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Abstract

The regiospecific potential for the reductive dechlorination of 2-, 3-, 4-, 23-, 24-, and
3,4-chlorophenols (CPs) was studied in mono- and di-CP(DCP) adapted sediment
slurries(10% solids).

Freshwater sediments adapted to transform 2-CP dechlorinated all tested mono- and
di-CPs except 4-CP without a lag period. Adaptation to 2-CP, thus, enhanced the onset of
dechlorination of 3-CP and all ortho-substituted CPs tested. Sediment adapted to transform
3-CP dechlorinated all tested CPs, except 4-CP and 24-DCP, without a lag period.
Sediments adapted to individual DCPs (2,3~, 24-, and 3,4-DCP) exhibited dechlorination
(no lag phase) of 2-CP, 2,3-, 24-, and 34-DCP. Interestingly, meta-cleavage of 3,4-DCP
in all tested adapted sediment occurred, while para-cleavage occurred in 3,4-DCP adapted
sediment.

Sediments adapted to dechlorinate ortho and meta-chlorines exhibited a preference for
meta following ortho-cleavage, but not for para-cleavage, while the preference for
reductive dechlorination was ortho > meta > para for mono-CPs and ortho > para >
meta for DCPs in unadapted freshwater anoxic sediments.
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1. Introduction

As a consequence of rapid developments in
the fields of
chemicals, high quantities of organic compounds

industrial and agricultural
have been manufactured and their use has
resulted in environmental contamination(Reineke
1984). Among these compounds, chlorinated
aromatic compounds are well publicized as being
deleterious to natural environments(Young 1984)
and chlorinated phenols are produced on a scale
of tons annually(Reineke 1984; Circelli 1978). For

example, over 50,000 tons of pentachlorophenol
(PCP) are produced annually worldwide (Steiert
1985). Because of their abundance and toxicity,
some chlorophenols, including 2-CP, 24-DCP,
246-TCP, and PCP, are included in the U.S.
EP.A's list of priority pollutants (Keith 1979).
The reductive dechlorination of CPs in
anaerobic ecosystems has been investigated
using a variety of anoxic environmental sources,
such as digesters, aquifers, and freshwater
sediments and marine sediments(Madsen and
Amand 1992; King 1988, Boyd and Shelton
1984; Hale et al. 1990; Kohring et al. 1989;
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Capone et al. 1983; Chudoba et al. 1989; Hrudey
et al. 1987). The anaerobic biotransformation of
chlorophenols initially involves the reductive
dechlorination (removal) of selected chlorine
atoms and eventual total chlorine removal prior
to cleavage of the aromatic nucleus ring.
Chlorine removal generally results in less toxic
forms of the organic contaminant.

The regiospecificity of reductive dechlorination
has been investigated by several groups. For
example, Hale et al.(1990) also investigated the
cross-acclimation of chlorophenols by dichloro-
phenoladapted  freshwater  sediments, and
reported a wide range of substrate specificity.
and Wiegel(1990) reported that the
of 24-DCP to 4-CP and

subsequently to phenol and benzoate were

Zhang

transformations

catalyzed by different groups of anaerobic
microorganisms. At present, it is generally
accepted that at least two distinct groups of
dechlorinating microorganisms exist in natural
environments. To date, only two microorganisms
have been isolated in pure culture capable of
reductive dehalogenation : Desulfpmonile tiedjei
DCB-1 (Shelton and Tiedje 1984) and
dehalogenating strain DCB-2 (Madsen and Light
1992). The activity by D. tiedijei exhibits
preferentially to the removal of meta
chlorine-substituents from a  variety of
halogenated aromatic substrates such as PCP,
2346- and 2356-TeCP, mono
benzates etc., while strain DCB-2 preferentially
removed ortho chlorinated
phenols and the meta-chlorine of 3,4-DCP.

The purpose of this study was to investigate

halogenated

chlorines  from

the potential and regiospecificity of reductive
diCPs in
CP-adapted sediment slurries. Anoxic sediment
initially
chlorophenols by repeated amendment of the

dechlorination of mono- and

slurries were adapted to specific

chlorophenol substrate.

