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A bacterial mixed culture reductively dechlorinating trichlorobenzenes was established in a defined, syn-
thetic mineral medium without any complex additions and with pyruvate as the carbon and energy source. The
culture was maintained over 39 consecutive transfers of small inocula into fresh media, enriching the dechlo-
rinating activity. In situ probing with fluorescence-labeled rRNA-targeted oligonucleotide probes revealed that
two major subpopulations within the microbial consortium were phylogenetically affiliated with a sublineage
within the Desulfovibrionaceae and the gamma subclass of Proteobacteria. The bacterial consortium grew by
fermentation of pyruvate, forming acetate, propionate, CO,, formate, and hydrogen. Acetate and propionate
supported neither the reduction of trichlorobenzenes nor the reduction of sulfate when sulfate was present.
Hydrogen and formate were used for sulfate reduction to sulfide. Sulfate strongly inhibited the reductive
dechlorination of trichlorobenzenes. However, when sulfate was depleted in the medium due to sulfate reduc-
tion, dechlorination of trichlorobenzenes started. Similar results were obtained when sulfite was present in the
cultures. Molybdate at a concentration of 1 mM strongly inhibited the dechlorination of trichlorobenzenes.
Cultures supplied with molybdate plus sulfate did not reduce sulfate, but dechlorination of trichlorobenzenes
occurred. Supplementation of electron-depleted cultures with various electron sources demonstrated that
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formate was used as a direct electron donor for reductive dechlorination, whereas hydrogen was not.

Chlorobenzenes are widespread pollutants and accumulate
in the food chain due to their hydrophobicity and strong per-
sistence against chemical and microbial degradation (34). An-
aerobic reductive dechlorination of chlorinated benzenes was
demonstrated for enrichment cultures from biofilm reactors,
sewage sludge, river sediment, and soil (3, 4, 15, 16, 22, 31, 37).
Dechlorination pathways for all multiply chlorinated benzenes
were elucidated (4, 15). Some dechlorination patterns can be
rationalized by thermodynamic considerations (3, 13), but little
is known about the microorganisms participating in chloroben-
zene dechlorination.

Anaerobic bacteria transforming chlorobenzoates and/or
chlorophenols have been isolated in pure cultures (5, 7, 18, 27,
39, 40, 45, 48). Desulfomonile tiedjei (12), strain 2CP-1 (7),
Desulfitobacterium chlororespirans (39), and Desulfitobacterium
sp. strain PCE1 (18) grow anaerobically by chlororespiration.
So far, it has not been possible to evaluate whether the anaer-
obic dechlorination of chlorobenzenes proceeds via a similar
mechanism, since pure cultures are not available.

While the effect of oxygen and nitrate on the dechlorination
of chloroaromatics is reported to be negative for most cultures
(32), the effect of sulfur oxyanions is controversial. Some re-
ports stated an inhibitory role of sulfate in the reductive de-
halogenation of various chlorinated or fluorinated aromatics
(17, 19, 25, 26); other studies found only slight inhibition (24),
no inhibition (14), or even a stimulated rate of dechlorination
(17, 23). For one mixed culture, the mineralization of chloro-
phenols was concomitantly coupled to the reduction of sulfur
oxyanions (20, 21). With pure cultures of D. tiedjei, it could be
shown that sulfite and thiosulfate inhibited the dechlorination
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of 3-chlorobenzoate in growing cells, nongrowing cells, and cell
extracts, while sulfate inhibited dechlorination only in growing
cells (46).

The high toxicity (22) and the low solubility of chloroben-
zenes in water prevented the successful isolation of bacteria
with chlorobenzenes as electron acceptors. It is therefore es-
sential to study alternative electron acceptors that could be
used by chlorobenzene-dechlorinating bacteria and that could
substitute for chlorobenzenes during enrichment and isolation.
Information about reductive dechlorination of chlorobenzenes
in the presence of other electron acceptors is also needed for
the evaluation of dechlorination processes at natural sites and
for in situ remediation projects. To our knowledge, detailed
studies of the effects of alternative electron acceptors on the
dechlorination of chlorobenzenes have not been reported so
far.

The aim of the present study was to describe the physiolog-
ical properties of a mixed culture effectively dechlorinating
trichlorobenzenes and to determine the effects of various spe-
cific inhibitors and alternative electron acceptors. For these
experiments, we used a stable, sediment-free mixed consor-
tium growing in a defined, synthetic mineral medium. This
consortium has been established in our laboratory from a flu-
idized bed bioreactor (1, 33) and reductively dechlorinates
1,2,3-trichlorobenzene to 1,3-dichlorobenzene and 1,2,4-tri-
chlorobenzene to 1,4- and 1,3-dichlorobenzene. By inhibiting
the activity of methanogenic bacteria using the specific inhib-
itor bromoethanesulfonate (BES), we showed that dechlorina-
tion occurs independently from methanogenic bacteria (1), as
has also been shown for other enrichment cultures dechlori-
nating chlorobenzenes (22, 31).

