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Abstract Bacterial cultures were enriched from sed-
iments in Germany and Vietnam reductively dechlori-
nating hexachlorobenzene and the highly persistent
1,3,5-trichlorobenzene to monochlorobenzene. The
main products of the reductive dechlorination of
hexachlorobenzene were monochlorobenzene and
dichlorobenzenes (1,2-; 1,3- and 1,4-dichlorobenzene)
while no trichlorobenzenes accumulated. For the
reductive dechlorination of 1,3,5-trichlorobenzene with
the mixed culture from Vietnam sediment, 1,3- dichlo-
robenzene and monochlorobenzene were produced as
intermediate and final end-product, respectively. The
pattern of dechlorination did not change when the
cultures were repeatedly exposed to oxygen over seven
transfers demonstrating oxygen tolerance of the
dechlorinating bacteria. However, reductive dechlori-
nation of 1,3,5-trichlorobenzene was inhibited by
vancomycin at a concentration of 5 mg L™'. Vanco-
mycin delayed reductive dechlorination of hexachloro-
benzene in mixed cultures by about 6 months. When
repeatedly applied, vancomycin completely abolished
the ability of the mixed culture to transform hexachlo-
robenzene. Sensitivity to vancomycin and insensitivity
to brief exposure of oxygen indicates that the
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dechlorinating bacteria in the mixed cultures did not
belong to the genus Dehalococcoides.
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Introduction

Chlorinated benzenes are widely used in chemical
processes as solvents and intermediates. Chloro-
benzenes have adverse effects on the environment
and humans due to the accumulation in the food chain
and their carcinogenicity. Among the chlorinated
benzenes, hexachlorobenzene was used widely as a
pesticide, fungicide and seed protectant (Peters et al.
1987). Hexachlorobenzene is ubiquitously distributed
in the environment and the burden in the environment
was estimated to be between 10,000 and 26,000 tones
in 2005 (Barber et al. 2005), although its production
and use was banned in most countries of the world
(IPCS 1997). Hexachlorobenzene is a very recalcitrant
environmental pollutant with estimated half-life rang-
ing from 2.7 to 22.9 years and is listed as one of the 12
persistent organic pollutants in the UN Stockholm
Convention on Persistent Organic Pollutants (UNEP
1997).

Another chlorinated organic compound under
concern is 1,3,5-trichlorobenzene. This compound is
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important for industrial organic syntheses and has
been considered to be important as the starting
material for explosives and various fine chemicals.
Moreover, it is the major final end-product of reduc-
tive dechlorination of hexachlorobenzene by special-
ized anaerobic bacteria (Adrian and Gorisch 2002;
Chang et al. 1997, 1998; Fathepure et al. 1988; Fennell
et al. 2004; Wu et al. 2002). 1,3,5-Trichlorobenzene is
persistent under aerobic and anaerobic conditions.

Several studies have reported reductive dechlori-
nation of hexachlorobenzene under anaerobic condi-
tions. For example, reductive dechlorination of
hexachlorobenzene to less chlorinated benzenes
(1,3,5-trichlorobenzene and dichlorobenzenes) was
found in anaerobic sewage sludge and mixed cultures
(Chang et al. 1997; Chang et al. 1998; Fathepure et al.
1988). Continuous addition of surfactants as carbon
sources to mixed cultures sustained the reductively
dechlorination for more than 1 year (Yeh and Pavlo-
stathis 2001). Hexachlorobenzene was used as elec-
tron acceptor for growth via organohalide respiration
by the pure strain Dehalococcoides mccartyi strain
CBDBI. This strain reductively dechlorinated hexa-
chlorobenzene to 1,3-dichlorobenzene, 1,4- dichloro-
benzene and 1,3,5-trichlorobenzene at a ratio of about
2:5:3. Strain CBDB1 was able to grow in saturated
solutions of hexachlorobenzene so that it was possible
to grow the strain by adding hexachlorobenzene in
crystalline form. However the strain was not able to
use hexachlorobenzene added as a solution in hexa-
decane (Jayachandran et al. 2003). Chang et al. (1997)
investigated the effects of environmental factors such
as incubation temperature, pH, substrate concentra-
tion, electron donors and acceptors and microbial
inhibitors on the dechlorination of hexachlorobenzene
by a 1,2,3-trichlorobenzene-adapted mixed culture
and 1,3,5-trichlorobenzene was the only final end
product under all investigated conditions.

