p-hydroquinone; GSH, glutathione.

3}t} (Romanov & Hausinger 1996; vén den Tweel et al.
1987; Zaisev et al. 1991). ¢] #}A-> Mg2+, ATP, coen-
zyme A7} cofactor2 Zt£-3}= NADPH-dependent 8}
S-o)m F7H|AFAFE-Ql 2,4-dichlorobenzoyl CoA 2 2]
4-chlorobenzoyl CoA . reductive dechlorination¥ v},

Ad) 7144+
397232 PCPE
tive dechlorinationel] 2]} 23} 3lt}. Monooxygenaseol
23t 3] diA}AkE-Ql tetrachloro-p-hydroquinone--
glutathione S—transferase (GST)el| ]3] 37§¢) A7}
$io)loz ZHHA 2,3, 6-trichloro-p-hydro-
quinone, 2, 6-dichloro-p-hydroquinone, 2-chloro~p-
hydroquinone2 3=} (Fig. 2)..0] &Q43} A )
Fdsl= GST+E reducing agent= glutathioneS A&
&b electrophilic carbon siteo)] 2}8-3}:= 30kDa2] ot
A= FA %l homodimere])t} (Orser et al. 1993; Xun et
al. 1992b).

&l -Flavobacterium sp. strain ATCC

oxygenolytic dechlorination®} reduc-

Hydrolytic dechlorination

Hydrolytic dechlorination& 3}&tx o2 7ladsle] =
7oA nucleophilic substitutiond] ]3] dojrimz =}
AAAE SHepgel 4A Aofbx] @ich et
W gES madl % wgel 2uel Bl =gt
(Thiele et al. 1987). Halidohydrolase-type dehalogenase
o] 2}8] Zvl ¥ = hydrolytic dechlorinationsl| A& 94
ol eo} gie] ABHE A} ALEA A4l B
Az RE F "ot oelr reductive dechlorinations}
WA B4 213 84 21 R vebe
Sl 717l

Hydrolytic dechlorination2 4-chlorobiphenyl (4CB)
£ 38 PCBs9} AzA)<l bidising] 37t A==
A A Qly 4CBAS] 7=l 7 ge] A
7} Holglen] (Loffler et al. 1991; Thiele et al, 1987)
4CBAE ®agdd) oA ez o8& 4 9l Acine-
tobacter, Arthrobacter, Corynebacterium, 12|31 Pseu-
somonas 52 ¢FE°| AAAZLE FHAUS o|E
< Fig. 3|8} o] E2RE FFH 44717 4CBA
~CoA ligase, 4CBA-CoA dehalogenase, 7&] 71 4HBA-
CoA thioesteraseol] 23] G4 o]23} X35 cofactor
2 A] coenzyme A, ATP, Mg?+ o]-2.0] Q)= Ao ut
¥ A} (Chang et al. 1992; Loffler et al. 1991; Scholten et
al. 1991).

Dechlorination after ring-cleavage

934 *]%17}2] spontaneous elimination< 7|2 z=7
A oA F7e 95 VFEHGEE] 24D o, )
gAA Zo] Jeh}= 23] 7]z}o|t}. Chlorobenzoate,
chlorobezene, chloroaniline, chlorophenol, chlorophen-
oxyacetate 5 HEA< F7+ JAAIEZA] chloro-
catechol& 7% E=H™ o] FHAFEzHE Y= = 74
BaEe 2o 2IAY AE 9h AR Do)
A b7,

Pseudomonas sp. strain B13 (Schmidt & Knackmuss
1980)2 Fig. 4ol|A{e} 3Ee] w]Bo]x Abspub3-& 7|A
3-chlorobenzoate® 3-, 4-chlorocatecholZ ¥ 3HX]7]
o}. 18]3 ortho-cleavage AFE<4l 2-, 3-chloro—cis,
cis—muconate”} lactonization® A -9 43} Fc}