MATERIALS AND METHODS

Chemicals. 1,2,3- and 1,2,4-trichlorobenzene were obtained from E. Merck
AG (Darmstadt, Federal Republic of Germany [FRG]), and 2,4-dichlorotoluene
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was obtained from Aldrich (Steinhofen, FRG). Titanium(III) chloride (synthe-
sis-grade solution) was obtained from Merck-Schuchard (Hohenbrunn, FRG).
All other chemicals used were at least of analytical grade and were purchased
from Sigma (Deisenhofen, FRG) or Merck. Gases were obtained in 99.999%
(volivol) (N, and H,) or 99.8% (vol/vol) (CO,) quality from Linde (Berlin,
FRG); traces of oxygen were removed by use of a reduction column (Ochs,
Gottingen, FRG).

Inoculum and culture conditions. An inoculum obtained from a fluidized bed
bioreactor (33) was used to establish a dechlorinating mixed culture in a sulfide-
reduced, synthetic medium (1). The medium used for all experiments in the
present study was a sulfur-limited, synthetic, bicarbonate-buffered mineral me-
dium that was reduced with 0.8 mM Ti(III) citrate (49) unless stated otherwise.
In some experiments, 1 mM Na,S was used as the reducing agent instead of
Ti(IIT) citrate. Stock solutions of sulfide, sulfite, Ti(IIT) citrate, and pyruvate
were made with anoxic water, sterilized, and stored under a nitrogen atmo-
sphere. The basal medium contained (in grams per liter of deionized water):
NaCl, 1; KH,PO,, 0.2; NH,Cl, 0.27; MgCl, - 6H,0, 0.41; KCl, 0.52; and CaCl, -
2H,0, 0.15. After autoclaving, the medium was cooled under an N,-CO, (4:1,
vol/vol) atmosphere to 60°C. 1,2,3-Trichlorobenzene was dissolved in 1,2,4-tri-
chlorobenzene to obtain an equimolar solution, and 16.3 pl of this mixture was
added per liter of medium. The medium was subsequently stirred for at least
24 h, resulting in a final concentration of 15 to 20 uM for each trichlorobenzene.
To minimize chlorobenzene losses, all tubes, sealings, and valves were made of
glass or Teflon. After cooling, NaHCO; was added to a final concentration of 2.5
g/liter, and the medium was supplemented with 0.1% (vol/vol) trace element
solution SL9 (47), 0.05% (vol/vol) vitamin solution, 0.1% (vol/vol) selenite-
tungstate solution (47), and substrate solutions. The vitamin solution (36) was
modified to contain 40 mg of p-aminobenzoate, 10 mg of biotin, 100 mg of
nicotinic acid, 50 mg of pantothenic acid, 150 mg of pyridoxine, 100 mg of
thiamine, and 100 mg of cobalamin per liter. Sulfur was present in the medium
as a contaminant and was calculated from protein yields to be present at a
concentration of about 3 uM (9). All additions were prepared aseptically under
anoxic conditions. The pH was adjusted to 7.0 to 7.2 with sterile, anoxic HCL
Resazurin (0.5 mg/liter) was used as a redox indicator. Fifty or 30 ml of medium
were placed in 100- or 60-ml serum bottles, respectively, and the reducing agent
was added [0.8 mM Ti(IIT) or 1 mM Na,S]. The headspace was flushed with
N,-CO, (4:1, vol/vol), and the bottles were sealed with Teflon-lined butyl rubber
septa and aluminum crimp caps. Prior to inoculation, the actual trichlorobenzene
concentrations were determined. Pyruvate was added as a carbon and energy
source at a final concentration of 10 mM. Hydrogen was added by injecting 5 ml
of hydrogen with a sterile syringe, equivalent to 7.5 mM in 30 ml of liquid. When
needed, the specific inhibitors BES and molybdate (35) were added at final
concentrations of 4 and 2 mM, respectively. The inoculation was done anoxically
after the medium was equilibrated with the reducing agent [Ti(III) citrate for 2 h
or Na,S for at least 24 h] by use of glass syringes that had been flushed with
sterile water to seal the syringes and to remove air bubbles. The inoculation
volumes were 1 ml for 50-ml cultures and 0.5 ml for 30-ml cultures. Subcultures
were established in fresh medium every 14 days. The first 9 transfers were done
in sulfide-reduced medium (1), and 30 further transfers were done in Ti(IIT)
citrate-reduced medium. Cultures were incubated statically at 28°C in the dark.
Pasteurization was done at 80°C for 30 min. For exposure to a positive redox
potential, the inoculum was taken up with a syringe, and air was sucked through
the liquid until the redox indicator turned pink. After 60 s, the inoculum was
injected into a culture vessel containing reduced medium.