Under aerobic conditions, a pentachloronitroben-
zene-degrading bacterium, Nocardioides sp. strain
PD653 was able to transform and to mineralize
hexachlorobenzene to chloride ions and CO, (Takagi
et al. 2009). Studies on hexachlorobenzene transfor-
mation were also carried out in artificial wetlands
planted with Phragmites australis or Typha latifolia.
The matrix was neutralized peat, enriched with
nutrients and amended with hexachlorobenzene in
concentrations of up to 300 pg per g (Zhou et al.
2012). The end products in these experiments, where
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the reaction most likely took place under anaerobic
conditions in the wetlands, were 1,2,3-, 1,2,4- and
1,3,5-trichlorobenzene. In contrast to hexachloroben-
zene, transformation of 1,3,5-trichlorobenzene has not
been studied in detail, yet.

In this paper we describe microbial enrichments
from sediments in Vietnam and Germany transform-
ing hexachlorobenzene via a dechlorination sequence
preventing the formation of 1,3,5-trichlorobenzene
and give evidence for microbial dechlorination of
1,3,5-trichlorobenzene. By using controlled exposi-
tion of the cultures to oxygen, which has been
described to be toxic for Dehalococcoides strains,
and by adding vancomycin, an antibiotic inhibiting the
synthesis of a peptidoglycan cell wall which is absent
in Dehalococcoides (Adrian et al. 2000; Maymo-
Gatell et al. 1997; He et al. 2003), we also show
indications that Dehalococcoides are not involved in
the described dehalogenation activities.

Materials and methods
Inocula and culture conditions

Inocula were obtained from anaerobic sediments of a
town lake in Leipzig, Germany (Arthur-Bretschnei-
der-Park 51°21'59.60"N, 12°22'53.61"E) and Nam
Pho Canal, Hue, Vietnam (16°29'39.59"N, 107°
35'47.14"E). Samples were collected, transported
and cultured under strictly anaerobic conditions in
60-mL serum bottles. A purely synthetic medium was
used for cultivation with bicarbonate as pH buffer,
vitamins (Pfennig 1978), trace elements (Holscher
et al. 2010), 5 mM acetate and titanium (III) citrate as
a carbon source and reducing agent, respectively
(Adrian et al. 1998). The flasks were sealed with
Teflon-lined butyl-rubber-septa and aluminum crimp
caps and the headspace was flushed with N,/CO,
(80:20 %, v/v). Hexachlorobenzene was added
directly as crystals to the medium (approximately
10 mg per 30 mL of liquid medium) before the flasks
were sealed and autoclaved, whereas 1,3,5-trichloro-
benzene was added from a 2 M solution in acetone to
the culture to a final concentration of 30 uM. Hydro-
gen was added as electron donor (0.4 bar to give a total
pressure of 1.4 bar). The cultures were incubated at
30 °C in the dark without shaking. All experiments
were conducted in triplicate. Control experiments
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were done in medium containing electron acceptors
and substrates but no inoculum or they contained an
autoclaved inoculum. Cultures were regularly trans-
ferred to fresh medium using 5 % (v/v) inoculum.
Cultures were monitored for the generation of trans-
formation products by GC-FID. Each culture was
normally sampled seven times.