2. Meterials and Methods

2-1. Sediment Collection and Preparation
of Adapted Sediment.

Samples of anoxic sediment and site water
were collected from a freshwater pond(Cherokee
Trailer Park, Athens, GA, US.A). Mason jars
were filled with surface sediment (approximately
top 10cm), capped, and stored at 2-3TC before
processing. Prior to  experimental setup,
containers of sediment were placed in an
anaerobic chamber (Coy Laboratory Products,
Inc. Ann Arbor, Michigan, U.S.A) and sediment
was passed through a 1-mm sieve to remove
plant debris and large particles. Site water was
purged with Os-free N2 gas for approximately
30 min and was subsequently used to dilute the
sieved sediment to 10%(w/v) solids. Charac-
teristics of the 10% sediment slurries are
presented in Table 1 (Kong and Jones 1992). An
aliquot of a concentrated aqueous stock solution
(10,000 mg/L) of CPs was added to separate
amber bottles containing approximately 600ml of
the sediment slurry to yield a final CP
concentration of 10 mg/L. Bottles were capped
with a rubber stopper and incubated at 22-24°C
inside the anaerobic chamber. Additional aliquots
of the CP-stock solutions were added when the
parent CP concentration in the sediment slurries
dropped to less than 1 mg/L. After a minimum
of five amendments of the chlorophenol
substrate, 30m! of the CP- adapted sediment
slurries were transferred to amber serum
vials(60 ml) which were capped with butyl
rubber stoppers and aluminum crimp sealed.
Anaerobic biotransformation experiments were
then initiated by adding an aliquot of the anoxic
chlorophenol stock solution to achieve a final
chlorophenol concentration of 10 mg/L. All
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manipulations (distribution of sediment, CP-
amendments, etc) were conducted inside the
chamber. All
performed in duplicate and sediment slurries

anaerobic experiments  were
were incubated at room temperature(22-24C).
All chemicals(chlorophenols) were the highest
purity and purchased from Aldrich Chemical Co.
Inc.(Milwaukee, WI, U.S.A)).

2-2. Analytical Procedures

Quantitation of chlorophenols in sediment

slurries  was determined as follows @ a
subsample of the sediment slurry(0.5ml) was
mixed with an equal volume of acetonitrile,
vortexed for 20 sec, and centrifuged at 8,000 x
g for 5 min (Eppendorf Centrifuge, model
5415C). The supernatant solution was collected,
filtered (0.22im GWSP filter, Millipore), and
analyzed by HPLC. The chromatographic system
consisted of a Waters C18 zBondpak column(3.9
X300mm), a Perkin-Elmer LC600 autosampler, a
Waters 490 programmable multiwavelength
detector operated at 280 nm, and a Waters 590
programmable HPLC pump. The mobile phase
was methanol water acetic acid (60:38:2
v/v/v) delivered at a flow rate of 2ml/min. CP
substrates and products were identified and

quantitated by comparison to known standards.

3. Discussion

The times required for lag periods and
complete biotransformation(Tie) of the parent
unadapted and
slurries  (10%

solids) are summarized in Table 2. Among these

chlorophenol  substrate in

chlorophenol-adapted  sediment
tested CPs in unadapted sediment &' Ties,
differences were observed in the lag periods
before the onset of dechlorination, during which

no significant loss of substrate or appearance of
products was detected, and in the Tiw. The
preference of reductive dechlorination of CPs in
freshwater sediments observed in this study
was in the order of ortho > meta > para for
the mono-CPs, while the order of ortho > para
> meta for the DCPs.

The dechlorination profiles of adapted-
sediment slurries were distinctly different from
those of unadapted (fresh) sediment slurries. No
lag periods were observed before the onset of
dechlorination in tested_ adapted sediment slur-
ries amended with the respective chlorophenol
substrate. Complete loss of the amended respec-
tive chlorophenol in adapted sediment slurries

occurred within 8 days.