AzA < 2, 4-dichlorophenoxyacetate (2, 4-D)= 7
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COOH ATP, Mg2* CO-SCoA ) CO-SCoA | COOH
& CoA H>O Ci H,O CoA
FcbA FcbB FcbC

Cl Cl H OH

A B C D

Fig. 3. Hydrolytic dechlorination of 4-chlorobenzoate (4CBA) to 4-hydroxybenzoate (4HBA) by Pseudomonas sp. DJ~12,
Pseudomonas sp. CBS3, Arthrobacter sp. SU and Arthrobacter sp. TM1. A, 4CBA; B, 4-chlorobenzoyl CoA&; C, 4-
hydroxybenzoyl CoA; D, 4HBA; FcbA, 4CBA-CoA ligase; FcbB, 4CBA-CoA dehalogenase; FcbC, 4HBA-CoA

thioesterase.
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Fig. 4. Dechlorination after ring-cleavage of 3-chlorobenzoate in Pseudomonas sp. B13. A, 3-chlorobenzoate; B, 3-
chloro-3, 5-cyclohexadiene 1, 2-diol-1-carboxylate; C, 3-chlorocatechol; D, 2—-chloro-cis,cis-muconate; E, cis-4-
carboxymethylenebut-2-en-4-olide F, 5-chloro-3, 5-cyclohexadiene 1, 2-diol-1-carboxylate; G, 4-chloro-
catechol; H, 3-chloro—cis,cis-muconate; I, trans-4-carboxymethylenebut-2-en-4-olide; J, maleylacetate.

O—CH2COOH

E

Fig. 5. Dechlorination after ring-cleavage of 2, 4-dichlorophenoxyacetate in Pseudomonas aeruginosa PAO4032. A, 2,4~
dichlorophenoxyacetate; B, 2, 4-dichlorophenol; C, 3, 5~dichlorocatechol; D, 2, 4-dichloromuconate; E, cis-2-
chlorodiene lactone.

3 Fo) @943t zhgo] doldet= 7| Pseudomo-

nas aeruginosa PA0O4032 SolA H 1% ¢} (Kapham- EtoiA sl RAXIe| EXJMEstE 4t

mer et al. 1990). 2, 4~-DX monooxygenase&} hydroxy-

lase®] Zvufjalgo]] 98| 2,4-dichlorophenol®} 3,5- n Y EE2 24N 93} abekE E}i—‘é—% EIES
dichlordcatechol® W3 ¥t} 22|31 Fig. 59 7o) ol o] 7}A }‘Hi*r‘ xenobiotic ZFES A3 HH
chlorocatechol 1,2-dioxygenaseol] &3] 7| %o] & 2,4~ Ao ALl 93 of= u]xggi_,_lﬂ et B
dichloromuconate?} cycloisomerase] 2]3}] lactone 3} ol Bedsl= §AAS FAAS oL} HE o vy

o] YAFHHAM FAlel SEIr} dofdtt. o2 =qiiol A 2. aEln el E o] 8%



134 ME

23 el %) 23] $8AL WY 718 o}
2ol LebAA Rt ol o] Ash & AF
vl 425 $UASE DNA $A40) @2k 2 &
o) 7l W$ fAbsehe Aol FeiA ek
4-Chlorobenzoate (4CBA)2] hydrolytic dechlorina-
tionoll= Yol AF3F vle} Ze] 4CBA-CoA ligase

B oMo o 2.‘:

(fcbA), ACBA-CoA dehalogenase (fcbB), 18] 1. 4HBA-
CoA thioesterase (fcbC)7} o &t} o| & febABC 84