The most active culture among a triplicate, i.e. the
culture producing highest concentration of product,
was selected for the next transfer. Hexachlorobenzene
cultures were transferred after 2 months, 1,3,5-tri-
chlorobenzene cultures were transferred when 75 % or
more of the added electron acceptor was transformed.
A total of seven transfers were carried out.

Exposure to oxygen and addition of vancomycin

To briefly expose bacteria to oxygen, an inoculum was
taken up with a sterile 3-mL syringe and air bubbles
were taken up through the liquid of the culture until the
redox indicator resazurin in the sample turned pink.
After 20 s of waiting, the air was pressed out and the
culture was injected into a culture flasks containing
reduced fresh medium.

To test the sensitivity to cell wall antibiotics,
vancomycin was applied to the cultures at a concen-
tration of 5 mg L', Exposure to oxygen and addi-
tions of vancomycin were conducted from the second
transfer onwards and stopped if a culture was inactive.

Analytical methods

Chlorobenzene concentrations were measured by
headspace gas chromatography and flame ionization
detection (GC/FID). Samples were prepared by adding
1 mL of bacterial suspension and 1 mL of 1 M NaCl
to a 20 mL GC headspace vial which was then sealed
with a Teflon-lined butyl-rubber-septum and an alu-
minum crimp cap. A 5890 Hewlett Packard gas
chromatograph equipped with a capillary column
(HP-5, 5 % phenyl methyl siloxan, Agilent, length:
30 m; inner diameter: 320 pm; film thickness:
0.25 um) was used for analyzing chlorobenzenes.
The column temperature was initially set to 55 °C for
1 min. Then the temperature was increased by
10 °C min~" to 90 °C, then increased by 6 °C min~!
to 130 °C. Finally, the temperature was increased to
220 °C with a rate of 30 °C min~".

Dehalococcoides-specific PCR

To screen for the presence of D. mccartyi strains, the
Dehalococcoides-targeted primers 5'-AAGGCGGT
TTTCTAGGTTGTCAC-3'" and 5'-CGTTTCGCGGG
GCAGTCT-3' (Loffler et al. 2000) were used in PCR
amplifications of DNA samples extracted from cul-
tures with HCB and 1,3,5-TCB. PCR reactions (final
volume of 20 pL) contained 10 puL of 2 x Sensi-
Mix"™ SYBR Kit PCR Master Mix (Bioline, London,
England), 5 pM of each primer, 1 pL of DNA
template and deionized water up to 20 pL. PCR
cycling conditions included an initial enzyme activa-
tion step at 95 °C for 10 min, followed by 30 cycles of
95 °C for 30 s, 58 °C for 30 s and 72 °C for 45 s. A
final extension of 72 °C for 5 min was included.
Genomic DNA from D. mccartyi strains 195 and
CBDB1 were used as positive controls. The PCR
products were checked for correct sizesona 1 % (v/v)
agarose gel.

Chemicals

All chemicals used were of analytical grade. Hexa-
chlorobenzene and 1,3,5-trichlorobenzene 99.9 %
analytical standards were purchased from Sigma-
Aldrich (Steinheim, Germany). Vancomycin hydro-
chloride was supplied by AppliChem GmbH,
Damstadt, Germany. N, and H, were obtained in
99.999 % and CO, in 99.8 % (v/v) quality. Trace
oxygen was eliminated by a reduction column (Ochs,
Bovenden, Germany).

Results

Dechlorination of hexachlorobenzene
and 1,3,5-trichlorobenzene

Culture flasks with synthetic medium were amended
with hexachlorobenzene crystals or 1,3,5-trichloro-
benzene as electron acceptor and inoculated with
sediment samples from Germany or Vietnam. One of
the hexachlorobenzene amended cultures formed
monochlorobenzene and was selected for further work
with hexachlorobenzene. Several cultures from Hue,
Vietnam, showed activity against 1,3,5-trichloroben-
zene and one of these cultures was selected for further
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work on this congener. All experiments shown here
were obtained from these two initial cultures.