Analytical procedures. Chlorobenzene concentrations were determined by
removing 1-ml aliquots of bacterial suspension from a culture bottle with a glass
syringe, followed by extraction with 1 ml of hexane. Analysis of the extracts was
done by gas chromatography (GC)-flame ionization detection with 2,4-dichloro-
toluene as an internal standard (44). Dechlorination was expressed as the per-
centage of dichlorobenzenes formed relative to the sum of all chlorobenzenes
within a culture vessel. For quantification of bacterial growth, cells were har-
vested by centrifugation (15 min, 10,000 X g), washed with phosphate-buffered
saline (130 mM NaCl, 12 mM Na,HPO,/NaH,PO, [pH 7.4]), and resuspended
in sterile water. Protein concentrations were determined by the bicinchoninic
acid procedure (41) with bovine serum albumin as the standard. Pyruvate, lac-
tate, and formate concentrations were determined enzymatically (2). Hydrogen,
methane, and hydrogen sulfide in the gas phase were analyzed by GC and
thermal conductivity detection with a packed column (12 by 0.125 in. [ca. 30.5 by
0.32 cm]; inside diameter, 2 mm; Chromosorb 102; 60/80 mesh; Macherey &
Nagel, Diiren, FRG). Operating conditions were as follows: 50°C isotherm;
carrier gas, nitrogen; inlet pressure, 200 kPa; detector current, 85 mA; injection
volume, 10 pl; and split, none. The lower limit of detection of hydrogen was
0.05% (vol/vol), which corresponds to a nominal concentration of 27 wM. Nom-
inal concentrations of methane and hydrogen were calculated by assuming that
the amount of gases present within the gas phase was completely dissolved in the
volume of the liquid phase. Gas pressure was measured by use of a piezoelectric
sensor (Konrad, Berlin, FRG) with a sensitivity of 1 kPa. Acetate, propionate,
and butyrate were quantified by GC with a Shimadzu model 14B apparatus
equipped with a Permabond-FFAP column (25 m by 0.25 wm; inside diameter,
0.25 mm; Macherey & Nagel) and flame ionization detection. Operating condi-
tions were as follows: 150°C for 5 min, increasing by 5°C/min to 170°C for 3 min;
carrier gas, nitrogen; inlet pressure, 60 kPa; split, 1:50. Sulfate was quantified
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FIG. 1. Dechlorination of trichlorobenzenes by a culture growing from a
small inoculum with 10 mM pyruvate as the carbon and energy source in Ti(III)-
reduced medium. Symbols: @, 1,2,3-trichlorobenzene; m, 1,2,4-trichlorobenzene;
O, 1,3-dichlorobenzene; [J, 1,4-dichlorobenzene.

after precipitation with BaCl, according to Madsen and Aamand (26). Sulfide
was quantified as H,S in the gas phase (see above) and as free sulfide in the
liquid phase by CuS precipitation (8). Standards were prepared by anoxically
distributing standard amounts of Na,S into 60-ml serum bottles containing 30 ml
of medium. Measurements of the standards were taken after 24 h at 28°C to
allow equilibration between the gas and liquid phases.

In situ hybridization. For in situ characterization of the bacterial consortium,
16S and 23S rRNA-targeted, fluorescence-labeled oligonucleotides were applied
according to Manz et al. (28). The oligonucleotides used in this study were (i)
EUB338, specific for the domain Bacteria (43); (ii)) ARCH915, complementary to
a region of the 16S rRNA conserved in the domain Archaea (42); (iii) ALF1b,
BET42a, and GAM42a, specific for the alpha, beta, and gamma subclasses of
Proteobacteria, respectively (28); (iv) CF319a/b, specific for the flavobacter-cyto-
phaga group (29); (v) HGC, specific for gram-positive bacteria with a high G+C
content of DNA (38); (vi) a comprehensive set of probes specific for the different
lineages of mesophilic sulfate-reducing bacteria affiliated with the delta subclass
of Proteobacteria, including probes specific for phylogenetic groups within the
Desulfovibrionaceae (DSV698 and DSV1292) and a probe specific for a branch
consisting of Desulfoarculus baarsii and D. tiedjei (DSMAA488) (30); (vii)
DMT273, a species-specific probe designed for in situ detection of D. tiedjei
(5'-GCT AAC CAT CTC GGC CTT-3'; Escherichia coli positions 273 to 290);
and (viii) non-EUB338, complementary to EUB338, serving as a negative control
for nonspecific binding.