A= Pseudomonas sp. DJ-12 (Chae et al. 1997), Pseu-
domonas sp. CBS3 (Savard et al. 1988), Arthrobacter
globiformis KZT1 (Tsoi et al. 1991), Arthrobacter sp.
strain SU3} TM1 (Schmitz et al. 1992)c 2 2] Z=2 1]
Hgen] Al Bao] 40BAS] o) FELHE A
o] CBS3¢} SUFFIA w3zt

o] FAALe HA 971449 CBS3, SU, TM1#5
2HE wsgon DI-122.RE febB $-4A2] d7)14
Qo] BuE Y} febAs) B §H A= Pseudomonas sp.
$} Arthrobacter sp. Abo]ol|l A} 45~85%2] o}u| Al FA}
He wyger} fbC A FA el dehia) sk
o =g FA-A Fxe AeIM = Fig. 614 3 DJI-
129} CBS3¢F+ B-A-C2] &A= wjd=e] gl 4t
o, SU% TM1-2 A-B-C9] £33 &A1& 7F4l e
operon® 2 FAIE o] 9lt}(Chae et al. 1998). o]} Z+-&
A 7 F70e Sdas} AL Mz g2 23}
HAHdetn & 4 gl

2,4-Del W@ T AT Ao BHE AT I
+ Bepav)me s SR pasE e A
%3 #F<2 Genetically Engineered Microorganisms
(GEMs)E W #3sle Aol sloir 2E2d 2 go] A}
259} o] F-ARES Pseudomonas cepacia CSV0
(Bhat et al. 1994), Flavobacterium (Chaudry & Huang
1988), Alcaligenes paradoxus, Alcaligenes eutrophus
(Don & Pemberton 1981; | Ralstonia eutropha® &
Ho] HAHY L) TN BuHPoen Alcaligenes
eutrophus JMP1342 2] Ba]gl pJP4o)] o3t o317}
7V &el . o] Eepan| = &
AZ-2 2,4-DEHE| 2-chloromaleylacetate® 3} 3}
£d #3l= tfdABCDEFe} =A{AA tfdR3}
tfdS2 FA = o]q)lt}. Chlorocatechol 1, 2-dioxygenase,

chloromuconate cycloisomerase, chlorodiene lactone

w3l 4

isomerase, chlorodiene lactone hydrolase® <3 3}8}=
tfdCDEF§-A A= tfdRo) & =Aoew 2 4-D
dichlorophenol hydroxylase® <} 33}3l:= tfdBGAA=
ifdSel 93] =¥t} (Kaphammer et al. 1990; Kaph-
ammer & Olsen 1990). o] 5] 45337 Q= F4AE

.

d4x3g

Pseudomonas sp. DJ-12 B

Pseudomonas sp. CBS3

i

Arthrobacter sp. SU

B EDD,

Fig. 6. Organization of the genes responsible for hydro-
lytic dechlorination of 4CBA. A, 4CBA-CoA ligase;
B, 4-CBA-CoA dehalogenase; C, 4-HBA-CoA
thioesterase

Arthrobacter sp. TM1

o Hojakge] s W
lactone 727} A=Y
At

2-Chlorobenzoate (2CBA)2] oxygenolytic dechlorina-
tiono] T3} 2-halobenzoate 1, 2-dioxygenase: 2
Aol maw F430) dlew 2l $A71E ARA)

g5 Tz Ao dolud
A daelge] DoiA vhes

WA ©94:3} A7) catechol S AIELA 3t} 271 9

dioxygenase 5+ 2} NADH : acceptor reductase®
A%l dioxygenaseE ¢33}3l: cbdABC A =7}
Pseudomonas cepacia 2CBS2XRE Fz2dF o] G7]A]
go] WA} (Haak et al. 1995). cbdABCH-A A=
Acinetobacter calcoaceticus®) benzoate 1,2-dioxygenase
¢} Pseudomonas putida mt-22] toluate 1,2-dioxygen-
aseE 33}l benABC, xylXYZ SRS} & Alx
g 1Yo} o] T FAALE AALEAE 33HE A
HAIA 2718 A5 X 3A7]= 715-E o webA
o] F FAAELS FFY FAHAZRE AFds)edA 7]
Ao et el & 7IAA " Zlez gddd.
g4zt fAxll - #3 Qe HITo A o
FoiA 2 A 2rHA]) AR 7] dsiAT Bn
Hu glew F7H 2AA o]FJA]= reductive
dechlorinationel] Feddle FARb] g AFE o}
7HA] RaRA] gsiet. 919} 3Fo] S Aa3E e o
3} wpekEsighEe] Rajlo I AR Tz
W7 A AL 4% L9EAS /1A B
A& F7HNFIR Balsel FAAH FFE ANEsled
o Addyetn & 4 U=
ol 4o 28 A3t