Reductive dechlorination of hexachlorobenzene
could be detected after 1 month of incubation
(Fig. 1). Products from hexachlorobenzene transfor-
mation were monochlorobenzene, 1,3-dichloroben-
zene and 1,4-dichlorobenzene. Low concentrations of
1,3,5-trichlorobenzene were found after 100 days of
incubation but disappeared later, after about 200 days
of incubation. Negative controls containing hexachlo-
robenzene but no inocula and cultures inoculated with
autoclaved samples did not show any products from
hexachlorobenzene within the incubation time of
200 days.

The cultures were transferred seven times each in
triplicate with 5 % inocula in the same medium. This
resulted in cultures that were completely free of
sediment and other undefined components. 1,4-Dichlo-
robenzene and monochlorobenzene were produced as
the main final-end products from hexachlorobenzene
transformation in all seven transfers (Fig. 2A). 1,2- and
1,3-dichlorobenzene were also found in low concentra-
tions as products of hexachlorobenzene dechlorination.
However, most importantly, 1,3,5-trichlorobenzene, a
persistent organic pollutant that was produced from
hexachlorobenzene by the initial enrichment cultures,
was not found in any of the subcultures. The pathway of
reductive  dechlorination of hexachlorobenzene
remained stable over all seven transfers.

Cultures enriched from Hue in Vietnam dechlori-
nated 1,3,5-trichlorobenzene via 1,3-dichlorobenzene

25

20 4

Chlorobenzenes formed
from HCB (uM)

0 o

0 50 100 150 200 250
Time (days)

Fig. 1 Dechlorination products from hexachlorobenzene
(HCB) by a mixed culture from Germany. Hexachlorobenzene
was added in crystalline form and could not be quantified. Penta-
and tetrachlorobenzenes were not detected as intermediates.
Symbols: (open triangle) 1,3,5-trichlorobenzene; (open square)
1,4-dichlorobenzene; (filled square) 1,3-dichlorobenzene; (filled
circle) monochlorobenzene; (O) negative control without cells
and negative control with autoclaved cells
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Fig. 2 Product formation patterns from hexachlorobenzene in
seven consecutive transfers of the mixed culture enriched from
Germany. The plot was calculated according to a previously
described procedure (Holscher et al. 2010) and allows compar-
ison of dechlorination pathways independent from the dechlo-
rination rate. Hexachlorobenzene was added in crystalline form
and could not be quantified. Penta- and tetrachlorobenzenes
were not detected. A Standard cultures; B Cultures in which the
inoculum was briefly exposed to oxygen; C Cultures with
vancomycin. Symbols: (open triangle) 1,3,5-trichlorobenzene;
(open square) 1,4-dichlorobenzene; (filled square) 1,3-dichlo-
robenzene; (filled circle) monochlorobenzene

to monochlorobenzene (Figs. 3, 4). No dechlorination
products from 1,3,5-trichlorobenzene were detected in
negative controls without cells or with autoclaved
inocula. Dechlorinating cultures were maintained over
a total of seven transfers in the sediment-free synthetic
medium using 5 % inoculum for each transfer without
losing dechlorination activity. Also the dechlorination
pattern of 1,3,5-trichlorobenzene remained stable over
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Fig. 3 Dechlorination of 1,3,5-trichlorobenzene by a mixed
culture enriched from sediment in Hue, Vietnam. (open
triangle) 1,3,5-trichlorobenzene; (filled square) 1,3-dichloro-
benzene; (filled circle) monochlorobenzene; (O) 1,3,5-trichlo-
robenzene in negative control cultures without cells; (filled
diamond) negative control cultures with autoclaved cells;
arrows indicate further additions of 30 uM 1,3,5-trichloroben-
zene to active cultures. The values of the additions represent
calculated amounts

- @, G
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1,3,5-TCB 1,3-DCB MCB

Fig. 4 Dechlorination of 1,3,5-trichlorobenzene in cultures
enriched from Vietnam sediments

the seven transfers showing always monochloroben-
zene as the final product.