3-1. Reductive Dechlorination of CPs in
Mono-CP Adapted Sediments.

The profiles of reductive dechlorination of
mono- and di-CPs in the 2-CP adapted sediment
slurries are presented in Fig. 1. As illustrated in
Fig. 1 and Table 2, complete dechlorination of
3-CP occurred near day 15; no appreciable lag
period was noted prior to onset of dechlorination
of 3-CP in 2-CP adapted sediment slurries.
Sediment slurries adapted to 2-CP did not
dechlorinate 4-CP after a total incubation period
of 35 days(Fig. 1A and Table 2). Of the DCP
isomers examined, 24- and 23-DCP were
dechlorinated at a rate similar to that of
dechlorination of the parent chlorophenol (2-CP)
(Fig. 1B-C), in these samples, dechlorination
initially occurred at the ortho-chlorine position.
The dechlorination of 2,3-DCP was rapid and
resulted in the transient fromation of 3-CP
which was completely dechlorinated by day 15.
Reductive dechlorination of 24-DCP was also
rapid and -csulted in the formation of 4-CP
which persisted for the remainder of the
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incubation period (50 days total) (Fig. 1C).
Thus, 4-CP was persistent both as a product
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3,4-DCP was noted and only 2-3 mg/L of the
product 4-CP was detected(Fig. 1D).
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Figure 1. Reductive dechlorination of CPs in fresh water sediment slurries adapted to dechlorinate 2-CP and
2.3-DCP; C, dech lorination of 2-CP and 2,4-DCP; D. dechlorination of 2-CP and 3,4-DCP.

and as theparent compound in 2-CP adapted
sediment. 3,4-DCP was also persistent in 2-CP
adapted sediments. In contrast to the preferential
of 34,-DCP in
(Table 2), the
significant dechlorination of 34-DCP occurred

para- cleavage unadapted

sediment slurnes slow but
only at the meta position in 2-CP adapted
sediment slurries. After incubation for 55 days,

a 35% reduction in the initial concentration of

The profiles of reductive dechlorination of
CPs in the 3-CP adapted sediment slurries are
presented in Fig. 2. Complete dechlorination of
2-CP occurrred within 4 days(Fig. 2A and
Table 2), while dechlorination of 4-CP did not
occur after a total incubation period of 30 days
(Fig. 2A). Of the DCP isomers tested, 2,4-, and
34-DCP were dechlorinated whthout a lag
period and complete loss of the parent isomer
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Figure 2. Reductive dechlorination of CPs in freshwater sediment slurries adapted to dechlorinate 3-CP; A,
dechlorination of 2-, 3-, and 4-CP; B, dechlorination of 3-CP and 2,3-DCP; C, dechlorination of 3-CP
and 2,4-DCP; D. dechlorination of 3-CP and 3,4- DCP.

occurred after 3 days and 11 days, respectively.
2,3-DCP was completely dechlorinated after 8
days incubation following a short (2 days) lag
period ; both 2- and 3-CP appeared as transient
dechlorination products which were subsequently
dechlorinated by day 10 (Fig. 2B). 4-CP, the
product of 2,4-DCP, was persistent and little or
no appreciable dechlorination was noted after
50days of total incubation(Fig. 2C). 34-DCP
was dechlorinated at the meta position to yield

4-CP which also persisted for the entire
incubation period of 50 days (Fig. 2D).

3-2. Reductive Dechlorination of CPs in
DCP Adapted Sediments.

The profiles of reductive dechlorination of
CPs in 23-DCP adapted sediment slurries are
presented in Fig. 3. Complete loss of the
amended concentration of all DCPs in DCP
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Figure 3. Reductive dechlorination of CPs in freshwater sediment slurries adapted to dechlorinate 2,3-DCP; A,
dechlorination of 2-, 3-, 4-CP, and 2,3-DCP: B, dechlorination of 2,3- and 2,4-DCP; C, dechlorination

of 2,3- and 34- DCP.