I E sl Hal

OE
AL

oA Eel 23 dAa3)t WSIIES] Eafo] 9lelA
AL e A 9] FEs] B4 B ol £
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ARl 4 4 Qe Aelch 48 AEEL
B FA == A 7% oz QB
EAAE Atz 7t aabee] EHgel g
€ 94 Basls Alo] n|AEIH Faxe A
7} =gl e} (Blasco et al. 1997).

Az FFE o143 HE

P EEE B 5 9le 71" oA zbo)r} 9)
o e ZAolete 1 R A er) than geiy &
A 4 s 71" 2 FFE &3 o} Bx)
AEIH whiel os] o2jr|ae] g Bl 27}
HAY 73 2E M2Pt FF(GEMs)E Azs}e
AEEA Hallol o]&sh vl HEH T 9ot

Adriaens 5-(1989)2 4, 4’-dichlorobiphenyl (4, 4"~
DCB)8] H3l& $¢ls] 4,4-DCBEZRE F7} tApArE
¢l 4CBA=Z —‘?’—%H‘%} 4 9lE Acinetobacter sp. P65}
4CBA H-3]-#59] Acinetobacter sp. 4CB1-8 Z8hull oFA]
ek 1 23 F7F HAMEEQl 4CBAS) 4 ¢le] 4,47
DCBAZ} ¥t 2ela Aol o8 A==
TFEE o]43led Aroclor 1221 (Havel & Reineke
1993), 3-chlorobiphenyl (Mokross et al. 1990)& £33}
Aot dFRITE] Qo)

3-Chlorobenzoate (3CBA)E €9 AFA|AH H3s)l:=
Pseudomonas sp. B132 7]z Eo]Alo] F& benzoate-
1,2-dioxygenase 2 ¢l 4CBA%} 3,5-dichlorobenzoate
(3,5-DCB)E E3)|3lx &g} 78} TOL Eglin|=
off &a)3}= toluate 1,2-dioxygenase (xyiXYZ):= Rt}
W2 71A BeldE ARz Qi wiebd aylXYZ4-A A}
£ broad-host-range vectorel] Ao B13F-F=2 A
a7l o 2 4] 3CBA, 4CBA, 3,5-DCBE &) 5= Az
TFFE W54} (Lehrbach et al. 1984). 78] T Sprin-
gael 5-(1993)2 PCB &38| 7-591 Alcaligenes eutrophus
o FFHHWA FH4AE =YAA PCBY F3F%0] &
FE A el A8E 4 e AzFFFE Az

$3z449 9% A9

o] A A] 2dH AFBE] FE B
ARA 273 d2A4 nAdEY Eis ol o7
L9159 o3k Wru} (Haggblom 1992). &%, pH, <
, B EA T P eqle] AeEn 9w
el 7wt BeEr)e] W gAY ol o4
2ol 9 Ralse f=3x 2 4= gtk =% =
2|2} (protozoa F)¢} 3l vl EBETS] BA L Eoke
S E 0k =}l 714 o] F g o] LG EAE o] olay

7 3|2 get ey o) BAIRES sy =}

A7 245 gl d3 VIFoPBAES AA
3b7) A Al A H s ey B

WEo] Tetks 2 ¢l} (Timmis 1994).