All probes were purchased 5’ labeled with the indocarbocyanine dye CY3
(Biometra, Gottingen, FRG). Fluorescence was detected by epifluorescence
microscopy with a Zeiss (Oberkochen, FRG) Axioskop equipped with light filter
41007 (AF Analysentechnik, Tiibingen, FRG) for CY3-labeled probes (excita-
tion, 535 to 550 nm; dichroic mirror, 565 nm; emission, 610 to 675 nm). Epiflu-
orescence microscopy was also used for direct detection of living methanogens
containing cofactor F,,, (Zeiss light filter set 05; excitation, 395 to 440 nm;
dichroic mirror, 460 nm; emission, 470 nm) and for direct cell counting after
staining with the fluorochrome 4',6-diamidino-2-phenyl-indole-dihydrochloride
(Zeiss light filter set 01; excitation, 365 nm; dichroic mirror, 395 nm; emission,
397 nm).

RESULTS

Dechlorination in a defined medium reduced by Ti(IIT). The
defined synthetic medium used for the dechlorinating mixed
culture described previously (1) was modified by use of Ti(III)
as a reducing agent instead of sulfide. When this sulfur-limited
medium was used, the number of subcultures which lost their
dechlorinating activity was reduced considerably. In addition,
the dechlorinating activity increased. A mixture of 20 uM
1,2,3-trichlorobenzene and 20 pM 1,2,4-trichlorobenzene was
dechlorinated within 10 to 14 days after inoculation (Fig. 1),
while in sulfide-reduced medium, dechlorination was complete
only after 21 days. Abiotic reduction of trichlorobenzenes by
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FIG. 2. Concentrations of metabolites, growth, and dichlorobenzene forma-
tion in cultures initially supplied with 10 mM pyruvate in Ti(IIT)-reduced me-
dium containing 20 uM sulfide as a source of sulfur. Symbols: (A) O, pyruvate;
0, acetate; V, formate; A, propionate; ©, methane; (B) @, formation of dichlo-
robenzenes; @, protein; m, hydrogen. Methane and hydrogen data are given as
the nominal concentrations. Data are means of triplicate cultures; standard
deviations were below 10%.

Ti(III) was excluded by preparing Ti(III)-reduced, noninocu-
lated controls. In these assays, no dechlorination products were
detected. Inocula autoclaved or exposed to a positive redox
potential for 60 s lost their dechlorinating activity completely.

Physiological activities. In Ti(III)-reduced medium, the
pyruvate concentration decreased rapidly during the first 48 h
of incubation (Fig. 2). Concurrently, acetate, formate, and
hydrogen were formed, whereas lactate and butyrate were not
detected. The main increase in bacterial biomass, measured as
the amount of cell protein, also occurred during the first 48 h
of incubation. Thereafter, the formate concentration de-
creased, methane and propionate were formed, and the de-
chlorination of trichlorobenzenes to dichlorobenzenes started.
It is noteworthy that more acetate was produced than pyruvate
was added. Acetate was not further oxidized. The hydrogen
partial pressure did not reach values above 0.15% the gas
phase (nominal concentration of about 60 M), while formate
concentrations reached 4.5 mM. The incubation time after
which the dechlorination started varied with the batch of me-
dium used. Therefore, all cultures within one experiment were
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FIG. 3. Effect of specific inhibitors on the dechlorination of trichloroben-
zenes in Ti(III)-reduced medium containing 10 mM pyruvate. Symbols: O, con-
trol; OJ, 4 mM BES; m, 4 mM BES plus 15% (vol/vol) hydrogen; V, 2 mM
molybdate; A, negative control, not inoculated. Data are means of triplicate
cultures; standard deviations were below 10%.

set up from the same batch of medium, and the results were
evaluated with respect to the cultures under standard condi-
tions.

Specific inhibition. The addition of 4 mM BES to the culture
medium resulted in a significant increase in the extent of tri-
chlorobenzene dechlorination after 14 days of incubation (Fig.
3). Supplementation with BES and hydrogen did not lead to
faster dechlorination than that with BES alone. The addition
of 2 mM molybdate resulted in a drastic drop in dechlorinating
activity to less than 5% after 14 days of incubation (Fig. 3).
This strong inhibition by 2 mM molybdate was also observed in
cultures also containing 1 mM sulfide as a source of sulfur.

When BES was added, the rate of pyruvate fermentation
remained unchanged. However, no methane was produced,
and the hydrogen partial pressure increased up to 1% the gas
phase (nominal concentration of about 0.4 mM) at day 7 after
inoculation. Formate production was comparable to that in
cultures not amended with BES, but consumption of formate
was slower. The same pattern was observed in molybdate-
supplemented cultures: pyruvate fermentation was similar to
that in cultures not inhibited by molybdate, but formate and
hydrogen were only slowly consumed.

