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Abstract” A c¢/s1,2-dichloroethylene (cis-DCE)-degrading anaerobic bacterium, Clostridium sp.
strain KYT-1, was isolated from a sediment sample collected from a landfill site in Nanji-do, Seoul,
Korea. The KYT-1 strain is a gram-positive, endospore-forming, motile, rod-shaped anaerobic
bacterium, of approximately 2.5~3.0 um in length. The degradation of ¢/sDCE is closely related
with the growth of the KYT-1 strain, and it was stopped when the growth of the KYT-1 strain
became constant. Although the pathway of ¢/sDCE degradation by strain KYT-1 remains to be
further elucidated, no accumulation of the harmful intermediate, vinyl chloride (VC), was ob-
served during anaerobic ¢/sDCE degradation. Strain KYT-1 proved able to degrade a variety of
volatile organic compounds, including VC, isomers of DCE (1,1-dichloroethylene, trans1,2-
dichloroethylene, and ¢/sDCE), trichloroethylene, tetrachloroethylene, 1,2-dichloroethane, 1,1,1-
trichloroethane, and 1,1,2-trichloroethane. Strain KYT-1 degraded ¢/$DCE at a range of tem-
peratures from 15 to 37°C, with an optimum at 30°C, and at a pH range of 5.5 to 8.5, with an
optimum at 7.0.
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Volatile organic compounds including tetrachloroethyl-
ene (PCE) and trichloroethylene (TCE) are the most fre-
quently detected organic pollutants in the environment.
They are well known for their excellent solubilities, and
are used extensively in various fields including the manu-
facture of semiconductors, metallic instrument process-
ing, and in dry cleaning as cleaning agents or solvents.
However, leakage from machines or inappropriate han-
dling procedures, careless disposal of used solvents, and
the exposure of these solvents to subsurface water has
resulted in serious problems in both soil and subsurface
waters. The regular method for the treatment of pollution
caused by such organic compounds is to draw out the
subsurface water, and subject it to aeration followed by
adsorption with active carbon. However, such chemical
and physical treatment methods cannot be applied to all
polluted areas [1,2]. Under such circumstances, biologi-
cal treatment methods (bioremediation) can prove a use-
ful soil pollution countermeasure technology. In in situ
bioremediation, in which microorganisms are introduced
as a treatment, information regarding the microorgan-
ism’s characteristics and environmental conditions are
vitally important [3]. Currently, a great deal of research
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has been conducted regarding microorganisms that de-
grade chlorinated compounds such as PCE and TCE.
However, the majority of the organisms have been deter-
mined to generate cis-DCE (cis-1,2-dichloroethylene)
and VC (vinyl chloride) as by-products of PCE and TCE
[4-8]. The accumulation of cis-DCE and VC in the envi-
ronment is considered rather undesirable, as cis-DCE is a
suspected carcinogen, whereas VC is the most toxic
compound. Dehalococcoides sp. strain BAV1 .is the only
isolate known to respire all DCE isomers and VC [9].
Only a few organisms including Dehalococcoides etheno-
gens 195 are able to completely dechlorinate PCE and
TCE [10-12]. Thus, this research has spurred interest in
the discovery and identification of an organism which can
degrade cis-DCE under anaerobic conditions, and has
also generated interest in the degradation characteristics
and mechanism pathways relevant to this organism.
Anaerobic mixed cultures evidencing cis-DCE-de-
gradation abilities were obtained from a landfill site in
Nanji-do, Seoul, Korea. Degradation experiments under
different culture conditions, and in particular, under a
variety of electron-accepting conditions [13-15], were
conducted in order to gain insight into the microorgan-
ism compositions in the mixed culture, and to determine
the appropriate electron-accepting conditions. The total
number of microorganisms in the environmental sample
was directly determined via fluorescence microscopy, in
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Fig. 1. Scanning electron micrograph of strain KYT-1.