Effects of the exposure to oxygen of the inoculum
on the transformation of hexachlorobenzene
and 1,3,5-trichlorobenzene

In one series of transfers, inocula were briefly exposed
to oxygen before injecting into fresh medium to test
the oxygen tolerance of the dehalogenating organisms
within the cultures. In such cultures, transformation
of hexachlorobenzene and 1,3,5-trichlorobenzene
occurred at the same rate as in cultures with inocula
without oxygen exposure. Hexachlorobenzene was
mainly transformed to monochlorobenzene and 1,4-
dichlorobenzene with smaller amounts of other di-
chlorobenzenes being formed. 1,3,5-Trichlorobenzene
was not produced from hexachlorobenzene in cultures
with oxygen-exposed inocula (Fig. 2B) as also seen in
the positive control cultures without oxygen (Fig. 2A).

Similarly as in cultures with non-oxygen-exposed
inocula, 1,3,5-trichlorobenzene was transformed via
1,3-dichlorobenzene to monochlorobenzene as the
final end product (Fig. 5). The patterns of reductive
dechlorination of the two persistent organic com-
pounds remained unchanged over all of the subcul-
tures, each exposed to oxygen. There was no change in
the rate of reductive dechlorination of 1,3,5-trichloro-
benzene and hexachlorobenzene transformation
between cultures exposed to oxygen and those not
exposed to oxygen (positive control). However, the
rate of the sub-step of 1,3-dichlorobenzene transfor-
mation to monochlorobenzene was slower in most of
the oxygen-exposed cultures compared to those with-
out oxygen treatment.

Effects of vancomycin on the transformation
of hexachlorobenzene and 1,3,5-trichlorobenzene

To investigate the influence of cell wall antibiotics on
transformation of hexachlorobenzene and 1,3,5-tri-
chlorobenzene vancomycin was applied at a concen-
tration of 5 mgL~'. The results indicated that
dechlorinating activities towards both compounds
were strongly inhibited by the presence of vancomycin
and that the dechlorination pathway was changed. Only
trace amounts of 1,3,5-trichlorobenzene and very low
concentrations of 1,3-dichlorobenzene were formed

60
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Concentration of chlorinated
benzenes (pM)
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Fig. 5 The effect of oxygen on the reductive dechlorination of
1,3,5-trichlorobenzene by a mixed culture enriched from
freshwater sediment in Vietnam. Symbols: (open triangle)
1,3,5-trichlorobenzene; (filled square) 1,3-dichlorobenzene;
(filled circle) monochlorobenzene; the downwards arrows
indicate time points of additional amendment with 1,3,5-
trichlorobenzene. These values represent calculated, not mea-
sured concentrations
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from hexachlorobenzene and 1,3,5-trichlorobenzene,
respectively within 6 months of incubation. However,
stronger dechlorination started after 6 months of incu-
bation. Then, monochlorobenzene and all of the
isomers of dichlorobenzene and 1,3,5-trichlorobenzene
were produced from hexachlorobenzene (Fig. 2C).
When further subcultures were set up from vancomy-
cin-containing cultures, again containing vancomycin,
only 1,3,5-trichlorobenzene was found with very low
concentration. This was true also for 1,3,5-trichloro-
benzene cultures containing vancomycin, which first
were slow in dechlorination to 1,3-dichlorobenzene but
in which transformation rates increased significantly
after 6 months of incubation (Fig. 6).

PCR analysis

The application of PCR with Dehalococcoides-
targeted PCR primers did not result in PCR products
of the expected size.