To investigate the effects of BES, hydrogen, and low sulfate
concentrations on the dechlorination of trichlorobenzenes, cul-
tures were set up with combinations of 4 mM BES, 2 mM
sulfate, and hydrogen (nominal concentration of 7.5 mM).
These cultures were analyzed for dechlorination products and
gas composition after 7 days of incubation (Table 1). An anal-
ysis of gas composition confirmed the complete inhibition of
methanogenesis in the presence of BES. When sulfate was
added, sulfide was produced. When methanogenesis was not
inhibited and sulfate was present, no hydrogen could be de-
tected at day 7. However, dichlorobenzenes were formed. In
none of the possible combinations did the addition of hydrogen
lead to a significant increase in dechlorinating activity. BES (4
mM) or 2 mM sulfate increased the extent of dechlorination,
but the simultaneous addition of 4 mM BES and 2 mM sulfate
did not lead to a higher extent of dechlorination than that in
cultures without supplements.

The addition to the medium of penicillin G at concentra-
tions of up to 10 pg/ml did not influence the dechlorination of
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TABLE 1. Trichlorobenzene dechlorination and gas production in cultures supplied with 10 mM pyruvate and different combinations of
4 mM BES, 2 mM sulfate, and 7.5 mM hydrogen”

Addition” Analysis after 7 days of incubation®

BES SO, H, Dechlorination? CH, (mM)" H, (mM)* f;lf,[d)i
- - - 1.1 £0.25 0.06 = 0.02 0.03 = 0.01 00x0
- - + 0.3 = 0.46 0.03 = 0.01 431 £0.25 00x0
- + - 10.4 = 1.61 0.49 = 0.08 0.0x0 1.7 £ 0.31
- + + 8.5 £ 3.04 1.00 = 0.07 235 £0.14 1.9 £0.13
+ - - 414 =159 0.0x0 0.23 +0.02 00x0
+ - + 50.1 £0.96 0.0x0 337 £0.21 00x0
+ + - 1.2 £0.12 0.0x0 0.59 +0.03 1.5 +0.25
+ + + 1.3 £0.49 0.0x0 3.53 £0.17 1.5 £0.28

“ Nominal concentration.

b+, present; —, absent.

“Means of triplicate cultures *+ standard deviations.

4 Dichlorobenzenes as a percentage of the total amount of chlorobenzenes.
¢ Sum of sulfides in the liquid phase and H,S in the gas phase.

trichlorobenzenes. Pasteurization of cultures or culture inocula
resulted in a complete loss of dechlorinating activity.

Bacterial composition. Cultures grown in Ti(III)-reduced
medium without inhibitors were composed of three dominant
morphologically different bacterial subpopulations and several
other specimens, which contributed in minor amounts to the
bacterial consortium (Table 2). Bacteria of all three dominant
morphologies grew rapidly during the first 2 days of cultivation.
Between days 2 and 21 after inoculation, neither the total cell
counts nor the proportions of the major subpopulations
changed significantly. It was not possible to detect population
changes that were linked with the dechlorination of trichloro-
benzenes in the medium. One of the major subpopulations was
formed by small, motile vibrios. Cells of this morphotype were
not inhibited by BES, but molybdate had a strong inhibitory
effect. The percentage of this population dropped from about
25% to below 2% of the total cell counts in cultures contain-
ing 2 mM molybdate. In situ hybridization with the probes
DSV1292 and DSV698 resulted in the emission of strong
probe-conferred fluorescence from these cells. The two other
main subpopulations in the consortium were characterized mi-
croscopically as coccoid and small, rod-shaped morphotypes,
neither of which was inhibited by the addition of BES or
molybdate. Hybridization with probes encompassing all gram-
negative, mesophilic sulfate-reducing bacteria (30) did not re-
sult in positively stained cells of the coccoid and small, rod-
shaped morphotypes. The small, rod-shaped bacteria were
shown to be affiliated with the gamma subclass of Proteobac-
teria by use of the fluorescent probe GAM42a.

Long rods, forming a minor subpopulation in cultures not
amended with BES, were identified as methanogenic members
of the domain Archaea by detection of autofluorescence after
excitation at 420 nm and strong epifluorescence signals after in

situ hybridization with probe ARCH915; these cells were not
present in cultures containing BES.

No epifluorescence signals were obtained after hybridization
of the mixed culture with the 16S rRNA-targeted probes
DSMA488 and DMT273 or other probes designed for the
detection of different bacterial lineages within the Desulfobac-
teriaceae (30).

Elimination of methanogenic bacteria from the culture.
Since the dechlorinating activity increased considerably in the
presence of BES, the consortium was transferred successively
for three times in medium containing 4 mM BES. As a result,
none of the succeeding cultures, used for all of the following
experiments, showed methanogenesis or contained subpopula-
tions of methanogenic bacteria.