adapted sediment slurries occurred within 5
days with no appreciable lag periods. Reductive
dechlorination of 2-CP was rapid and total
dechiorination occurred within 5 days, which
was slightly faster than dechlorination of
2,3-DCP (Fig. 3A). Reductive dechlorination in
sediments amended with 3-CP was complete
within 30 days and occurred at a slow rate
compared to the dechlorination of the parent
chlorophenol (2,3-DCP). In this case, the lag

period before the onset of dechlorination was
approximately 15 days. Dechlorination of 4-CP,
however, was not observed in 2,3-DCP adapted
sediments event after 45 days of incubation.
Reductive dechlorination of 24- and 34-DCP
occurred at  slower rates compared to
dechlorination of 23-DCP (parent compound).
Approximately 12 and 9 days, respectively, were
required for complete dechlorination of 2,4- and

3,4-DCP. In both cases, 4-CP appeared as the
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Reductive dechlorination of CPs in fresh~
water sediment slurries adapted to dechlo-
rinate 2,4-DCP; A, dechlorination of 2-,
3-, 4-CP, and 24-DCP; B, dechlorination
of 23- and 24-DCP; C, dechlorination of
24~ and 34- DCP.

transient dechlorinations (Table 2) suggesting
that ortho- and meta- directed dechlorinations
were preferred over the para dechlorination in
23-DCP adapted sediments. However, transient
product of 2,4-DCP, 4-CP, was persistent during
30 days incubation, while that of 34-DCP was
dechlorinated within 25 days(Fig. 3B, C).

The profiles of reductive dechlorination of
2-CP, 3-CP, 4-CP, 2,3-DCP, and 34-DCP in
2,4-DCP adapted sediment slurries are presented
in Fig. 4. Dechlorinatio_n of 2-CP and 2,3-DCP
occurred rapidly and at a rate similar to the
dechlorination of the parent chlorophenol
(2,4-DCP). In both cases, dechlorination occurred
at the ortho-chlorine position (Fig. 4A, B).
3-CP, which appeared as a transient product of
the dechlornnation of 2,3-DCP, was subsequently
dechlorinated within an additional 15 days of
incubation. However,” 3-CP added to 2,4-DCP
adapted sediments was not dechlorinated during
the 50 day incubation period. The slow
meta-directed dechlorination of 34-DCP was
complete after approximately 18 days and
occurred without an appreciable lag periods;
4-CP was produced as an intermediate
dechlorination product and was subsequently
dechlorinated within a total of 43 days (Fig.
4C).

The profiles of reductive dechlorination of
2-Cp, 3-CP, 4-CP, 23-DCP, 24-DCP, and
34-DCP in 34-DCP adapted sediment slurries
are presented in Fig5. Sediment slurries rapidly
(within 4 days) dechlorinated 2-and 3-CP at a
rate similar to the dechlorination of 3,4-DCP.
However, 4-CP added to 34-DCP adapted
sediments was not transformed during the 45
day incubation period (Fig. 5A). The rate of
dechlorination of 24-and 2,3-DCP was also
simular to that of 3,4-DCP. 2-CP and low levels
of 3-CP were produced as transient products of
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Figure 5. Reductive dechlorination of CPs in fresh-
water sediment slurries adapted to dec-
hlorinate 3,4-DCP; A, dechlorination of 2-,
3-, 4-CP, and 34-DCP; B, dechlorination
of 23- and 3,4-DCP; C, dechlorination of
2,4- and 3,4- DCP.

dechlorination of 2,3-DCP (Fig. 5B). Both
products were completely transformed after a
total incubation period of 5 days. 4-CP was
produced as a product of dechlorination of
24-DCP and persistent during 20 days
incubation periods.