Discussion

Detection of monochlorobenzene and all dichloroben-
zene isomers but not 1,3,5-trichlorobenzene during the
reductive dehalogenation of hexachlorobenzene in most
of our cultures demonstrates a new variant of an organ-
ohalide respiration pathway with hexachlorobenzene.
Most previous reports showed hexachlorobenzene

Concentration of
Chlorobenzenes (pM)

0 50 100 150 200 250 300 350
Time (days)

Fig. 6 The effect of vancomycin on the reductive dechlorina-
tion of 1,3,5-trichlorobenzene by the mixed culture enriched
from Vietnam. Symbols: (open triangle) 1,3,5-trichlorobenzene;
(filled square) 1,3-dichlorobenzene; (filled circle) monochloro-
benzene. 1,3,5-Trichlorobenzene loss within the first 150 days
represents the rate at which 1,3,5-trichlorobenzene was escaping
from the cultures through the injured Teflon liner into the septa
and was also seen in negative controls
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transformation to all three isomers of dichlorobenzene
and trichlorobenzene as final products. Especially 1,3,5-
trichlorobenzene was often found as the dominant end
product by pure and mixed cultures (Adrian and Gorisch
2002; Chang et al. 1997, 1998; Fathepure et al. 1988;
Fennell et al. 2004; Wu et al. 2002). In these studies,
preferentially those chlorine substituents were removed
that were flanked by two other chorine substituents
(‘doubly flanked’). Previously we described trichloro-
benzene dechlorinating cultures which catalyzed a
different pattern by preferentially dechlorinating sin-
gly-flanked chlorine substituents, e.g. forming 1,2-
dichlorobenzene from 1,2,3-trichlorobenzene (HOI-
scher et al. 2010). Ramanand et al. (1993) described
soil slurry cultures that were able to reductively
dechlorinate hexachlorobenzene without the formation
of 1,3,5-trichlorobenzene. Also in these soil slurries,
singly-flanked chlorine substituents were preferred over
doubly-flanked chlorine substituents. In our study now
we show that organisms catalyzing the dechlorination of
hexachlorobenzene to monochlorobenzene can be
established in purely synthetic medium and can be
transferred many times in such medium and at the same
time maintain the 1,3,5-trichlorobenzene-avoiding
dechlorination sequence. Monochlorobenzene forma-
tion from all three dichlorobenzene isomers was also
found by Fung et al. 2009, who found consecutive
formation of benzene from monochlorobenzene (Fung
et al. 2009), an activity that was not detected in
significant amounts in our study. Formation of 1,3,5-
trichlorobenzene in parent cultures inoculated with the
original sediment and the lack of formation in all
subcultures indicates that two types of chlorobenzene-
dechlorinating bacteria were present in the cultures:
those preferentially removing doubly-flanked chlorines
and those preferentially removing singly-flanked chlo-
rines. The more prominent formation of monochloro-
benzene in the subcultures supports this hypothesis.
While in the original sediment both types of organisms
were active, it seems that in the subcultures the
organism that removes singly-flanked substituents
outcompeted the organism removing doubly-flanked
substituents. By applying oxygen to inocula or by
adding vancomycin to the culture this competition was
influenced in favor of one or the other organism,
respectively.

Apart from describing cultures avoiding the
formation of 1,3,5-trichlorobenzene during hexachlo-
robenzene dechlorination we also describe cultures
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dechlorinating 1,3,5-trichlorobenzene itself. To our
knowledge, there are no detailed analyses published
on anaerobic microbial 1,3,5-trichlorobenzene dechlo-
rination. We previously reported the preferential
reductive dechlorination of singly-flanked substituents
from chlorobenzenes by mixed, sediment-free cultures
(Holscher et al. 2010), however, these cultures were
not active against 1,3,5-trichlorobenzene. Reductive
dechlorination of 1,3,5-trichlorobenzene requires the
removal of isolated substituents (not flanked by other
chlorine substituents) which are also present in other
anaerobically persistent chlorobenzene congeners
such as 1,4-dichlorobenzene or monochlorobenzene.
The cultures therefore offer the option to establish a
mixed culture in which different bacteria are respon-
sible for different dechlorination steps. The fact that
no dechlorination of chlorinated benzenes occurred in
negative controls without inoculum or in medium with
autoclaved inoculum demonstrated that viable micro-
organisms were the determining factor also for this
type of dechlorination.