Effect of sulfur oxyanions on trichlorobenzene dechlorina-
tion. Ti(Ill)-reduced medium containing 10 mM pyruvate was
supplemented with different concentrations of sulfur oxyanions
and inoculated with an actively dechlorinating mixed culture.
Figure 4 shows the extent of dechlorination as well as hydro-
gen, sulfate, and sulfide concentrations after 7 days of incuba-
tion for cultures supplied with sulfate. Initial sulfate concen-
trations of 1 or 2 mM increased the dechlorinating activity over
that in cultures without sulfate, whereas initial sulfate concen-
trations above 2 mM inhibited the dechlorination of trichloro-
benzenes completely. In cultures that were initially supplied
with 1 or 2 mM sulfate, all sulfate was reduced to sulfide after
7 days of incubation. Sulfate was still present in cultures sup-
plied with 3 to 10 mM initial sulfate concentrations. A parallel
experiment was performed with various sulfite concentrations.
Low concentrations (1 or 2 mM) increased while higher
amounts (4 mM or more) inhibited the dechlorinating activity.
In further experiments, the sulfate concentration was varied in
the presence of 1 mM sulfide to exclude effects due to sulfur

TABLE 2. Characterization of dominant members of the stable mixed culture by light microscopy, in situ hybridization, and inhibitor studies”

Relative Growth in the presence of: :
Morphotype abundance P Gram stain Hybridization positive with probe(s)
(%) BES Molybdate reaction
Vibrio 25 Yes No Negative EUB338, DSV1292, and DSV698
Coccus 40 Yes Yes Positive EUB338
Rod 30 Yes Yes Negative EUB338 and GAM42a
Long rod <5 No Yes Negative ARCHO15

“ Data shown are for cultures after 7 days of incubation.
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FIG. 4. Dechlorination of trichlorobenzenes depends on the initial sulfate
concentration. All cultures were Ti(III) reduced and contained 10 mM pyruvate.
Symbols: O, dichlorobenzene formation; [J, hydrogen; V, sulfide; A, sulfate.
Hydrogen data are given as nominal concentrations. Data represent values 7 days
after inoculation and are means of triplicate cultures; standard deviations were
below 10%.

limitation at low sulfate concentrations. In these experiments,
dechlorination was much faster with 1 mM sulfate than in
cultures without sulfate, and high sulfate concentrations inhib-
ited the dechlorination of trichlorobenzenes completely.

The physiological activities of cultures supplemented with 2
mM sulfate were monitored over 10 days (Fig. 5). The forma-
tion of sulfide started when pyruvate fermentation was almost
finished, and reductive dechlorination occurred only after the
depletion of sulfate in the medium. An increase in biomass was
detected during pyruvate fermentation but not during sulfate
reduction. An increase in biomass due to the reduction of
trichlorobenzenes could not be detected.

Both molybdate and sulfate had strong effects on the de-
chlorination of trichlorobenzenes. A series of cultures with
various concentrations of both effectors was analyzed for sul-
fate and trichlorobenzene reduction (Table 3). The production
of sulfide confirmed the potential of sulfate reduction when no
molybdate was present. The reduction of sulfate was com-
pletely inhibited by 1 or 3 mM molybdate. Trichlorobenzene
reduction was inhibited by 3 mM molybdate in the presence of
0 to 3 mM sulfate or by 1 mM molybdate when no sulfate was
present. Sulfate at a concentration of 1 or 3 mM neutralized
the inhibition of dechlorination by 1 mM molybdate. As stated
before, high sulfate concentrations prevented dechlorination
in the absence of molybdate. However, the inhibition of chlo-
robenzene dechlorination by 3 mM sulfate was abolished by
the addition of 1 mM molybdate.

Electron donors. To determine which of the different met-
abolic products from pyruvate fermentation was used as an
electron donor for reductive dechlorination, cultures were set
up with 10 mM pyruvate as the electron and carbon source.
The addition of 3 mM sulfate resulted in the depletion of
electron equivalents and consequently prevented reductive de-
chlorination (Table 4). After 2 weeks of incubation, it was
confirmed that no dichlorobenzenes had been formed, and no
hydrogen, formate, or pyruvate was available to the bacteria.
At this time, one of the following additional electron donors
was injected into the cultures: none; hydrogen (nominal con-
centration of 7.5 mM); formate, acetate, or pyruvate (10 mM
each). The concentrations were high enough to allow complete
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FIG. 5. Metabolic activities in a Ti(IIl)-reduced culture containing 10 mM
pyruvate and 2 mM sulfate. Symbols: O, pyruvate; [J, protein; V, sulfide; A,
formation of dichlorobenzenes. Data are means of triplicate cultures *+ standard
deviations.

reduction of the remaining sulfate ions and trichlorobenzenes.
Finally, after a further 3 weeks of incubation, the cultures were
analyzed again for dichlorobenzene formation. This experi-
ment revealed that formate was readily used as an electron
donor for reductive dechlorination of trichlorobenzenes,
whereas hydrogen or acetate was not.