Table 1. Chemical characteristics of Cherokee pond
sediment slurry (10% w/v).

pH TOC* Sulfate Total Metal [mg/L] Aqueous Metal [mg/L]
[mg/Ll] Cu Cr Cd Cu Cr Cd
70 160 08 577 471 <01 all less than 0.03

*Total organic carbon [mg Carbon/g solid]

Table 2. Reductive Dechlorination of Mono-and
Di-CPs in Unadapted and CP-Adapted Sedi-
ments

Subst-  Unadapted Sediment Adapted to :

rate Sediment 2-CP  3-CP  23-DCP 24-DCP 34-DCP

2CP 124330 0(4) 04 0BG 0@ 0@
3-CP 597 0(5 0@ 150G >5% 0@
4-CP 0% >H > > 45 - > 45
23-DCP 102D 0G 2@ 0@ 0 0
24-DCP 8200 0® 0 0(2) 0@ 0@
34-DCP 14 (@2 >% o) 0@ 0 0

Initial Products

23-DCP 3->2-CP 3-CP 2-&3-CP 3-CP 3-CP 2->3-CP
24-DCP 4-CP 4-CP  4-CP 4-CP 4-CP  4-CP
34-DCP 3-CP 4-CP 4-CP 4-CP  4-CP  3-CP

*Lag periods [days]

Values in parenthesis represents the time
required for total substrate disappearance
[days]

4. Results or Conclusion

In anoxic sediments and sludges, it is
generally accepted that the primary processes
responsible  for reductive dechlorination of
chloro-aromatic compounds are catalyzed by
biological organisms even though it has not
always been evident that the dehalogenating
activity was biologically mediated (Mohn and
Tiedje 1992). Complete inhibition of reductive
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dechlorination reactions have been observed in
sterilized (autoclaved) experimental microcosms
which lends evidence that (Hale et al. 1990;
Kong and Jones 1993) reductive dechlorination
are catalyzed by biologically dependent reactions.
Recently, Hale et al. (1991) provided additional
evidence to support the biologically mediated
reductive dechlorination process; the authors
reported that the
community, as measured by most probable

dehalogenating  microbial

number (MPN) analyses, increased in anoXic
sediment slurries following sequential additions
of selected dichlorophenols. In addition, Mohn
and Tiedje (1992) postulated that reductive
catalyzed by
with different
dehalogenating enzymes; they further stated that

dehalogenation activities are

distinct microbial populations

the specificities of the reactions may reside at
the level of enzymes, organisms, or broad
physiological microbial groups.

In our investigation, sediment slurries adapted
to 2-CP dechlorinated most tested CPs without
a lag period and at rates significantly greater
than unadapted sediments. Some CPs, however,

including 4-CP and 34-DCP were not
dechlorinated in 2-CP adapted sediments,
indicating  specificity of the dechlorination

reaction by the CP-adapted microbial population
adapted to dechlorinate 2-CP exhibited an
expected preference for ortho-dechlorination but
also dechlorinated the meta—chlorine of 3-CP
and 23-DCP at a moderate rate. However, this
same adapted microbial population only exhibited
a very slow rate of meta-dechlorination of
3,4-DCP after an appreciable lag period.
Sediment slurries adapted to dechlorinate
3-CP (meta-specificity) dechlorinated 2-CP, 2,3-,
24-, and 34-DCP without lag periods and at
rates comparable to dechlorination of 3-CP.
Dechlornation of 4-CP, however, was not
observed during the incubation period. Based on

these results, at  least two distinct

dechlorinationg activities were demonstrated.
CPs containing an ortho-or meta-chlorine were
preferentially dechlorinated at the ortho position,
followed by meta-chlorine dechlorination. In the
second case, CPs containing para-chlorine was
persistent in sediments adapted to dechlorinate
ortho-and meta-chlorines. In a separate study,
Boyd and Shelton (Boyd and Shelton 1984)
investigated CP dehalogenation using anaerobic
sludge adapted to the individual monoch-
lorophenol isomers. These investigations also
reported two distinct dehalogenation activities,
one specific for ortho and para chlorines and
the other specific fort the meta and para
chlorines. More recently, Genthner et al. (1989)
reported that freshwater sediments adapted to
dechlorinate 2-CP did not dechlorinate chloro-
phenols at the meta or para positions and
sediments adapted to meta chlorine removal
dechlorinated ortho (2-CP) chlorines but not
para chlorines (4-CP). Thus, the substrate
specificities of the various monochlorophenol-
adapted cultures may be dependent on to a) the
source of the indigenous microbial population; b)
environmental or physiological condition; or ¢)
the chemical nature of the CP substrate.