Vancomycin had a strong inhibitory effect on the
chlorobenzene-dechlorinating activity in our cultures.
It was shown previously that vancomycin inhibits the
synthesis of a peptidoglycan cell wall in bacteria
(Williams and Bardsley 1999). Because Dehalococco-
ides strains do not contain a peptidoglycan cell wall
they are generally not sensitive to vancomycin
(Adrian et al. 2000; Maymo-Gatell et al. 1997; He
et al. 2003). Inhibition by vancomycin therefore
indicates that the dechlorinating reactions observed
in our cultures were not catalyzed by Dehalococco-
ides species. Because vancomycin is especially
effective against gram positive bacteria, the results
might hint to the involvement of Firmicutes in
the preferential dechlorination of singly-flanked sub-
stituents. However, after 6 months of incubation,
monochlorobenzene, dichlorobenzenes and 1,3,5-
trichlorobenzene were found in cultures incubated
with hexachlorobenzene, and 1,3-dichlorobenzene
was found in cultures incubated with 1,3,5-trichloro-
benzene. This can be explained by an inactivation,
destruction or depletion of the antibiotic after this
incubation time allowing bacteria to grow and to
dechlorinate. Moreover, the production of 1,3,5-
trichlorobenzene in vancomycin-containing-cultures
shows that chlorobenzene-dechlorinating-bacteria
that preferentially removed doubly-flanked chlorines,
such as Dehalococcoides species, were less sensitive

to this antibiotic than bacteria which preferential
singly-flanked substituents. Therefore, vancomycin
can differentially repress dechlorinating populations
and favors doubly-flanked chlorine removing bacte-
rial leading to the production of 1,3,5-trichloroben-
zene from hexachlorobenzene. The result that we
could change the dechlorination pattern by applying
vancomycin also supported our hypothesis that a
competition between different types of dechlorinating
bacteria exists in the cultures.

From the positive dechlorination results from
oxygen-exposed inocula, it was apparent that the
bacteria preferentially dechlorinating singly-flanked
residues in our culture were insensitive to the applied
oxygen treatment, indicating that they did not belong
to Dehalococcoides species, which are described to be
extremely sensitive to the exposure of oxygen (Adrian
et al. 2000; Maymo-Gatell et al. 1997; Loffler et al.
2012). However, the decrease in the rate of dechlo-
rination in cultures with oxygen-exposed inoculum
indicated a change in the populations, possibly
affecting bacteria that were important for syntrophic
interactions with the dechlorinating bacteria. The two
complementary results from oxygen treatment and
from vancomycin additions that Dehalococcoides
were not involved in the transformation reactions
were further confirmed with the PCR approach which
confirmed that no Dehalococcoides were present in
the cultures or that they were present only in very low
cell numbers.

In conclusion, using chlorobenzene-dehalogenat-
ing bacteria which preferentially remove singly-
flanked and/or isolated halogen substituents as shown
in our study has a great potential for bioremediation of
hexachlorobenzene-contaminated sites, because the
accumulation of chlorinated and persistent intermedi-
ates such as 1,3,5-trichlorobenzene can be avoided.
Moreover, the removal of isolated chlorine substitu-
ents from 1,3,5-trichlorobenzene or 1,3-dichloroben-
zene also has a significant practical value for in situ
application at 1,3,5-trichlorobenzene-contaminated
sites. Isolation of pure cultures from the mixed
cultures catalyzing the dechlorination of singly-
flanked or isolated substituents from chlorobenzenes
is necessary in the future to enable microbiological
and biochemical characterization. This will allow
rational improvement of cultivation conditions and the
process optimization of bioaugmentation with the
responsible bacteria at contaminated sites.
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