Bicaugmentation2 A Ae Aol A2t ohekst
A4E 2R TN 29EUE PR FREE ¢
A3z BEolFosy AUt B 4 dEs o
E Aot wekd o fEelt #A7)A (substrate an-
alog)e 37 ge] #gtozM B3 nYEES A
AZIAY EARAES AAsn B3y Eain)y
255} A2PTFE Q2] $YFE BEE Yol
AH8-"lt}. Hickey 5(1993)& PCBs9] £3& ZdjA]7)
71 913l chlorobenzoate® £3]8l:= P. aeruginosa JB2
2} P. putida P111, 18] 37 biphenyl-& 233l Pseu-
domonas sp: PB133-& Ef¢] &3 oz PCBsY &
Aol 298 Bushych ol9Re =3nAE
o FH & AFAYt LA A EES] 2L o] L3
AL vE fYM AR AREH T Qo (Pflug
& Burton 1988; St. John & Sikes 1988).

A EA L) (bioreactor)E o] &3+ ¥

299 skt 34, 29lm 09E Eoke AR
FilEd 29 H3Z 949 v|AYEL alginate, poly-
urethane, A4 et4h o TAZAY A2 (biofilm)L
o] 23 AEAUHS-7]7} 1tE T} Valo 5-(1990)-2 2,
4,6—trichlorophenol, 2, 3, 4, 6-tetrachlorophenol, PCP7}
Yelole 298¢ 2s7) 34 polyurethanes] 77
35 Rhodococcus S A+ttt 71 27} phenol £3E
2 ousEast 94 ooz Rasigon 4)d o
4 BlsE fAEES 28 B n2As g™
A8t8 e 317]$l8] Flavobacteriume o] 48 A3},
93,000 ppb ¥l #3142 PCP =7} 51pphE 714 F

- lo}ar Pfluge} Burton(1988)0] B.1ms}eict.

LAk edEAS FAEE AEAUEIIE I
4 2 GEAE $NA Baleke = A4Ew 4
g 043 A9l SAHLGRAL] Frds
WAE 7H 4 dvke Al BauHg ) (Fetzner &
Lingens 1994).

a B

F7194 BFEES U YAT e 13 A
Zast3de W2 23 AN ol -850 Abe
Holgeh Tt o] BAEC] Qe TRY mE AT
A% AAB7 AL 3P Fo2A 2PBAA
dasslen 93 PREAYEE 2 A9 A5l
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Biodegradation of Recalcitrant Chlorinated Aromatic Compounds
via Microbial Dechlorination

Jong-Chan Chae and Chi-Kyung Kim*

(Department of Microbiology, Chungbuk National University, Cheongju 361-763, Korea)

Abstract - Chlorinated aromatic compounds are one of the largest groups of environmental
pollutants as a result of world-wide distribution by using them as herbicides, insecticides,
fungicides, solvents, hydraulic and heat transfer fluids, plasticizers, and intermediates for
chemical synthesis. Because of their toxicity, persistence, and bioaccumulation, the compounds
contaminated ubiquitously in the biosphere has attracted public concerns in terms of serious
influences to wild lives and a human being, such as carcinogenicity, mutagenicity, and
disturbance in endocrine systems. The biological recalcitrance of the compounds is caused by
the number, type, and position of the chiorine substituents as well as by their aromatic
structures. In general, the carbon-halogen bonds increase the recalcitrance by increasing
electronegativity of the substituent, so that the dechlorination of the compounds is focused as
an important mechanism for biodegradation of chlorinated aromatics, along with the cleavage
of aromatic rings. The removal of the chlorine substituents has been known as a key step for
degradation of chlorinated aromatic compounds under aerobic condition. This can occur as an
initial step via oxygenolytic, reductive, and hydrolytic mechanisms. The studies on the
biochemistry and genetics about microbial dechlorination give us the potential informations for
microbial degradation of xenobiotics contaminated in natural microcosms. Such investigations
might provide biotechnological approaches to solve the environmental contamination, such as
designing effective bioremediation systems using genetically engineered microorganisms.
[Dechlorination, chlorinated aromatic compounds, bioremediation].