The reductive dechlorination of the ortho-
chlorine of mono-and di-CPs was rapid in all
CP-adapted sediments. Reductive dechlorination
of 3-CP, however, occurred slowly and only
after an appreciable lag period in 23-DCP
adapted sediment; dechlorination of 3-CP did not
occur in 24-DCP adapted sediment after
incubation for 50 days. Sediments adapted to
2-CP, however, readily dechlorinated the lonely
meta—chlorine (3-CP). These results suggest
that the microbial population adapted to
dechlorinate the lonely ortho-chlorine (2-CP)
has different dechloninating activity than the
population adapted to dechlorinate ortho-chlorine
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DCPs.
dechlorinate

Interestingly,  sediments
34-DCP had the
broadest range of dechlorination activity. In
unadapted 34-DCP was initially
transformed to 3-CP, resulting in para-chlorine

containing
adapted to

sediments,

removal. However, as mentioned above,
dechlorination of 4-CP was not observed when
4-CP was amended to sediments adapted to de-
3,4-DCP These

results illustrate the diversity of dechlorination

chlorinate (para-cleavage).

activities in anoxic sediment environments.

References

Boyd, S. A. Shelton, D. R. 1984. Anaerobic
biodegradation of chlorophenol in fresh
and acclimated sludge. Appl. Environ.
Microbiol. 47: 272-279.

Capone, D. G., Reese, D. D, and Kiene, R. D.
1983. Effects of metals on methanoge-
nesis, sulfate reduction, carbon dioxide
evolution and microbial biomass in
anoxic salt. Appl. Environ. Microbiol.
45:1581-1591.

Chudoba, J., Albokova, J., Lentge, B, and Ku
mmel, R. 1989. Biodegradation of
2,4-dichlorophenol by activated sludge
microorganisms. Wat. Res. 23: 1439-
1442.

Circelli, D. P. Patterns of pentachlorophenol

the United States of
Americalan overview. In: Rao, KR. ed.
Pentachlorophenol: chemistry, pharma-
cology, and environmental toxicology.
Plenum Publishing Corp. New York.
1978: 13-18.

Genthner, B.R.S., Pricell, W. A, Pritchard,
P.1989. Characterization of anaerobic
dechlorinating consortia derived from
aquatic sediments. Appl. Environ. Mic-

usage in

robiol. 55:1472-1476.

Gibson, D. T. Microbial degradation of organic
compounds. Marcel Decker Inc, New
York. 1984: 319-336.

Hale, D. D, Rogers, J. E., Wiegel, J. 1990.
Reductive dechlorination of dichloro-
phenols by nonadapted and adapted
microbial communities in pond sedi-
ments. Microbiol. Ecol. 20:185-196.

Hale, D. D, Rogers, J. E., Wiegel, J. 1991.
Environmental factors correlated to
dichlorophenol dechlorination in anoxic
freshwater sediments. Environ. Toxi-
col. Chem. 10:1255-1265.

Hrudey, S. E., Knetting, E., Daignault, S. A,
and Fedorak, P. M. 1987.

Anaerobic biodegradation of monochloro- phe-
nols. Environ. Technol. Lett. 8:65-76.

Keith, L. H., Telliard, W. A. 1979. Priority pol-
lutants; a perspective view. Environ.
Sci. Technol. 13:416-423.

King, G. M. 1983. Dehalogenation in marine
sediments containing natural sources
of halophenols. Appl. Environ. Micro-
biol. 54:3079-3085.

Kohring, G.W., Zhang, X., and Wiegel, J. 19&0.
Anaerobic dechlorination of 2,4-dichlo-
rophenol in freshwater sediments in
the presence of sulfate. Appl. Environ.
Microbiol. 55:2735-2737.