DISCUSSION

The successful isolation of a chlorobenzene-dechlorinating
anaerobic bacterium in a pure culture has not been reported so
far. A major problem in the enrichment and isolation of chlo-
robenzene-dechlorinating bacteria is to provide enough chlo-
robenzene in a water phase to sustain growth based on reduc-
tive dechlorination without reaching toxic levels. Holliger et al.
(22) observed no dechlorination with concentrations higher
than 40 uM 1,2,3-trichlorobenzene or 70 wM 1,3-dichloroben-
zene. In our experiments, no dechlorination was found with
1,2,3-, or 1,2,4-trichlorobenzene concentrations exceeding 30
wM. The present study was therefore directed to determine the
physiological activities of a dechlorinating culture and to eval-
uate selective enrichment conditions for chlorobenzene-de-
chlorinating bacteria. Further intentions of the study were the
determination of the conditions under which dechlorination
occurs, the identification of the actual electron donor, and the
determination of the effects of specific bacterial inhibitors on
the dechlorination process. A prerequisite to addressing these
questions was the establishment of a stable, rapidly growing,
and reproducibly dechlorinating culture in a defined medium.
This kind of culture was obtained by use of a medium with a
low sulfur concentration, with Ti(III) citrate as a reductant,
and with pyruvate as a fermentable substrate.

The use of BES for several transfers was successful in elim-
inating methanogenesis from the culture. The stimulating ef-
fect of BES on trichlorobenzene dechlorination may be due to
the elimination of methanogenic bacteria, which compete with
dechlorinating bacteria for electron donors, or to a release of
sulfur limitation caused by the use of BES as a source of sulfur.

The effects of sulfur oxyanions on the reductive dechlorina-
tion of chloroaromatic compounds in mixed cultures and in
pure cultures of D. tiedjei are complex (see the introduction).
Also, the capabilities of bacteria dechlorinating chloroaromat-
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TABLE 3. Reductive dechlorination of trichlorobenzenes to dichlorobenzenes (DCB) and reduction of sulfate to sulfide after 14 days of
incubation in cultures supplied with different concentrations of sulfate and molybdate”

Analysis with initial molybdate concn (mM) of:

Initial sulfate

0 1 3
concn (mM)
DCB (%) Sulfide (mM) DCB (%) Sulfide (mM) DCB (%) Sulfide (mM)
0 99.5 0.0 0.0 0.1 0.0
1 100.0 1.0 0.0 0.4 0.0
3 52 2.5 0.0 0.4 0.0

“ Means of triplicate cultures; standard deviations were below 10%.

ics to grow by use of sulfur oxyanions as terminal electron
acceptors differ strongly. While D. tiedjei can grow by the
reduction of sulfate, sulfite, or thiosulfate (11), dechlorinating
Desulfitobacterium spp. use sulfite and thiosulfate but not sul-
fate as a terminal electron acceptor (5, 6, 18, 39, 48). This
physiological difference corresponds to the phylogenetic dis-
tance between the two taxa. The myxobacterial isolate 2CP-1
does not use any of the sulfur oxyanions as a terminal electron
acceptor (7). Since many of the dechlorinating bacteria use
sulfur oxyanions as alternative electron acceptors, we investi-
gated the effect of sulfur oxyanions on our trichlorobenzene-
dechlorinating mixed culture in detail.

Within our consortium, the fermentation of pyruvate, sulfate
reduction, and trichlorobenzene dechlorination occur strictly
in succession. Dechlorination starts only after all of the sulfate
is reduced to sulfide, and only one pair of electrons per mol-
ecule of pyruvate is used for sulfate reduction. The lack of
trichlorobenzene dechlorination in the presence of sulfate may
be due to interspecies competition for electrons between sul-
fate-reducing and dechlorinating bacteria or to intracellular
channeling of electrons from the reductive dechlorinating to
the sulfate-reducing enzyme systems within one organism (32).
In the first case, the presence of sulfate should result in a
growth-inhibiting effect on the dechlorinating bacteria. In the
second case, sulfate should prevent the dechlorination reac-
tion. The stimulating effect of sulfate and sulfite at low con-
centrations may be explained by stimulated growth of the de-
chlorinating bacteria due to sulfate or sulfite reduction. The
effect cannot be explained solely by the release of sulfur limi-
tation, since sulfate at a concentration of 1 mM stimulated
dechlorination even when 1 mM sulfide was present. Our study
further shows that the chlorobenzene-dechlorinating bacteria
are not irreversibly inactivated by the presence of sulfate.