accordance with the methods of Hobbie et al. [16].
Methanogens [14], sulfate reducers [15], and Fe (III)
reducers [13,17] were counted via the most probable
(MPN) method. The mixed culture contained (per millili-
ter) 6.8 X 10° of microbial cells, which contained Fe
(TIT) -reducers (in MPN 1.3 x 10%), methanogens (9.3 x
10%), and sulfate reducers (2.3). The highest rate of cis-
DCE degradation was observed under Fe (III)-reducing
conditions (data not shown). In order to maintain the
degrading activity of the culture via weekly subculture, a
Fe (I1I)-reducing culture medium was employed. The cis-
DCE-degrading bacterium was then isolated using Fe
(IlT)-reducing culture medium and agar (plate method).
The agar medium contained the following (per liter):
K,HPO,, 3.0 g; KH,PO,, 0.8 g; MgSO,-7H,0, 0.2 g; L-
asparagine, 5 g; D-glucose, 10 g; ferric citrate, 0.6 g; p-
aminobenzoic acid, 0.01 g; biotin, 0.01 mg; agar, 20 g at
pH 7.2. Nine milliliters of the medium were then auto-
claved in 26 mL-serum bottles, followed by the addition
of 0.1 mL of filter-sterilized vitamin solution (0.01 g of
p-aminobenzoic acid and 0.01 mg of biotin per liter), 0.3
mL of ferric citrate (0.6 g/L), 0.5 mL of glucose (10
g/L), and 0.1 mL of enrichment culture. Prior to the ad-
dition of the vitamin, ferric citrate, glucose, and enrich-
ment culture, the headspaces of the vial were aseptically
flushed with pure nitrogen, and sealed with Teflon-lined
rubber septa and aluminum crimp caps. The KYT-1
strain was identified as a gram-positive, endospore-
forming, motile bacterium, 2.5 to 3.0 um in length, with
no flagella (Fig. 1). During the 7 days of incubation, at
lower temperatures and pH, the growth and degradation
activity of strain KYT-1 were lower than was observed
under optimum conditions, but strain KYT-1 proved able
to degrade cis-DCE in a range of temperature from 15 to
37°C, with an optimum occurring at 30°C, and at a pH
range of 5.5 to 8.5, with an optimum occurring at 7.2
(Fig. 2).

The 16S rRNA gene of strain KYT-1 was amplified by
PCR using 27F and 1525R primers and then sequenced.
A DNA sequencer was employed in order to determine
the 1,421 bp nucleotide sequence. A BLAST search was
applied to the sequence results to determine homology,
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Fig. 2. Effect of (A) temperature and (B) pH on cis-DCE deg-
radation. Percentage of degradation compared with controls
(without cells) was calculated. Initial concentration of cis-DCE
was 51.6 puM. The temperature-dependence determinations
were conducted at pH 7.2, and pH-dependence was determined
at 30°C. Cultivation was performed for 7 days. The results are
expressed as the means of duplicate experiments.

and revealed a 99% nucleotide sequence homology with
Clostridium beijerinkii, Clostridium acetobutylicum, and
Clostridium diolis. Also, CLUSTAL W analysis on the
obtained nucleotide sequence revealed the closest rela-
tionship with Clostridium butyricum.

In order to characterize the degradation of cis-DCE by
strain KYT-1, 10 mL of culture medium was placed into
26-mL vials, and cultured under anaerobic and Fe (IIT)-
reducing conditions at 30°C. Halogenated aliphatic com-
pounds and cis-DCE in the anaerobic cultures were
quantified via the injection of 250 pL of headspace gas
into a gas chromatograph (GC-17A; Shimadzu Co., Ja-
pan), equipped with a capillary column, VOCOL (0.25
mm X 30 m; Supelco Inc., USA) and a flame ionization
detector (FID). The column temperature was maintained
for 2 min at 35°C, and then raised to 180°C at a rate of
4°C/min. The injector and detector temperatures were
maintained at 100 and 160°C, respectively. The chlorine
ion concentration in the culture liquid after cis-DCE deg-
radation was assessed via the colorimetric method of
Bergman and Sanik [18]. Bacterial growth was moni-
tored via optical density readings at a wavelength of 660
nm (ODyq,), using a spectrophotometer (UV-1600; Shi-
madzu).

The growth of strain KYT-1 began after 12 h of incu-
bation, and growth achieved a steady state after 36 h of
incubation (Fig. 3). The growth of strain KYT without
cis-DCE was similar to that observed in the sample with
cis-DCE (data not shown). The growth and degradation
of ¢is-DCE increased gradually after 12 h of incubation,
and when the growth of strain KYT-1 stopped, degrada-
tion also ceased. From this result, it can be concluded
that the degradation of cis-DCE is closely related with the
growth of strain KYT-1. During the degradation of cis-
DCE, carbon dioxide and small amounts of hydrogen
were produced, but toxic VC and ethylene which is a
general innocuous byproduct of the reductive dechlorina-
tion of PCE, were not detected. VC and ethylene never
accumulated as intermediates of the anaerobic degrada-
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Fig. 3. Time course of cis-DCE degradation and growth pro-
files in the medium using strain KYT-1. Results are expressed as
the means + SD of triplicate experiments. Symbols: [, cis-
DCE (without cells); B, cis-DCE; A, ODgy, (without cells);
A, ODg.