Kong, I. -C., Jones, W. ]J. 1992. Effects of
heavy metals on the reductive dech-
lorination of chloropenols in anoxic
freshwater sediment. Q195. Abstr. 92nd
Gen. Meet. Am. Soc. Microbiol. Ame-
rican Society for Microbiology, Wa-
shington, D.C.

Kong, I. -C., Jones, W. J. 1993. Specificity of
reductive dechlorination of chlorophe-
nols in mono-and dichlorophenol ad-

apted freshwater sediment. Q377.

,74_



Regiospecificity of Reductive Dechlorination of Chlorophenols in Mono- and Di-Chlorophenol Adapted Anoxic Sediments 75

Abstr. 93rd Gen. Meet. Am. Soc.
Microbiol. American Society for Micro
-biology, Washington, D.C.

Krumme, M. L, Boyd, S. A. 1988. Reductive
dechlorination of chlorinated phenols in
anaerobic upflow bioreactors. Water
Res. 22:171- 177.

Madsen, T. Amand, J 1992
transformation and toxicity of trichlo-

stable
culture. Appl. Environ. Microbiol. 58:
557-561.

Madsen, T. Light, D. 1992. Isolation and
characterization of an anaerobic chio-

Anaerobic

rophenols in a enrichment

rophenol-transforming bacterium. Appl.
Environ. Microbiol. 58:2874-2878.

Mohn, W. W, Tiedje, J. M. 1992. Microbial
reductive  dehalogenation.  Microbiol.
Rev. 56:482- 507.

Reineke, W. Microbial degradation of halo-
genated aromatic compounds. In:
Gibson DT. ed. Microbial degradation
of organic compounds. Marcel Decker
Inc., New York. 1984: 319-331.

Shelton, D. R., Tiedje, J. M. 1984. Isolation and

partial characterization of bacteria in
an anaerobic consortium that minera-
lizes 3- chlorobenzoic acid. Appl. En-
viron. Microbiol. 48: 840-848.

Steiert, J. G., Crawford, R. L. 1985. Microbial
egradation of chlorinated
Trends Biotechnol. 3:300-305.

Suflita, J. M., Horowitz, A, Shelton, D. R,
Tiedje, J. M. 1982. Dehalogenation : a
novel pathway for the anaerobic bio-

phenols.

degradation of “haloaromatic com-
pounds. Science 218:1115.

Suflita, J. M., Miller, G. D. 1985. Microbial
metabolism of chlorophenolic com-
pounds in ground water aquifers. En-
viron. Toxicol. Chem. 4:751-758.

Young, L. Y. Anaerobic degradation of aromatic
compounds. In: Gibson DT. ed. Micro-
bial degradation of organic compounds.
Marcel Decker Inc, New York. 1984:
487-523.

Zhang, X., Wiegel, J. 1990. Sequential anaerobic
degradation of 2,4-dichlorophenol in
freshwater sediments. Appl. Environ.
Microbiol. 56:1119-1127.



76 In-Chul Kong and Suk Mo Lee

Mono-%2 Di-Chlorophenol0f EHSAIZI #7J]|4 xAE9
Elods BM

SRS I

W B8R 871y, TR AN AT
(19933 109 79 H+)

AAz L2 74 AAL EAS chlorophenol(CP)o)l ALAZl & & 725 7b4 CPol Wid €94
A& AEI}AH.
CPol =& %+ @714 AANAE mono-CPY 2% ortho > meta > para-H49 £22 di-CP9
79 ortho > para > meta-PF42 9 &4 B AAZE A F 247 FASA

Mono-CP & 2-CPo] d¢8 AAL 4-CP% 3, 4DCPE A&z, 3-CPoll H3 A7 HAL 4-CPE A9
& BE AFEA dslyg AA7] glo] 2da 54E etk

DCPY A4y 2= AAL 2-CP, 2, 3-, 2, 4-, and 3, 4-DCP& A A7) Qo] @9iAATt 3 27]
para- Q2718 ©d A AJE 3 4-DCPol HEH AANME =58 4-CPY 2947t LA gkt o]
Az A & 1) mono-9 di-CPE B92A7E 74 vAEY £F57 dgde ¢ F vk

E
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