An inhibitory effect of molybdate on the dechlorination of
chloroaromatic compounds was previously reported for mixed
cultures (20, 23) and for D. tiedjei (10). Other reports stated
that molybdate did not inhibit dechlorinating activity in mixed
cultures and even neutralized the inhibitory effect of sulfate
(19, 26). This neutralization of sulfate inhibition by molybdate
was explained by interspecies competition for hydrogen be-
tween dechlorinating and sulfate-reducing bacteria that was
shifted in favor of the dechlorinating bacteria by the addition
of molybdate (26). The isolation from the latter culture of
Desulfitobacterium hafniense (6), which is a sulfite- but not
sulfate-reducing, spore-forming, pentachlorophenol-dechlori-
nating bacterium, is in accordance with this explanation.
Within our consortium, low concentrations of molybdate also
neutralized inhibition by sulfate. However, competition for
electron donors cannot explain this result, because 1 mM mo-
lybdate in the absence of sulfate completely inhibited reductive
dechlorination, even in the presence of 1 mM sulfide as a
source of sulfur. A possible explanation including many of the

observed effects is that the dechlorinating organism is a sulfate-
reducing bacterium that does not perform sulfate reduction at
a molybdate concentration of 1 mM. The chlorobenzene-de-
chlorinating enzyme system may be separated spatially from
the sulfate-reducing enzyme system and may be inhibited by a
high ratio of molybdate to sulfate. Nevertheless, the possibility
that sulfate reduction and trichlorobenzene dechlorination are
performed by separate species cannot be excluded completely.
The differentiation of sulfate-reducing and dechlorinating bac-
teria by use of molybdate during enrichment was not possible
with the microbial consortium.

Most known bacteria dechlorinating chloroaromatic com-
pounds are phylogenetically affiliated with the genus Desulfito-
bacterium. All of them are gram-positive rods; with one excep-
tion (18), they form heat resistant endospores (5, 27, 39, 48);
but none of them uses sulfate as a terminal electron acceptor.
Within our consortium, only a coccus stains gram positive, the
dechlorinating activity is not sensitive to penicillin G, the de-
chlorinating activity is irreversibly inactivated by pasteuriza-
tion, and no dechlorination occurs as long as sulfate is present
in the medium. Therefore, there is no indication that the de-
chlorinating bacteria in our consortium are related to the ge-
nus Desulfitobacterium.

Other dechlorinating bacteria described in the literature are
members of the delta subclass of Proteobacteria (7, 11). By use
of in situ hybridization techniques to monitor the presence of
Proteobacteria within the culture, bacteria of the gamma and
delta subclasses of Proteobacteria were found in major por-
tions. No cells were detected by use of probes targeted at
different specificity levels to the phylogenetic position of D.
tiedjei. The detection limit of the in situ hybridization tech-
nique at 0.1% of the population corresponded to 10* cells/ml.
However, because the concentrations of trichlorobenzenes in
the medium were low, even small subpopulations could take
part in reductive dechlorination, and these might not have
been detectable by in situ hybridization.

TABLE 4. Dechlorination of trichlorobenzenes before and after
supplementation with additional electron donors®

Additional electron
donor injected 2 wk
after inoculation

Dichlorobenzene
formation” 2 wk
after inoculation

Dichlorobenzene formation”
5 wk after inoculation

0 None 0

0 Hydrogen 0

0 Formate 100 £ 0
0 Acetate 0

0 Pyruvate 61 =4.0

¢ Cultures were initially supplied with 10 mM pyruvate and 3 mM sulfate.
® Means of at least duplicate cultures * standard deviations, reported as a
percentage of the total amount of chlorobenzenes.



502 ADRIAN ET AL.

With mixed bacterial cultures, a number of different sub-
strates have been reported to promote reductive dechlorina-
tion of chlorobenzenes (1, 16, 22, 31). Our stable consortium
uses pyruvate for growth; however, pyruvate cannot be the
actual electron donor, since it was depleted when dechlorina-
tion started. The strict sequential use of sulfate and trichloro-
benzenes as electron acceptors by our consortium allowed all
available electrons to be scavenged when 3 mM sulfate was
added. After fermentation of pyruvate, sulfate reduction con-
tinued with formate and hydrogen until those electron donors
were depleted. Under these conditions, no trichlorobenzenes
were dechlorinated. Since the addition of hydrogen or acetate
did not result in the formation of dichlorobenzenes, the pos-
sibility that these compounds served as electron donors in the
dechlorination process can be excluded. The conclusion that
hydrogen is not involved in dechlorination is supported by a
number of other experiments in which the addition of hydro-
gen did not increase the extent of dechlorination. In contrast,
the addition of formate led to the formation of dichloroben-
zenes, indicating that in our consortium formate is used as a
direct electron donor for the reductive dechlorination of tri-
chlorobenzenes.

Attempts to isolate a pure culture reductively dechlorinating
trichlorobenzenes make use of formate as an effective electron
donor and low concentrations of sulfate as a possible alterna-
tive electron acceptor for dechlorinating bacteria. Since low
concentrations of molybdate in the presence of sulfate inhib-
ited the reduction of sulfate but not trichlorobenzene dechlo-
rination, we now use these characteristics as selective isolation
conditions. We also hope that the results presented help in the
evaluation of anaerobic chlorobenzene-dechlorinating pro-
cesses at natural sites and remediation plants.
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