Table 1. Degradation of aliphatic compounds by Clostridium sp.
KYT-1

Halogenated aliphatic compounds

Degradation (%)

Vinyl chloride 36.9+2.2
1,1-Dichloroethylene 448 3.1
trans-1,2-Dichloroethylene 59.9+1.2
cis-1,2-Dichloroethylene 52.1+3.1
Trichloroethylene 585+1.9
Tetrachloroethylene 66.1+1.2
1,2-Dichloroethane 11.6+£2.1
1,1,1-Trichloroethane 41.8+£6.5
1,1,2-Trichloroethane 21.2+3.4

Percent degradation compared with controls without cells. Initial
concentration of each compound was 5 mg/L. Data are means +
SD for triplicate experiments.

tion of DCE and VC, and they were readily oxidized to
carbon dioxide [19-22]. In these experiments, substrates
labeled with '*C were employed under anaerobic condi-
tions, including Fe (III)-reduction, sulfate-reduction, and
methane generation conditions. '*C-VC and a portion of
the “C-DCE were converted to the inorganic compound,
*CQO,. It has been also reported that an organic com-
pound, such as humic acid, might be utilized as an elec-
tron acceptor for the oxidation of VC and DCE. Thus,
intermediate products such as VC and ethylene do not
accumulate [19-22]. As is shown in Table 1, strain KYT-
1 effects the degradation of PCE, and it was difficult to
obtain '*C-labeled DCE, '“C-labeled PCE was utilized for
radioisotope experiments. The origin of carbon in CO,
gas, from PCE or from the materials used in the medium,
was our primary concern. The generated *CO, was then
absorbed using CO, absorption liquid (Carbo Sorb E,
Perkin Elmer, USA) after incubation with PCE [1,2-'“C]
(American Radiolabeled Chemicals Inc.), and the col-

lected "*CO, was analyzed via liquid scintillation counting.

As a result, the Rl activity was not observed in the CO,
absorption liquid. Thus, it was determined that PCE
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[1,2-"*C] was not converted into '*CQ,. This indicates
that strain KYT-1 is not capable of metabolizing PCE into
CO,, and the metabolic reaction is halted in the state of
some organic compound forms, with the exceptions of
TCE, DCEs, and VC.

In general, the microorganism-mediated dechlorination
of chlorinated organic compounds can be verified via
measurements of the chlorine ion. In this study, only a
small amount of chloride ions was observed during the
cis-DCE degradation effected by strain KYT-1 (dechlori-
nation rate 1.3 + 0.7%). Therefore, it appears that the
unknown chlorinated organic compounds may represent
a metabolic product. From the literature survey, chlorin-
ated epoxy ethane, ethanol, acetaldehyde, and acetic acid
have been implicated as aerobic metabolism products
[23,24]. Strain KYT-1 was found to be capable of par-
tially metabolizing cis-DCE, but approximately 50% of
the cis-DCE was not degraded. It is possible that the deg-
radation was halted via the accumulation of intermediate
metabolites.

However, it has also been verified that strain KYT-1
evidences the ability to degrade a variety of halogenated
aliphatic compounds, including VC, isomers of DCE (1,1-
dichloroethylene, trans-1,2-dichloroethylene, cis-DCE),
TCE, PCE, 1,2-dichloroethane, 1,1,1-trichloroe- thane,

“and 1,1,2-trichloroethane. The percentages of these

compounds were determined to be 37, 45, 60, 52, 59, 66,
12, 42, and 21%, respectively (Table 1). In situ contami-
nation frequently involves a mixture of complex chemicals,
i.e., halogenated aliphatic compounds harboring cis-DCE
[25]. Therefore, it would clearly be beneficial to deter-
mine the conditions allowing for the simultaneous degra-
dation of several halogenated aliphatic compounds.

Clostridium sp. KYT-1 degrades cis-DCE under an-
aerobic conditions. A similar result was observed using
Clostridium sp. strain DC1, which was isolated from the
same sludge at the waste landfill site [26]. However, the
classification of the strain is different. In the case of
strain DC-1, cis-DCE degradation occurs after full
growth. Hata et al. reported that other Clostridium spe-
cies, such as C. butyricum and C. acetobutylicum, also
evidenced the ability to degrade cis-DCE without any
accumulation of VC and ethylene [26]. Although the cis-
DCE degradation pathway exploited by strain KYT-1 re-
mains uncertain, the advantages of strain KYT-1 with
regard to cis-DCE degradation are as follows: (1) the
absence of accumulation of the harmful intermediate VC
during anaerobic cis-DCE degradation, (2) the ability to
degrade a variety of volatile organic compounds, and (3)
the ability to degrade cis-DCE even at temperatures as
low as 15°C (in nature, a ground water temperature con-
dition of 15°C prevails).
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